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Titre: Toxicité des microplastiques chez les poissons, au-dela de simple
vecteurs de polluants?

Résumeé:

Au cours des derniéres années, les plastiques ont suscité un intérét grandissant de la part des
médias, du grand public et des scientifiques. Les plastiques ont été classés parmi les polluants
émergents, notamment dans le milieu marin, en particulier les microplastiques (< 5mm, MP).
De nombreuses études ont rapporté la présence de MP dans le milieu marin (eau de surface et
sédiments). Cependant, il n’existe pas de méthodes standards pour évaluer leur toxicité
potentielle ainsi que leur rdle en tant que vecteur de polluants au sein des organismes. Cette
these avait pour objectifs, (1) I’étude de la sorption de polluants organiques modeles sur HDPE
et PVC, (2) I’étude de la toxicité de ces composés adsorbés artificiellement sur differents stades
de vie du poisson zebre (Danio rerio) ainsi que (3), la caractérisation et I’étude de la toxicité de
MP environnementaux. La premiére partie de cette thése avait pour but d’étudier les processus
de sorption de trois composés modeles : I’acide perfluorooctanesulfonique (PFOS), le
benzo[a]pyrene (BaP) et I’oxybenzone (BP3) sur des particules de HDPE de différentes tailles.
La seconde partie concernait I’étude de la vectorisation de ces 3 composés modeles adsorbés
sur des particules de HDPE en utilisant des stades précoces, des juvéniles et des adultes de
poisson zebre, au travers d’exposition directe ou via des expositions trophiques. La derniére
partie concernait la toxicité de MP environnementaux collectés sur deux plages de sable de
Guadeloupe (France), en utilisant les mémes procédures que pour I’évaluation de la toxicité de
MP industriels. La caractérisation polymérique et chimique des échantillons environnementaux
a également été étudiée. L’étude de la sorption des polluants a permis de montrer des différences
de réponses (cinétiques et efficacité de la sorption) dépendant de la taille des particules ainsi
que des propriétés chimiques des composés. La toxicité des MP artificiellement dopés avec des
composés modeles a d’abord été évaluée selon la ligne directrice de I’OCDE 236 ainsi que lors
d’une exposition trophique chronique, débutant a I’état larvaire jusqu’a des poissons agés de 5
mois. Des biomarqueurs & I’échelle individuelle et moléculaire tel que la croissance, le
comportement, I’activité EROD ou la reproduction, ont été suivis au cours de I’exposition. Les
résultats montrent une faible toxicité aigué sur les stades précoces de développement (embryons
et larves) exposés aux particules, aux extraits organiques mais également aux lixiviats, de MP
industriels dopés ou non, ainsi qu’au MP environnementaux. Néanmoins, I’ingestion des MP
au cours de I’exposition trophique a conduit a des effets a long-terme, avec des intensités
différentes selon les composés chimiques adsorbés. Les effets toxiques observés incluaient des
altérations de la croissance (taille et poids des poissons), des réductions de taux de succes de
reproduction, ainsi que des changements d’activité natatoire des larves de la génération F1. En
conclusion, cette thése a permis de mettre en évidence le fait que (1) les MP se comportent
comme des vecteurs de polluants mais qu’ils peuvent également (2) induire des effets sublétaux
lors d’expositions chroniques par voie trophique sur des juvéniles et adultes de poisson zébre
mais également sur la progéniture F1.

Mots-clés: microplastiques, processus de sorption, poisson zébre, test embryo-larvaire,
toxicité a long-terme, effets sur la croissance et la reproduction
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Title: Microplastic toxicity for fish: beyond simple vectors for pollutants?

Abstract:

During the last decades, plastics have gained interest from media, public and scientists. Plastics
have been categorized as emerging pollutants particularly in the marine, particularly
microplastics (< 5 mm, MPs). Numerous studies reported the occurrence of MPs in the marine
environment (surface water, sediments). However, neither standardized nor harmonized
methods exist to evaluate their potential toxicity and their role as vector of hazardous chemicals
into organism. This thesis had three main objectives, (1) the investigation of sorption of model
organic pollutants on HDPE and PVC, (2) the study of the toxic potential of these sorbed
chemicals on zebrafish and (3) the characterization and assessment of the toxicity of
environmental MPs. The first part of the thesis aimed at the investigation of the sorption
processes of three model pollutants; perfluorooctanesulfonic acid (PFOS), benzo[a]pyrene
(BaP) and oxybenzone (BP3); on pristine industrial HDPE particles using different sizes and
polymer types. The second part studied the vectorization of the three compounds sorbed on
HDPE MPs toward zebrafish (Danio rerio) embryos, juveniles and adults through direct or
trophic exposures, and their toxicities. The third part investigated the toxicity of environmental
samples of MPs collected on two sandy beaches from Guadeloupe Island (France), using the
same procedure as above, as well as the characterization of additives and adsorbed chemicals
through a non-target approach. Study of pollutants sorption demonstrated differences in pattern
(e.g. kinetics, sorption efficiency), depending on size particles and chemicals. Potential adverse
effects of MPs associated with chemicals were investigated in zebrafish embryos using OECD
236 guideline and by using a chronic trophic exposure from larvae or juveniles up to 5-months
old adults. Molecular and individual toxicological endpoints were monitored over the exposure,
such as growth, swimming activity, EROD activity or reprotoxicity. Main findings were the
low acute toxicity of MPs on early life stages (embryos and larvae) exposed to particles, organic
extracts or leachates. Nevertheless, the ingestion of MPs by juveniles and adults led to a
significant long-term toxicity, for all tested MPs, albeit with different intensities, including
growth alteration, decrease of successful reproduction, as well as hyperactivity observed in
offspring F1 of exposed fish. In conclusion, the present work revealed that (1) MPs may play a
role in the vectorization of pollutants and (2) may induce significant sublethal effects in
juveniles of zebrafish chronically fed with pristine MPs or MPs artificially spiked with
pollutants. Same conclusion was observed (3) with environmental MPs.

Keywords: microplastics, sorption processes, zebrafish, embryo-larval assay, long-term
toxicity, reproduction and growth effects
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Résumé substantiel

Contexte de I’étude

Depuis plusieurs décennies, le plastique est devenu omniprésent et sa production en 2017 a
atteint 348 million de tonnes, due a une forte demande ainsi qu’une utilisation dans tous les
domaines quotidiens (Andrady and Neal, 2009). Les emballages représentent
approximativement 40% de la production globale (PlasticEurope, 2018). Les plastiques sont
définis comme des chaines de polymeéres obtenus par un processus chimique : la polymérisation,
qui consiste a associer des unités appelés monomeres. Cependant, les plastiques ne se limitent
pas aux polymeres et ils peuvent contenir différents additives tels que des plastifiants,
retardateurs de flammes, colorant, stabilisateurs, etc. Les additifs sont ajoutés pour modifier et
améliorer les propriétés physicochimiques du produit fini tel que sa dureté, sa densité mais
également pour protéger le plastique de la dégradation liée a la chaleur, aux rayons UV ou

encore a I’oxidation (Andrady, 2011).

L’utilisation excessive d’objets plastiques couplée a une mauvaise gestion et recyclage des
déchets, conduisent a un relargage important de débris plastiques dans les milieux aquatiques.
En 2010, une évaluation a estimé que 4,8 a 12,7 million de tonnes de plastiques, ont été
introduits dans I’océan di a des défaillances dans la gestion des déchets (Jambeck et al., 2015).
Par ailleurs il a été estimé a 5 milles milliards, le nombre de plastiques flottant a la surface de
I’ensemble des océans (Eriksen et al., 2014). C’est dans les années 1970 que des petites
particules de plastique (0,25-0,5 cm) ont été décrites pour la premiere fois dans I’environnement
marin (Carpenter and Smith 1972).

Des fragments de plastique, appelés microplastiques (MP) ont été décrits en 2004 par
Thompson et son equipe, qui ont amené a s’intéresser a ces polluants émergents (Thompson et
al., 2004). Les MP ont été définis comme étant des particules de plastique ayant une forme
sphérique, granulaire, fragmentaire ou encore sous forme de film ou fibres synthétiques, avec
une dimension inférieure a 5 mm (Arthur et al., 2009). Les MP ont ensuite été catégorisés selon
leur source, et classifiés selon 2 catégories : primaire et secondaire. Les MP primaires
correspondent a des particules fabriquées a I’échelle millimétrique pour la production de
plastique par Iindustrie de la plasturgie (granulés industriels) ou sous forme de microbilles
utilisés pour les cosmétiques (cremes exfoliantes). Les MP secondaires quant & eux résultent de
la dégradation de macroplastiques. Cette dégradation peut étre physique, chimique ou
biologique (Derraik, 2002; Thompson et al., 2004). Les fibres synthétiques sont également



classées parmi les MP secondaires car elles sont principalement issues du lavage des textiles en
machine a laver, et déverser dans les systéemes aquatiques via les stations d’épuration (Browne
et al., 2011).

De nombreux additifs sont connus pour leur toxicité et, du fait de leur potentiel relargage a
partir des particules de plastiques, peuvent causer des dommages biologiques (Bakir et al.,
2014). Au-dela de la présence d’additifs, les MP sont désormais reconnus pour sorber des
quantités importantes de polluants organiques comme les polychlorobiphényles (PCB), les
hydrocarbures aromatiques polycycliques (PAH), les pesticides, les dioxines ou encore les
cosmétiques et produits de soins, présents dans I’environnement (Barnes et al., 2009; Koelmans
et al.,, 2016; Mato et al., 2001; Rios et al., 2007, Rochman, Hoh, Hentschel et al., 2013;
Rochamn, Hoh, Kurobe et al., 2013; Ziccardi et al., 2016). Les processus de fragmentation des
particules par de nombreux processus physiques, chimiques et biologiques peuvent entrainer la
formation de particules plus petites, conduisant a augmenter la surface spécifique des particules
et donc la sorption des polluants (Koelmans et al., 2013; Lee et al., 2014; Teuten et al., 2007).
Si la sorption des polluants par les MP est un processus déja connu, la contribution des MP dans
la vectorisation des polluants organiques depuis le milieu aquatique vers les organismes reste
controversée (Bakir et al., 2016; Koelmans et al., 2016; Lohmann, 2017).

Deux questions scientifiques principales sous-tendent ce travail de thése : (1) la sorption de
polluants peut-elle conduire a transporter les composés dans les organismes aquatiques, et (2),
si la vectorisation est avérée, les MP associés aux contaminants peuvent-ils étre désorbés dans

le biote et conduire a des effets toxiques ?

Diverses études ont mis en avant des effets toxiques liés a I’exposition d’organismes aquatiques
aux MP. Par exemple, les microalgues marines Skeletonema costatum exposées a des
microparticules de polychlorure de vinyle (PVC) ont vu une inhibition de leur croissance et de
leur photosynthése (Zhang et al 2017). Les niveaux trophiques supérieurs peuvent également
étre affectés par la contamination aux MP. C’est notamment le cas des huitres exposees aux MP
de polystyrene, pour lesquelles une diminution du nombre d’ovocytes et une diminution de la
vitesse des spermatozoides ont été démontrées (Sussarellu et al., 2016). Les vertébrés peuvent
également étre impactés par I’exposition aux microparticules de plastiques. Des particules de
MP ont été détectées dans le tractus digestif de bars (Dicentrarchus labrax) exposés en
laboratoires au PVC (Peda et al., 2016). L’effet de vectorisation de polluants via les MP a été
démontré avec I’utilisation de pyréne adsorbé sur des particules de polyéthyléne (PE) et
polystyrene (PS). Des moules (Mytilus galloprovincialis) ont été exposées a ces particules et



un transfert ainsi qu’une accumulation de pyréne dans les glandes digestives ont été observés
(Avio et al., 2015), ainsi que la facilitation du transport de contaminants du sédiment a
I’arénicole (Arenicola marina) ou le medaka (Oryzias latipes) (Teuten et al., 2007; Rochman
et al., 2013).

Malgré un intérét scientifique grandissant sur la menace des MP pour les écosystémes
aquatiques, des manques de connaissances persistent, notamment sur les processus de sorption
ainsi que les interactions entre les polluants organiques et les MP, et leur potentiel role en tant

que vecteur de polluants.

Dans cette thése, les MP ont été utilisés pour étudier leur potentiel r6le en tant que vecteur pour
3 polluants modeéles, mais également pour évaluer leur toxicité sur différents stades de vie du
poisson zébre (Danio rerio). Les composés modéles ont été sélectionnés en raison de leur
présence dans les environnements aquatiques, leur toxicité spécifique mais également pour leur
différence de structures et de propriétés chimiques. L’acide perfluorooctanesulfonique (PFOS),
le benzo[a]pyrene (BaP) et I’'oxybenzone (BP3) sont les 3 composés sélectionnés, et ont été
utilisés a 2 concentrations, une concentration environnementale et une concentration toxique
basée sur la concentration efficace 50% (ECso) sur embryons de poissons. Parallelement, des
échantillons environnementaux de MP collectés sur 2 plages en Guadeloupe (France), ont été
utilisés pour étudier leur toxicité sur D. rerio. Différents stades de poisson zebre, a savoir
embryons, larves, juvéniles et adultes ont été exposés aux MP. Afin de mieux comprendre la
toxicité des microplastiques sur les poissons, au-dela de simples vecteurs de polluants, cette

these a été réalisée dans le cadre du projet EPHEMARE de I’appel a porjets JPI Oceans.

Démarche méthodologique

Afin d’étudier les MP en tant que vecteur de polluants, I’étude a été partagé en 3 parties
distinctes mais complémentaires, a savoir, (1) I’étude des processus de sorption de composés
modeéles sur des MP industriels, (2) I’évaluation de la toxicité des MP dopés artificiellement
avec les composés modeéles sélectionnés sur le poisson zébre et enfin (3) la caractérisation
chimique de MP environnementaux et I’étude la toxicité de ces MP environnementaux sur le

poisson zebre.



1) Processus de sorption artificielle de polluants sur MP industriels

Deux types de MP ont été sélectionnés, le PE (Micro Powders, NY, USA) et le PVC (Fainplast,
Ascoli Piceno, Italy), pour leur présence majoritaire dans les eaux de surface et les sédiments
(Erni-Cassola et al., 2019). Plusieurs tailles de PE (125-500; 20-25; 11-13; 4-6 um) ont été
sélectionnées pour étudier I’impact de la taille des MP sur les processus de sorption des
polluants. La sélection des polluants (PFOS, BaP et BP3) a été guidée par le besoin d’étudier 3
composés aux modes d’action distincts et induisant des effets toxiques spécifiques. Les
composeés sélectionnés ont précédemment été rapportés comme étant présents dans les milieux
aquatiques et étant toxiques pour les poissons. Leur présence dans les environnements
aquatiques est liée a leurs sources ou leurs usages importants, PFOS en tant
qu’imperméabilisant de textiles, mobiliers ou emballages alimentaires, le BaP provient de la
combustion incompléte de la matiére organique et le BP3 quant a lui est utilisé comme filtre
ultraviolet (UV) dans les cremes solaires mais aussi comme additif pour protéger le plastique
des rayonnements UV. Leur présence dans les eaux continentales et marines de I’ensemble du
globe et leur propriété hydrophobe explique leur présence a la surface des déchets plastiques

retrouvés en mer.

La sorption des composeés s’est faite par mise en contact de différentes concentrations de MP et
polluants individuels, dans de I’eau milliQ, pour des durées variables avec une agitation
continue par rotation (20 rpm). Une isotherme (BaP et PFOS) a été réalisée, consistant a
I’exposition de 2,5 g/L de différentes tailles de PE avec des concentrations variant de 0 a 100
ug/L de BaP ou PFOS (0, 25, 50, 75 et 100 pg/L), pendant 7 jours. Une cinétique portant sur 6
mois a été menée, utilisant du PE (125-500 pum) en contact avec 200 mg/L de PFOS ou 2,5
mg/L de BaP, et des échantillons ont été prélevés apreés 2, 7, 30, 90 et 180 jours. Des particules
de PE ont été également enrobées avec les mémes composés a des concentrations
environnementales afin de permettre I’exposition de poissons pour les tests de toxicité. En plus
des processus de sorption, le processus de désorption a aussi €été étudié, en simulant
artificiellement la désorption de MP dopés au PFOS en utilisant un fluide intestinal artificiel de
poisson (basé sur une solution de 15 mM de taurocholate de sodium dans de I’eau de mer
artificielle @ 35 %o avec un pH de 6,7). Toutes les analyses chimiques ont été réalisées sur les
liquides (eaux ou fluide de digestion) et les MP avant et apres sorption/désorption, afin de

quantifier les quantités de polluants dans chacune des phases, apres extraction.



2) Exposition des organismes aux MP

Le protocole standardisé OCDE 236 a été le premier protocole utilisé dans cette thése afin
d’évaluer la toxicité aiglie des particules, mais également des extraits organiques obtenus avec
du diméthylsulfoxyde (DMSOQ) et des lixiviats préparés avec ces mémes MP. Les embryons ont
été exposés dés 3 heures post-fécondation (hpf), et jusqu’a 96 hpf, en mesurant le taux de
mortalité, les malformations observées au cours du développement, I’éclosion ainsi que
I’activité EROD, les dommages a I’ADN (test des cométes) et I’analyse de I’activité de nage.
En paralléle, les poissons zébre ont été nourris avec de la nourriture supplémentée a 1% de MP,
a partir du ler repas (14 dpf) pendant 4,5 mois. La mortalité et la croissance ont été suivis tout
au long de I’exposition. A la fin de I’exposition, des prélevements de poissons ont permis
I’analyse de différents biomarqueurs de toxicité tel que I’activité acétylcholinestérase (AChE)
liée a la transmission de I’influx nerveux dans les neurones cholinergiques, I’activité EROD
liée a la métabolisation des polluants organiques hydrophobes et le stress oxydant mesuré par
la peroxydation des lipides (TBARS). L’anxiété a été évaluée par un test comportemental (novel
tank) a la fin de I’exposition. A partir de 3 mois, la reproduction des poissons a été étudiée via
I’évaluation du succés de ponte, le taux de fécondation et I’effort reproducteur mesuré par le
nombre d’ceufs/ponte. Les poissons exposés ont été prélevés pour quantifier la présence de
polluants dans I’organisme entier et valider la vectorisation par les MP. A la fin de I’exposition,
la génération F1, n’ayant jamais été exposée autrement que par les parents FO, a été suivie afin
d’étudier la survie et la croissance des larves et estimer la neurotoxicité par un test d’activité
natatoire (LPMR).

3) Microplastiques environnementaux

Des MP environnementaux ont été collectés sur deux plages de Guadeloupe (France) en octobre
2017 a I’occasion de 1I’Odyssée 2017-2021 de la fondation Race for Water. Cette le a été
sélectionnée pour sa localisation & proximité du gyre de I’Atlantique Nord. Les débris ont éte
collectés sur la plage de Petit-Bourg (PB) sur Basse-Terre, une plage proche de la plus
importante zone industrielle et portuaire de I’Tle et sur une plage de Marie-Galante (MG), une
Tle peu peuplée et trés préservée de I’archipel de Guadeloupe. Les polymeres ont été caractérisés
par infrarouge a transformée de Fourrier (FT-IR), et broyés par cryobroyage avant d’étre
tamisés a 100 et 53 pum. Une analyse granulométrique a également été faite pour établir un
spectre granulométrique des fractions obtenues. L’empreinte chimique des échantillons a été



mesurée par une approche analytique non ciblée par chromatographie gazeuse pour les
composés organiques (pesticides, hydrocarbures dont HAP, dioxines et PCB), ainsi que par
spectrométrie de masse par plasma a couplage inductif pour les métaux. Pour évaluer la toxicité
des échantillons environnementaux, les mémes protocoles que ceux décrient précédemment ont

été utilisés.

Résultats de I’étude

Cette theése avait pour but I’étude des MP en tant que potentiel vecteurs de polluants au sein des
organismes aquatiques. L’étude portait plus spécifiquement sur la cinétique de sorption de
polluants modéles (BaP, PFOS et BP3) sur des MP de PE et PVC, ainsi I’évaluation de leurs
toxicités sur le poisson zebre et I’'imprégnation chimique et la toxicité d’échantillons

environnementaux de MP.

Tout d’abord, les polluants modeles ont été adsorbés sur des particules industrielles de PE et
PVC, et nous avons observé différents modeles de sorption en fonction de la nature du polluant
et du type de polymeéres utilisés. Cependant, du fait d’un manque de temps au cours de la these,
le processus de sorption étudié sur le long terme (180 jours) n’a été réalisé que pour le PFOS,
tout comme les cinétiques de sorption. Les résultats obtenus ont démontré qu’au cours des 180
jours d’exposition, la concentration de PFOS adsorbée a la surface des MP n’a cessé
d’augmenter. De plus, la désorption a été simulée en utilisant du taurocholate de sodium et des
MP artificiellement contaminés avec du PFOS pendant 4 jours et nous avons démontré que la
désorption avait lieu a hauteur de 70 a 80%. Il apparait donc que le taurocholate de sodium qui
mime le fluide intestinal de poisson, augmente la biodisponibilité du PFOS adsorbé sur les MP.
Afin d’approfondir I’étude de désorption, plusieurs prélevements de MP et de milieu de
désorption devraient étre pris en compte, ainsi que I’étude de la cinétique de désorption. La
méthode développée pourrait ainsi étre utilisee comme une nouvelle approche simplifiée pour
la compréhension des processus de désorption de polluants depuis les MP au cours de la
digestion. Cependant, cette présente étude est limitée dans I’utilisation d’un unique polymere,
le PE, avec des concentrations de polluants et MP non environnementales. Des études plus
approfondies devraient étre menées en utilisant différent types de polymeéres tel que le PS, le
PP ou le PVC, avec des concentrations environnementales de MP ainsi que différents polluants,
seuls ou en mélange. Des études sur différents polluants émergents en combinaison avec
d’autres polymeres sont nécessaires car les processus de sorption et de désorption dépendent a

la fois du type de plastique et du polluant.



Afin d’évaluer la toxicité des MP, les stades précoces de développement (SPD) du poisson
zebre ont été exposés aux MP industriels contaminés ou non avec des polluants modeles (PFOS,
BaP et BP3) ainsi qu’a des échantillons de MP environnementaux. Cette thése a permis de
démontrer que I’exposition des SPD aux particules de PE de différentes tailles, contaminées ou
non avec les polluants modeles choisis, n’ont pas mis en évidence de toxicité aigué ou d’effets
subléthaux en suivant le protocole standardisé de I’OCDE 236. Cependant, I’ajout d’autres
critéres de toxicité tels que la mesure de I’activité EROD ou I’activité de nage ont montré des
effets significatifs des MP sur les SPD de poissons. Par conséquent, le test standard OCDE 236
semble inapproprié pour évaluer la toxicité des MP de type PE et PVVC sur embryons de poisson
zebre. Il faut préciser que I’activité de nage des larves n’a pas été altérée apres exposition aux
particules de MP, mais ce sont les extraits organiques des MP environnementaux qui ont
conduit & une hypoactivité des larves. La composition chimique des MP environnementaux
semble étre responsable de la toxicité observée. En effet, I’échantillon de MP de Petit-Bourg
s’est avéré contaminé par un grand nombre d’hydrocarbures et d’éléments traces métalliques
(cuivre et zinc), probablement lié a la proximité de la zone industrielle et portuaire de Pointe-
a-Pitre. De la méme facon, I’exposition des SPD aux lixiviats de ces MP environnementaux a
démontré des effets sublétaux, renforgant I’idée d’une toxicité liée aux polluants adsorbés et
aux additifs plus qu’aux particules elles-mémes. Il apparait donc que le test embryonnaire sur
poisson zébre OCDE 236 soit inadéquat pour évaluer et caractériser les effets toxiques des MP,
I’ajout d’autres criteres de toxicité subaigué est nécessaire pour accroitre la sensibilité du test.
De plus, I'utilisation d’autres poissons modeéles avec un développement embryonnaire et
larvaire plus long, tel que le médaka japonais ou le médaka marin, peuvent étre nécessaires pour

mieux caractériser la toxicité d’échantillons de MP.

Pour finir, une contamination trophigue a été menée en exposant des juvéniles de poisson zébre
aux difféerents type de MP, pendant 4,5 mois. Cette exposition a induit des effets délétéres autant
sur les adultes exposés que sur la progéniture non-exposée F1. En effet, la croissance des
femelles a été réduite associée a une diminution du succés de reproduction. Ces effets peuvent
étre liés a certains additifs présents dans les MP et/ou aux polluants sorbés, qui peuvent étre
directement biodisponibles lors de I’ingestion. Les effets observés (diminution de la survie et/ou
modification de I’activité de nage) pour la progéniture F1 peuvent avoir été induits par un
transfert parental des polluants ou par des effets directs sur la physiologie des parents menant a
une qualité moindre des embryons de la génération F1. La composition chimique des MP peut
expliquer la différence de toxicité observée entre les différents MP testés. Cette étude souléve



la question du risque environnemental lié aux MP environnementaux sur les organismes

aquatiques, et particulierement sur les effets intergénérationnels des MP.

Pour conclure, les principaux objectifs de cette thése ont été remplis, bien que certains résultats
doivent encore étre confirmés ou complétés. En effet, les différents processus de sorption de
polluants modéles sur des particules de MP ont démontré une capacité de ces MP a sorber et
donc a transporter des polluants a des concentrations importantes. Par ailleurs, la désorption du
PFOS a été observée aprés simulation artificielle de la digestion. L’utilisation des SPD du
poisson zébre en utilisant les critéres de toxicité de la ligne directrice de I’OCDE 236 semble
insuffisamment sensible pour conclure sur la toxicité des MP. Cependant, les résultats obtenus
apres exposition des SPD aux extraits organiques et aux lixiviats de MP environnementaux ont
permis de demontrer la toxicité des polluants sorbés a la surface de ces MP sur les stades
précoces de développement de D. rerio. Enfin, I’exposition trophique a confirmé la toxicité des
différents MP testés en induisant des effets délétéres chez les adultes exposés ainsi que pour la

progeniture non exposeée, confirmant le role des MP en tant que vecteur de polluants.
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vider la téte et profiter du temps ensemble. Merci mille fois ma copine pour tout ¢a, tu es une vraie amie.
Merci aussi a bebé Milane, mon petit chat d’amour en Suéde ! Merci pour tous tes calins et tes ronrons,
mais aussi pour ton attitude de grognasse quand tu voulais qu’on s’occupe de toi, miss Ronchon

d’amour, on dirait ta mére !



Merci aux amis, extérieurs a la thése, qui ont pris le temps de m’écouter me plaindre (ou pas), qui m’ont
permis de me sortir la téte de tout ¢ca grace a de nombreuses soirées, des weekends ici ou ailleurs etc.
Elo, ma copine d’enfance, a chaque retour aux sources a La Guierche, tu étais présente, et pendant une
soirée ou plus, je ne parlais et ne pensais pas a ma thése, mais juste a la vie d’avant, de maintenant et
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elle, n’est pas centrée sur le boulot, et que le reste est bien plus important.
Et finalement, merci a ma Ninette, ma meilleure amie depuis le lycée. A distance, tu as toujours été la
pour m’écouter et me remonter le moral, méme si parfois tu ne comprenais pas la situation avec mes
mots compliqués, peu importe, tu m’as toujours épaulée dans toutes les situations. Merci a toi ma
Ninette, d’avoir été présente pour tous les moments de ma thése, et plus largement, de mes études
supérieures ! J’espére que nos projets a chacune vont se concrétiser, et qu’on continuera d’échanger

autour de ces sujets pour enrichir nos vies respectives.

Pour finir, les plus importants, ma famille. C’est grace a vous, et aussi pour vous, que j’ai réussi a venir

a bout de ces 8 années d’études, sans « jamais » baisser les bras.

Renée et Jacques, vous avez pris la thése en cours, mais vous avez eu une place non négligeable, surtout
pendant la période de rédaction. A Noél, vous m’avez soutenu pour que je retourne dans ma chambre,
avec un coup de pied au cul s’il le fallait (et il le fallait trés souvent) pour que je termine la rédaction.
Vous avez pris soin de moi pendant cette période pour gque je n’ai pas a m’occuper du quotidien, vous
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(dévorer d’ailleurs), et que je retourne bosser, et vous m’avez encouragée a terminer. Alors merci pour
ce soutien, merci pour votre présence, et cela méme, jusqu’au jour de la soutenance !
Merci a mon tonton et ma tata, vous avez connu I’intensité de travail que demandent des études avec
Fefer, et vous m’avez soutenue comme votre fille, avec des SMS, des appels et des repas « ne lache rien,
tu es presque au bout. Si tu ne continues pas on s’en fout, mais sois fiére de toi et termines ! ». J’avais
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retourner en Suéde ou sur Bordeaux. Merci aussi a ma Fleurette, ma petite cousine. Je me rappelle que

le jour de mon départ tu m’avais dessiné un avion et tu m’avais dit « c’est super que tu voyages partout



comme ¢a, mais j’aimerai bien te voir quand méme ma Grande Bettie ». Et bien maintenant, je te
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qu’au fond de toi, tu as toujours su que j’y arriverai. Alors merci pour ton soutien, car jusqu’a tes 89
ans, tu as suivi mes études et tu m’as encouragée en découpant des articles de journaux, en me les
envoyant avec un petit mot « pensée pour toi car ¢a parle de poisson », « tiens ma petite, c’est pour toi,
c’est sur la pollution des eaux ». C’était des attentions toutes simples mais qui me redonnaient toujours
le sourire. Merci aussi a mamie Yvette, pour les (trop) nombreux godters et déjeuners chez toi en me
disant « ¢ca remonte le moral de bien manger, allez tu veux quoi ? ». Tu m’as encouragée a finir, et du
haut de tes 90 ans, tu m’as toujours dit que je faisais les choses bien et qu’avec ce que je faisais, je
pourrai peut-étre changer le monde, ou pas, mais qu’au moins j’apportais ma pierre a I’édifice, alors
merci Mamie. Dans mon cercle familial, j’ai eu le soutien de mes frangins, Ludo, Steph et Doudou.
Merci a vous pour votre soutien, et vos conseils, ne rien lacher pour étre fiére de moi, mais aussi de
savoir lacher prise pour apprécier la vie. Je n’ai pas toujours réussi a appliquer vos conseils, mais j’ai
fait de mon mieux, et je n’ai aucuns regrets. Doudou, mon p’tit frére (oui méme avec ton metre 90 !), on
a évolué en parallele, et on a fait nos études ensemble. On s’est soutenu I’un et I’autre, quand I’un
doutait, I’autre le rassurait ; quand I’un baissait les bras, I’autre le relevait pour continuer a avancer.
Et nous voila aujourd’hui, Docteur Bettie Cormier, et Médecin Marius Cormier (bientdt Docteur !). Je
suis tres fiere de toi, et heureuse de t’avoir eu comme soutien au cours de mes 8 années d’études, mais
aussi de mes 27 années de vie ! Je te renvoie a cette chanson que j’aime tant et tu le sais, Ben Mazué
« Let Me ». Ludo et Steph, je vous ai toujours admiré pour vos métiers passions, vous avez réussi a vous
épanouir a 200 % en gagnant vos vies tout en réalisant vos passions. J’espere, dans les années a venir,
réussir a suivre vos pas, avec ou sans dipléme, mais vivre de mes passions. Muchas gracias también a
Claudia, mi querida cufadita, me apoyaste mucho durante mis estudios! Et merci a mes neveux, les 4
monstres, Wayra, Hugo, Amaru et Thibault, mes Loulous d’amour, méme s’ils ne liront jamais ce pavé
(et je les comprends !1), malgré eux, ils ont joué un role dans ma thése, en prenant de mon temps libre
pour m’occuper d’eux et jouer avec eux. Vos rires et vos calins sincéres, m’ont, plus d’une fois, remonté

le moral pour continuer !

Papa et Maman, mes 2 battants et mes plus grands supporters ! Alors vous 2, avec votre soutien depuis
27 ans, depuis mes premiers pas jusqu’a la concrétisation de 8 ans d’étude et du titre de Docteur, vous
avez toujours été derriére moi. Vos mots ont été les plus importants pendant cette « putain de thése »
comme j’ai aimé vous le rappeler ! « Ton monde intérieur est le plus beau paysage que je connaisse »
et « La vie n’a de sens qu’en accomplissant ses passions. Va, vis, vogue, vole et surtout sache que quoi
gue tu fasses, ou que tu ailles, je serai toujours la ». Avec deux étres aussi exceptionnels a mes c6tés, je

ne pouvais aller que de I’avant, pour vous rendre fiers, et vous remercier pour ces années a tout faire



pour vos enfants. Je sais qu’aujourd’hui vous étes fiers de Doudou et moi, mais n’oubliez jamais que
c’est en grande partie grace a vous, I’éducation que vous nous avez donné, les valeurs que vous nous
avez inculqué, le soutien infaillible. Bref, ce titre de Docteur, c’est & vous que je le dédie, cette these
elle est pour vous, pour que vous puissiez prendre conscience que ces 27 années a m’éduquer m’ont
permises de devenir Docteur, et que sans vous, je n’aurai jamais réussi a venir a bout de ma « putain

de thése », alors Merci infiniment, je vous aime démesurément.

Merci a mon petit Loup, Nordik. Tu es arrivé au moment de ma rédaction, et j’ai eu besoin de toi pour
finir, et tu m’as soutenu en posant ta grosse téte sur moi ou en me sautant dessus, pour me rappeler que
je devais m’occuper de toi et sortir prendre I’air, parce que la these ¢a va 5 minutes, mais la balade...!

Je t’aime mon gros Loup.

Apreés des jours a écrire mes remerciements (en me limitant dans le nombre de pages !), j’arrive a la
derniére personne que je souhaite vraiment mettre en avant, Gab. Je pense qu’au début tu t’es lancé
dans I’aventure avec moi sans vraiment prendre conscience de I’ampleur « des dégats ». Ca n’a pas
toujours été facile pour moi, mais j’ai souvent sous-estimé les impacts que ¢a pouvait avoir sur toi, tel
une éponge qui capte toutes mes émotions, positives mais surtout négatives, sans jamais te plaindre. Tu
as été un réel pilier, et au-dela du soutien moral pour que je ne lache pas pour partir élever des chévres
a I’autre bout du monde, tu as aussi participé activement a ma these en venant nourrir les poissons avec
moi, en collant des étiquettes sur des tubes ou en m’affichant un « planning et régles de rédaction »
pour gue je reste concentrée jusqu’au bout car « 3 mois sur 4 ans, c’est rien ». Tu mérites ton titre de
« Assistant Docteur », et moi je te le décerne, avec mes félicitations ! Merci aussi pour les moments de
déconnexion forcée, ol tu prenais mon téléphone pour que je n’ai aucun accés a mes mails pendant
quelques heures/jours, afin de me rappeler que rien n’est urgent, si je le décide. Merci d’étre venue avec
moi en Scandinavie et d’avoir parcouru ces merveilleux 12 000 km en été et pas moins de 3500 km en
hiver avec bébé camion. Tu as su me soutenir comme personne, car c¢’est un soutien quotidien dont tu
as fait preuve, me rappelant que je devais étre fiere de moi tous les jours, et que je ne devais rien
regretter, et c’est chose faite. Tu as attendu la fin de ma these pendant plus de 2 ans, et ¢ca y est, ony
est. Les derniers mots que j’écris dans cette thése sont pour toi, c’est un symbole fort pour moi !
Maintenant on peut commencer notre nouvelle vie, pleine d’idées et de projets, ici et ailleurs. Et c’est a
mon tour de te soutenir dans ta formation, ON ne va rien lacher et ON ira au bout ensemble, comme

ON I’a fait pour la thése, t’es le meilleur mon mec ! Merci a toi, Je t’aime.

Grosses pensées pour,
Papy Bebert, Papy Gabriel, Mamie Micheline, Léa et Fefer.
Je sais que Mes Etoiles brillent au-dessus de moi et m’ont souvent donné la force de persévérer,

Merci a vous Mes Etoiles !
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Introduction

Over the last few decades, plastic production has increased to around 348 million tons
(PlasticsEurope, 2018) due to ever-growing demand and use in everyday life (Andrady and
Neal, 2009). Packaging accounts for around 40 % of all worldwide plastic production
(PlasticsEurope, 2018). Because most plastic items are of the single-use variety, a large amount
of waste, such as plastic bags, plastic bottles, synthetic fibers and thin films, end up in the
aquatic ecosystem. Plastics are defined as polymer compounds formed through a chemical
process in which monomer chains are fused. However, plastic polymers are not made up only
of monomers, and may contain different additives, such as plasticizers or flame retardants,
added to improve specific physiochemical properties like hardness and density, as well as

protecting plastics from damage, e.g., heat, UV and oxidation (Andrady, 2011).

Due to excessive use of plastic items and poor waste management, a large amount of plastic
debris ends up in aquatic environments. In the 1970’s, small plastic particles (0.25 - 0.5 cm)
were first reported in the marine environment (Carpenter and Smith, 1972). Thompson and
coworkers (2004) were among the first to observe small plastic particles in the environment,
which later came to be known as (MPs). MPs have been defined as plastic particles shaped like
spheres, pellets, films, fragments or fibers, with maximum diameter of 5 mm (Arthur et al.,
2009). Plastic debris larger than 5 mm are referred to as macroplastics (Jambeck et al., 2015).
MPs are categorized according to their origin. Particles manufactured at millimetric scale, such
as preproduction pellets (plastic industry) and microbeads (exfoliating agents or facial scrubs
used in cosmetics), are called primary MPs. Secondary MPs are the result of the breakdown of
macroplastics via physical, chemical or biological degradation (Derraik, 2002; Thompson et

al., 2004), synthetic fibers are also part of the secondary MPs (Browne et al., 2011).

In 2010, it was estimated that between 5 and 13 million were introduced into the world’s oceans
as a result of mismanaged plastic waste (Jambeck et al., 2015). In 2014, it was estimated that
approximately 5 trillion plastic pieces, such as MPs, were floating in global waters (Eriksen et
al., 2014).

Numerous additives, such as plasticizers or flame retardants, are known to be toxicants which
may cause adverse health effects (Bakir et al., 2014). Weathering, as along with mechanical
fragmentation of plastic debris, lead to smaller particles, MPs, and may increase the specific
reactive surface area of particles, facilitating the sorption of pollutants (Koelmans, 2015; Lee
et al., 2014; Teuten et al., 2007). Different microplastic particles have been shown to adsorb



diverse classes of pollutants such as per- and polyfluorinated compounds, polycyclic aromatic
hydrocarbons (PAHS), polychlorinated biphenyls (PCBs), pesticides and personal care products
(Rochman, Browne, et al., 2013; Rochman, Hoh, Hentschel, et al., 2013; Ziccardi et al., 2016).
However, the possible contribution of microplastics to act as vector of organic pollutants to
biota has for long been subject to controversy (Bakir et al., 2016; Koelmans et al., 2016;
Lohmann, 2017).

The presence of microplastics in the environment leads to two main issues: (1) their small size
favors an uptake of particles by biota, and can result in effects (physical obstruction in the
digestive system and sense of false satiation); (2) MPs can also adsorb pollutants on their
surfaces (Rillig, 2012) and act as a vector of pollutants. Different studies have highlighted the
diverse toxic effects of MPs on freshwater and marine biota at all levels. For example, producer
level can be affected, such as with the marine microalgae Skeletonema costatum exposed to
polyvinyl chloride (PVC) microparticles (Zhang et al., 2017). Consumer level is also affected
by MPs contamination, primarily for invertebrates, as oysters exposed to polystyrene
microplastics showed a decreased oocyte number and sperm velocity (Sussarellu et al., 2016),
and the uptake of high density polyethylene MPs by marine mussel, Mytilus edulis (von Moos
et al., 2012). Vertebrates are also affected by exposure to plastic microparticles in marine
environments, with the presence of MPs in fish after laboratory exposure, as illustrated by the
intestinal perturbation observed in Dicentrarchus labrax exposed to PVC particles (Peda et al.,
2016). The vector property of MPs has been proved using pyrene adsorbed on polyethylene and
polystyrene to Mytilus galloprovincialis with a transfer and accumulation of pyrene in digestive
tissues (Avio et al., 2015), as well as a facilitation in the transport of contaminants to the
sediment dwelling lugworm Arenicola marina or the amphidromous medaka fish, Oryzias
latipes (Rochman, Hoh, Kurobe, et al., 2013; Teuten et al., 2007). An experimental food chain
using zebrafish, Danio rerio, fed with Artemia nauplii loaded with benzo[a]pyrene resulted in
an efficient transfer of chemicals into zebrafish (Batel et al., 2016).

Despite increased scientific interest in the dangers posed by microplastics, there are still
significant gaps in knowledge in this field, particularly relating to sorption processes between
organic pollutants and microplastics, and their role as vectors of pollutants. On the specific
issue of vectorization, no scientific consensus appears to have been reached as yet. In the present
study, microplastics were studied to identify their potential role as a vector for pollutants, but
also to investigate their toxicity for zebrafish (D. rerio). Three model pollutants were selected
due to their presence in the aquatic environment, their known toxicity to fish but also because



of differences of chemical structures and expected properties: perfluorooctane sulfonate
(PFOS), benzo[a]pyrene (BaP) and oxybenzone (BP3). Different industrial microplastics, of
varying types and sizes, were used to investigate their potential interference with
microplastic/pollutant interactions. Different life stages of zebrafish, e.g., early life stages
(embryos) and juveniles/adults, and exposure durations, were used to investigate the toxicity of
microplastics. Alongside artificial microplastics, environmental samples from sandy beaches
(Guadeloupe, France) were also used to study the potential toxicity of environmental
microplastics to fish. The present study has been carried out in the frame of EPHEMARE
project, funded by JPI Oceans.

In this context, the different aims of the PhD project were:

e To develop and implement protocols to artificially sorb model pollutants, PFOS and BaP,
to different size ranges of high-density polyethylene and polyvinyl chloride microparticles

e To investigate the ability of microplastics to act as a vector of pollutants by using industrial
particles spiked with model pollutants (PFOS, BaP and BP3) using early life stages,
juveniles and adults of zebrafish

e To study the toxicity of environmental microplastics (sandy beaches, Guadeloupe, France)
on different life stages of zebrafish

Chapter 1 provides a broad review of the issue of global plastic pollution, with a focus on
microplastics as emerging contaminants in aquatic environments, their ability to adsorb or

transport pollutants, and their toxicity for aquatic organisms.

The biological model used in the present study e.g. Danio rerio as well as the use of zebrafish
in ecotoxicological studies are reported in this chapter. Experimental designs, analysis and
toxicity bioassays/biomarkers are described in Chapter 2, material and methods. Chapters 3,
4 and 5 present the results of the PhD project, written in the form of journal articles. Chapter 3
concerns the artificial sorption of pollutants onto industrial microplastics, Chapter 4 describes
the ecotoxicity of artificial spiked microplastics, and Chapter 5 is about the ecotoxicity of
environmental microplastics collected on sandy beaches (Guadeloupe Island, France). Finally,
Chapter 6 is a general discussion relating to the subject of microplastics as vectors of
pollutants, and their toxicity for aquatic organisms, in comparison with previous scientific

studies.



Chapter 1.
General Context



1) Plastic: background information

The term “plastic” comes from the Greek “plastikos” which was used to describe an object able
to be molded or for molding (PlasticsEurope, 2018). The use of the term “plastic” existed long
before the first plastic material, known today as “Bakelite” and created in 1907 (Cole et al.,
2011). Plastics are produced by the polymerization of monomers, leading to a polymer.
Numerous types of plastics exist, and they are used for a variety of purposes, such as packaging,

e.g. plastic bags, plastic bottles etc. ( Figure 1).
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Figure 1: Polymer types in demand in Europe, 2014. (PlasticsEurope, 2015)

Different types of plastics are defined by their polymeric structure. A polymer consists of a
repetition of monomers, the same chemical structure, to create chains. The use of different
monomers leads to differences in the physicochemical characteristics of these polymers, and in
turn, different forms of plastic. For example, the length of the polymer chain modifies the
strength of the plastic, meaning that the stronger a plastic, the more force is required to break
the chain. Strength can be also increased with the presence of polar groups, leading to hydrogen
bonding, which favors attraction between chain polymers. Another difference between polymer
types is their melting point, which can lead to different properties. A larger number of covalent
bonds will make a polymer harder, and increase its melting point. Plastics can be placed in two
thermal categories: thermosetting resins (thermally hardened which cannot become soft again)
and thermoplastic resins (can be softened by heating). Many other physicochemical parameters



can be used to characterize and classify plastic polymers. For instance, one of the most common
parameters is density, varying from 0.9 to 1.45 g/cm?® (Figure 2). The same chain of monomers,

e.g. polyethylene (PE), may have different properties due to its branching chains: low-density

PE (LDPE) has long-chain branching while high-density PE (HDPE) is composed of straight
chains, making it stronger and denser than LDPE.
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Figure 2: Plastic polymers classified following their densities, PVC: polyvinyl chloride; PET: polyethylene
terephthalate; PP: polypropylene; PE: polyethylene; PS: polystyrene; PA: polyamide; ABS: acrylonitrile
butadiene styrene; POM: polyoxymethylene; PC: polycarbonate; PUR: polyurethane (Brydson, 1999)

The Resin Identification Code (RIC) was developed by the plastics industry to provide uniform
classification of plastics. Recycling has been made easier due to early separation before the
melting process. It described plastics as categories with a reference code associated with plastic
materials used in industry (Brydson, 1999), Figure 3.

PET: Polyethylene terephthalate is a polymer composed of a linear polyester (polymer
composed of an ester, -COO-), firstly developed in 1941. PET is the basis of synthetic polyester
fibers and it is commonly used in clothes, ropes, carpets fibers, but also in beverage bottles.
Due to its thermoplastic property, items made of PET can be recycled.

PE: Polyethylene is the simplest chain polymer. It is a linear polymer with ethylene (-CH>-
CH2-) as monomer. It was first used in 1933. Due to its low price and numerous qualities
(electrical insulation, chemical resistance, flexibility, transparency etc.), it is the most
commonly produced plastic. There are two types of PE, High-density polyethylene (HDPE) and
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low-density polyethylene (LDPE). HDPE is used for bottles; toys etc., while LDPE is mainly
used in light packaging (e.g. film wraps or plastic bags).

PVC: Polyvinyl chloride, is a fairly unstable polymer, requiring additives to remain stable. PVC
was first reported in 1872, with the polymerization of vinyl chloride exposed to sunlight. It was
first manufactured in 1926. Today, PVC is used for construction (pipes, doors or windows) and
an array of day-to-day items regular items (bottles, non-food packaging etc.).

PP: Polypropylene has similar properties to polyethylene, with greater hardness, and is more
resistant to heat. The process of PP polymerization dates back to 1954, with the first
commercially produced products appearing just a few years later. It is the second most widely
produced plastic, and commonly used in packaging and labeling. Resistant enough to withstand

the heat in an autoclave, PP is often used for medical receptacles and other similar items.

PS: Polystyrene can exist in solid or foam form, and can be used in many types of products (CD
packaging, containers, lids, construction). PS is a cheap material with various desirable
characteristics, e.g., electrical insulation, rigidity, ease of molding.

Other: The last category combines a variety of materials, including polyamides (PA) or
polycarbonates (PC) and others copolymers composed of more than one monomer.
Polyurethane (PUR) is also part of this other category. Besides petrochemical polymers,
bioplastic and natural plastics are also listed in category. These materials are made of carbons
derived from renewable biomass and not from fossil resources. Rice, corn, potatoes or sugar
cane are used to produce bio-based materials, but the origin of carbons is not linked to

biodegradation potential, and a bio-based plastic is not always recyclable.

11 -



Plastic Resin Identification Codes

n
oo

Polyethylene

Terephthalate

Ci r
soda & water
bottles; cups, jars,
trays, clamshells

Recycled products:
clothing, carpet,
clamshells, soda &
water bottles

milk jugs,
detergent &
shampoo bottles,
flower pots,
grocery bags

Recycled products:
detergent bottles,
flower pots, crates,
pipe, decking

'ﬁ
§

cleaning supply
jugs, pool liners,
twine, sheeting,
automotive product
bottles, sheeting

Recycled products:
pipe, wall siding,
binders, carpet
backing, flooring

pr t
bread bags, paper
towels & tissue
overwrap, squeeze

bottles, trash bags,

six-pack rings

Recycled products:

trash bags, plastic
lumber, furniture,

yogurt tubs, cups,
juice bottles,
straws, hangers,
sand & shippi

to-go containers &
flatware, hot cups,
razors, CD cases,

bags

Recycled pr

cartons, trays

R o g

paint cans, speed
bumps, auto parts,
food i 3

p
compost bins

hangers, plant pots,

razor h

pr
picture frames,
crown molding,
rulers, flower pots,
hangers, toys, tape

C types &
products:
polycarbonate,
nylon, ABS, acrylic,
PLA; bottles, safety
glasses, CDs,
headlight lenses

Recycled products:
electronic housings,
auto parts,

Figure 3: Table of Resin Identification Codes (RIC), to classify plastic products in function of polymer types

Since the mass manufacture of plastics began in the 1950s, worldwide production has been

and possible recycling (source: sustainablepackaging.org)

continuously on the rise, reaching 348 million tons in 2017 (PlasticsEurope, 2018).

Plastics have many social and technological benefits, aiding the development of new
technologies, and reducing transport costs (Thompson et al., 2009; Zarfl and Matthies, 2010).
They have become a fixture of everyday life (Andrady and Neal, 2009). However, despite their
many advantages, plastics are also having an increased impact on the environment (Zarfl and
Matthies, 2010). Authors have estimated that between 2 and 4 % of the plastics produced end

up in the marine environment because of poor waste management, among others (Jambeck et

al., 2015).

Plastics do not contain only polymers. . They also contain numerous additives used to improve
their characteristics, or to modify the chemical affinity between molecules. Additives include
plasticizers, flame-retardants, antioxidants, light and heat stabilizers, pigments, etc. Each
additive has a specific role in the structure and functional properties of a plastic product

(Hahladakis et al., 2018). Additives can be divided into four distinct categories (Hansen et al.,

2013):
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e Functional additives (stabilizers, antistatic agents, flame retardants, plasticizers,
lubricants, slip agents, curing agents, foaming agents, biocides, etc.)

e Colorants (pigments, soluble azo dyes, etc.)

e Fillers (mica, talc, kaolin, clay, calcium carbonate, barium sulfate)

e Reinforcements (e.g. glass fibers, carbon fibers).

For the most part, additives are not chemically bound to polymers. Only the reactive organic
additives (flame-retardants) are polymerized with the plastic molecules and are becoming part
of the polymer chain (Hahladakis et al., 2018). Therefore, additives are unstable in the polymer,
and can be released into the environment (Staples et al., 1997). Recent studies demonstrated the
presence of plastic additives in aquatic organisms, which can be released from the plastic after
ingestion (Engler, 2012; Lithner et al., 2011). The desorption rate of plastic additives, such as
diethylhexyl phthalate, is higher in the gut than in seawater, according to Bakir et al. (2014).
Plastic additives are used at low concentrations (ng/L or pg/L), and may have harmful effects

on mollusks, crustaceans, fish and amphibians (Oehlmann et al., 2009).

Toxicity of additives has been studied, and released additives may lead to the disruption of
biological processes. Toxicity mechanisms depend on additives. Some additives interfere with
endogenous hormones causing endocrine disruption (Barnes et al., 2009; Lithner et al., 2009).
Phthalates, used as plasticizers, are known to induce toxic effects at the molecular, cellular and
organ levels in fish or marine invertebrates, as well as leading to behavioral alterations in fish
(Oehlmann et al., 2009). For example, the presence of benzyl butyl phthalate in water disrupted
the shoaling and feeding behavior of the three-spined stickleback (Gasterosteus aculeate).
Behavioral alterations have also been shown in the common carp exposed to diethyl phthalate
(Barse et al., 2007). Marine mammals are also affected by the exposition to plastic additives,
with an endocrine disruption of the baleen whale exposed to two kind of phthalates (Fossi et
al., 2012). Endocrine system can be altered by the presence of bisphenol A, depending on the
concentration and the species (Oehlmann et al., 2009), with ovulation delays or reduction in
sperm quality (Lahnsteiner et al., 2005). Majority of studies reported effects on invertebrates

and fish, while few studies are reporting effects on marine seabirds and mammals.
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2) Plastic pollution in aguatic ecosystems

Increased plastic production and anthropic activities taking place in coastal areas, coupled with
poor waste management, has led to ever-greater quantities of plastics ending up in aquatic areas
(rivers, lakes, oceans etc.). These can come from either land-based sources (plastic bags, food
packaging, industries, cosmetics etc.) or ocean-based sources (transport of plastic materials via
boats, accidental discharge of raw plastic). The most commonly found polymer in aquatic
ecosystems (ocean and freshwater) is PE (in most of abiotic compartments; e.g. beach,
epipelagic zone and sediments) followed by PP (Figure 4) (Cheang et al., 2018; Fossi et al.,
2017; Hidalgo-Ruz et al., 2012; Karthik et al., 2018). Plastics are transported via wind action
(from water or coastal areas to beaches), sedimentation (from water to sediments),
resuspension (biological and mechanic movements), wash-up (dredging of sediments for beach
nourishment) and in sediments. Plastics in freshwater are also transferred to oceanic ecosystems

via riverine horizontal transportation (water and sediments).
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Figure 4 : Conceptual model representing environmental compartments and average on polymer composition
with transport pathways of material between compartments (black arrow). Arrow thickness represents
importance of the transport (according to Schwarz et al. (2019))

Various types of plastic can be found in the environment, in varying shapes and sizes. The
scientific community generally divides them up into categories. Size is one common variable,

with plastics found in the environment being categorized as macro, micro, and nano.

A macroplastic is defined as anything larger than 5mm. This category includes products such

as plastic bags, straws, and bottles.
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In 2010, it was estimated that between 5 and 13 million tons of plastic were introduced into
world’s oceans (Jambeck et al., 2015), and that approximately 5 trillion pieces of microplastic

were present (Eriksen et al., 2014).

Over the years, plastic debris has built up in oceans because of dumping and accidental releases
of plastic items. Based on their size, plastic debris can be divided up into four categories:
megaplastics (> 50 cm), macroplastics (5-50 cm), mesoplastics (0.5-5 cm) and microplastics (<
0.5 cm) (Andrady, 2011; Eriksen et al., 2014; Jambeck et al., 2015; Koelmans et al., 2017;
Lebreton et al., 2018). Plastic debris in the oceans may persist and accumulate (Law and
Thompson, 2014). Macro- and mesoplastic refers to plastic particles including nets, bags,
bottles etc. Beyond being an eyesore, they have been known to injure and kill a wide range of
aquatic organisms that either eat or become entangled in them. Traces of plastics have been
found in the stomachs of sea turtles, whales and albatross, among others (Mrosovsky et al.,
2009). Ingestion or entanglement result in impaired movement and feeding, a reduction of
reproductive output, lacerations, ulcers and deaths in invertebrates, turtles, fish, seabirds and
mammals (Barnes et al., 2010; Derraik, 2002; Laist, 1997; Rochman, Browne, et al., 2013).
One of the more visible impacts is entanglement of sea turtles in discarded and lost plastic
netting or rope from commercial fishing (Laist, 1997). Ingestion of plastic occurs at sea with
the confusion between jellyfish and plastic bags for examples (Laist, 1997; Robards et al.,
1997). It has been estimated that more than 100,000 sea animals die annually due to the presence

of plastic debris in aquatic ecosystems, by ingestion or entanglement (Wilks, 2006).

a. Microplastics as an emerging contaminant
Primary MPs particles are particles manufactured at millimetric scale: preproduction pellets
and microbeads. Pellets are used in the plastic industry, first as raw resins and then rounded
with a diameter between 2 and 5 mm (Costa et al., 2010). Microbeads are used in a range of
everyday products: exfoliating agents in facial cleansers, facial scrubs, pesticides, paint stripper,
etc.

Secondary MPs particles, known as small plastic fragments, are derived from the breakdown
of macroplastics via physical, chemical or biological degradation (Andrady et al., 2003; Cooper
and Corcoran, 2010; Derraik, 2002; Thompson et al., 2004). Physical fragmentation of plastics
generally occurs due to waves, wind or ultra violet (UV) light (Galgani et al., 2015), while

biological degradation consists of enzymatic oxidation or hydrolysis of plastics by
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microorganisms (Shah et al., 2008). Plastic particles degrade more quickly when they are
deposited on beaches or inland rather than in the open ocean due to a higher exposition to UV

radiation and wind processes (Biesinger et al., 2011; Corcoran et al., 2009).

Synthetic fibers may also be part of secondary MPs, entering the environment at microscopic
size due to the absence of effective filters in washing machines and wastewater treatment plants
(WWTPs) (Browne et al., 2011).
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Figure 5: Different sources of microplastics entering the aquatic environment. (Riccardo Pravettoni (2018))

Figure 5 shows different sources of MPs in the aquatic environment are represented. In the
marine environment, about 18% of MPs entered the aquatic system via fishing activities
(Andrady, 2011; Cole et al., 2011; Derraik, 2002) and approximately 80% of marine plastic
debris originate from terrestrial sources (Jambeck et al., 2015; Mani et al., 2015). Specific
weather conditions as floods or hurricanes can increase the transfer of MPs from lands to aquatic
systems (Barnes et al., 2009). While WWTPs filter some MPs from domestic effluents, they
are not designed or equipped to remove all plastic particles. WWTPs are therefore a frequent
source of contamination of the aquatic environment (Fendall and Sewell, 2009; Wolff et al.,
2019). MPs of both types are considered to be a potential threat for the aquatic environment
(Cole et al., 2011; Thompson et al., 2009).
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b. Dispersion of microplastics in aquatic environment
MPs are present throughout our oceans, the Atlantic to the Pacific Ocean, and in the Caribbean
and Mediterranean seas (Cozar et al., 2014; Law and Thompson, 2014; Ory et al., 2018; Welden
and Lusher, 2017). MPs have been detected at up to 96% of all water samples in the Pacific
Ocean (Moore et al., 2001). Cozar and collaborators studied surface water samples from
different locations and demonstrated the extensive presence of MPs by showing that 88%
samples contained MPs with high variations in concentrations (Cozar et al., 2014). The
worldwide distribution of MPs in the open seas has been demonstrated by the presence of
particles in ice cores in the remote Polar areas of the Arctic Ocean and in the deep oceans
(Obbard et al.,, 2014), with a frequency of occurrence of 93-95% in Arctic waterbodies.
Accumulation can also occur in gulfs, closed bays and areas close to areas of dense human
population (Eriksen et al., 2014), as the Mediterranean (Cozar et al., 2014; Suaria et al., 2016).

The abundance and dispersion of MPs have increased over the last few decades (Barnes et al.,
2009; Lebretonet al., 2018; Pham et al., 2014). However, concentration of MPs in surface water
is not uniform, with significant variations, ranging from 0.34 particles/m® in the Barents sea
(Lusher et al., 2015) up to 102 000 particles/m® in coastal waters of Sweden (Norén and
Naustvoll, 2010). In 1997, Charles Moore discovered the Great Pacific Garbage Patch in the
North Pacific Ocean gyre. Tidal rhythms and currents tend to focus on plastic debris inside
ocean gyres, leading to accumulation zones (Matsumura and Nasu, 1997). The abundance of
MPs is more evident in areas with converging currents (Eriksen et al., 2014; Law and Thompson
2014; Moore et al., 2001). Figure 6 shows the five most important gyres: the Indian Ocean gyre,
the North Atlantic gyre, the North Pacific gyre, the South Atlantic gyre, and the South Pacific
gyre. Figure 7 shows the predicted number of MPs (particles/km?) in surface waters, with a
high accumulation (red color) in oceanic gyres (Eriksen et al., 2014). Consequently, trends in
plastic accumulation in marine environment are not uniformly increasing while average size of

plastic particles seems to be decreasing (Eriksen et al., 2014).
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Figure 6: Map showing the oceanic gyres, with warm currents (red) and cold currents (blue).
(Source: Expedition 7e continent)
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Figure 7: Model prediction of global count density (particles/km?; see color bar) for each of four size classes
(0.33-1.00 mm, 1.01-4.75 mm, 4.76-200 mm, and > 200 mm). (Eriksen et al., 2014)
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Plastic items are found in the water column and in sediments, depending on their densities.
Plastics with a density > 1, such as PS, PET and PVC, have a tendency to sink to the bottom,
whereas PE and PP tend to float to the surface of water. However, the density of plastic debris
can be modified once in the marine environment, for example, low density plastic can also be
found on the seafloor, due to the development of a microbial biofilm on its surface, which can
be followed by colonization by invertebrates and algae, which increase the density (Andrady,
2011). Biofilm development on plastic bags has been demonstrated after 7 days of immersion
and show a significant increase of density after 3 weeks of immersion (Lobelle and Cunliffe,
2011). The growth of the biofilm is not the only phenomena that can change the position of
plastic items in the aquatic environment: ocean swells can re-suspend particles in the water
column (Cole et al., 2011). Indeed, the distribution of particles is not only driven by the density

of inert polymers, but also by the currents and movement of the water column.

3) Combination of pollutants and microplastics

As well as numerous additives used in plastic production, MPs offer a surface where many
waterborne-pollutants can be adsorbed, including metals (Rochman, Hentschel, et al., 2014)
and persistent organic pollutants (Rios et al., 2007; Rochman, Hoh, Hentschel, et al., 2013).
MPs are believed to act as vectors and carriers for a wide range of pollutants (Andrady, 2011;
Koelmans et al., 2014).

These MPs associated with persistent organic pollutants (POPs) can then act as reservoirs
and/or vectors for those pollutants (Barnes et al., 2009; Thompson et al., 2004). The processes
of sorption of organic pollutants onto MPs are very complex and poorly understood. The
equilibrium kinetics of contaminants on MPs depends on the intrinsic properties of the
chemicals, but also on the size, density and nature of the MPs. For example, the diffusion rate
for PAHSs into polymeric material correlates to a high degree with their molecular weight (Hong
and Luthy, 2008) and has been shown to take up to a month. A higher diffusion coefficient can
be derived for LDPE than for HDPE, indicating a greater sorption velocity for LDPE (Fries and
Zarfl, 2012). In addition, adsorption of PAHs, PCBs, and dioxins to PE correlates with their
octanol-water partition constants (logkow) (Adams et al., 2007).

MPs particles were shown to sorb significant amounts of POPs from the surrounding
environment (Barnes et al., 2009; Koelmans et al., 2016; Mato et al., 2001; Rios et al., 2007).
The weathering and fragmentation of MPs lead to smaller particles, and may increase reactive
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specific surface area, thus further facilitating the sorption of such pollutants (Lee et al., 2014;
Teuten et al., 2007). The importance of the role of MPs in transport of POPs in biota is still
controversial (Bakir et al., 2016; Koelmans et al., 2016; Lohmann, 2017). However, under both
laboratory and field conditions, different classes of organic pollutants such as per- and
polyfluorinated compounds, PAHs, PCBs, pesticides or pharmaceutical and personal care
products adsorb to different plastic materials (Rochman, Hoh, Hentschel, et al., 2013; Ziccardi
et al., 2016). In the present study, three different organic pollutants were selected from different
chemical groups, known to cause specific toxic effects, but also due to their use in plastic
production or their presence in the aquatic environment. These compounds were studied for
their sorption properties and to investigate how they are transferred in the environment using

MPs as vector.

The sorption of pollutants to MPs is still poorly understood. Sorption of contaminants by plastic
has been reported, and some studies have shown easier sorption of contaminants to plastic rather
than to natural sediments (Teuten et al., 2007; Wardrop et al., 2016). However, Koelmans
(2015) described that while chemicals accumulate on their surface; the role of plastics in
chemical bioaccumulation by organisms seems relatively low compared to the bioaccumulation

from natural particles or direct uptake from the environment.

a. Regulations concerning pollutants

i. European Frameworks on Water guality

To monitor and protect aquatic environments, the European Union (EU) has adopted two
distinct directives: the Water Framework Directive (WFD) and the Marine Strategy Framework
Directive (MSFD).

The WFD (2000/60/CE) was validated on October 23, 2000 (EU, 2010) and improved on
August 12, 2013 (European Parliament and of the Council). The present framework aims to
introduce a global policy of achieving good qualitative and quantitative status of all water
systems by 2015. The framework applies to all member states of the EU. Among all substances
used, 45 have been selected as priorities, and among those, 21 are priority hazardous substances,
including PAHSs.

The MSFD (Directive 2008/56/EC) is complementary to the WFD, and has the aim of achieving
and maintaining good environmental status in European oceans, seas and coasts. Descriptor 10,

relating to marine litter, includes pollution by plastics and MPs. The directive aims to eliminate
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certain single-use plastic products by 2020, as well as decreasing the use of plastic food and

beverage containers.

ii. REACh
Besides environmental regulations, a specific regulation, REACh (Registration, Evaluation,
Authorization and Restriction of Chemicals) dating from December 2006 and establishing a
European Chemicals Agency, evaluates chemical substances before they can be sold in the EU.
REAChH draws up lists relating to the production and use of chemical substances, as well as their
potential impacts on human health and the environment. Industries are legally obliged to
register produced and imported chemicals and to provide information on production process,
physical and chemical properties, toxicological characteristics and the potential impacts on
human and environmental health. The amount of information required depends on the quantity
of the product that is produced or imported. The fish test (OECD, 2013), using early life stage
zebrafish, is required for chemicals that are imported/produced at volumes greater than 100

tons. For highly toxic substances, REACh aims to replace or restrict their use.

iii.  Persistent Organic Pollutants (POPs)

POPs are a group of anthropogenic chemicals used in various industrial and consumer
applications. Their intensive has become an environmental issue because of their resistance to
degradation, bioaccumulation, long-range transport and their potential toxic effects (UNEP,
2010). According to the United States Environmental Protection Agency (US-EPA), the first
POPs were produced in the 1920s. Since then, production has increased on an industrial scale.
POPs are produced for a variety of applications, including as additives in agriculture, flame-
retardants, pesticides and firefighting foams (UNEP, 2010). In 2004, the Stockholm Convention
was created to deal with increasing levels of POPs in the environment and their toxic effects on
environmental and human health. The major goal of this environmental treaty is to eliminate or
restrict the production and use of POPs. Initially, there were twelve chemicals listed in the
Stockholm Convention, today there are 26 chemicals listed for elimination, 2 chemicals under
use and production restrictions and 7 chemicals listed in a specific annex to reduce the
unintentional releases (UNEP, 2010).
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b. Selected compounds
Three different compounds were selected from the EPHEMARE project, each with its own
mode of action and set of toxic effects: PFOS is known to affect the liver and the immune
system; BaP is a mutagenic and highly carcinogenic compound and BP3 is an endocrine
disruptor. Besides their specific toxicities, their octanol/water partition (logKkow) and
carbon/water partition (Koc) cover a large range, which can in turn influence the sorption

processes.

In this thesis, the three compounds were investigated:

- to establish their different sorption/desorption processes onto different MP particles

- to determine whether, once spiked on MPs, the toxicants are still bioavailable

- to better understand the inherent toxicities of each compound to zebrafish embryos and
adults would be modified by the presence of MPs, by direct exposure (waterborne
exposure) or by trophic exposure (MPs mixed with regular food).

i. Perfluorooctane sulfonic acid

PFOS is an organic compound, first produced in 1949, using the electro-chemical fluorination
process. Known for its chemical stability and surface tension properties, PFOS was widely
produced up until the 1990s. Olsen et al. (2005), reported a 5-fold increase in PFOS production
in 14 years (1975-1989), which remained constant during the 1990s. It was used for a variety
of purposes: fire-fighting foams, coating formulations, inks, varnishes, lubricants, oil and water
repellents for leather, paper and textiles. The compound is a CgHF1703S (Figure 8), composed
of two subunits: the CgF17 is hydrophobic and lipophobic, while the sulfonic acid group (SOsH)

adds polarity. The fluorinated compound is highly stable due to its carbon-fluorine bonds.

3M, the biggest manufacturer of PFOS and assimilated, produced approximately 3665 tons of
PFOS, representing 78 % of the estimated worldwide volume PFOS, between 1949 and 2002,

date when the company decided to stop the production of PFOS and similar compounds.
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Figure 8: Chemical structure of PFOS (SymyxDraw 4.0)
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Due to its diverse range of applications, such as treatment of carpets (impart stain and dirt
repellence), textiles (water repellence), paper and packaging (oil and grease repellence) or fire-
fighting foams, PFOS enters the environment in two main ways. It can enter indirectly, either
from precursor compounds degradation, or directly through a release to the environment during
manufacturing and application (Ahrens and Bundschuh, 2014). PFOS is often used as a
surfactant for consumer and industrial products. 3M itself estimated that the majority (around
85%) of PFOS found in the environment is the result of losses from the consumer products
mentioned above. The rest may be the result of manufacturing releases from secondary

applications.

PFOS is a very persistent fluorinated pollutant that does not photolyze, hydrolyze and
biodegrade under any environmental conditions and can be transported easily through all
environmental media (aquatic, air and terrestrial). PFOS has been found in water, sediment,
sludge and soil (Giesy and Kannan, 2002). In ocean surface waters, levels of PFOS and its
precursors have been estimated at between 235 and 1,770 metric tons (Paul et al., 2009). PFOS
is also known to be toxic and bioaccumulative in vertebrates, showing a broad range of toxic
effects (Giesy and Kannan, 2002; Huang et al., 2010).

Given its wide distribution, PFOS has attracted the most attention of all perfluorinated
substances, since it represents the main perfluorinated alkylated compound detected in the
aquatic environment (Keiter et al., 2016), as well as in wild species (Houde et al., 2011).
Accumulation of PFOS in marine mammals is common in the northern hemisphere (> 1.2 mg/g
wet weight in liver) while, in the southern hemisphere, accumulation levels are much lower
(Houde et al., 2011). Even in Antarctica, PFOS has been found in elephant seal blood at
concentrations from 0.08 to 3.52 ng/mL but also in eggs (2.1-3.1 ng/g) and blood (<0.24-1.4
ng/mL) of polar skua (Tao et al., 2006). PFOS and its precursors were added to the Annex B
list of the Stockholm Convention on POPs in 2010, to restrict their production and use (Paul et
al., 2009). Even with this restriction, no significant change of PFOS level in osprey (Pandion
haliaetus) eggs was observed between 1997, 2001 and 2013 (Eriksson et al., 2016).

PFOS is known to enter the aquatic environment. However, until now only a few studies have
investigated the sorption behavior of PFOS on MPs. The sorption of PFOS onto MPs has been
only investigated in (2015) by Wang, Shih and collaborators that studied the sorption
characteristics of PFOS and FOSA (perfluorooctane sulfonamide, a PFOS precursor) on three
different MPs types, including PE. They demonstrated linear sorption mechanisms and a
difference of sorption rate depending on the type of polymer (Wang, Shih, et al., 2015).
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ii.  Benzo[a]pyrene

BaP is one of the PAHs and results from incomplete combustion, between 300 and 600 °C, of
organic material (Collins et al., 1991). BaP is not used in the industry, but is found in organic
material such as fossil fuel. The presence of the compound in the aquatic environment is due to
atmospheric transport (exhaust emissions, heating system using derived from fossil fuel

combustion, waste incineration...) or by accidental release, e.g. during an oil spill.

BaP is composed only of carbon and hydrogen atoms, C2oH12 (Figure 9). Due to its chemical
structure, BaP is a hydrophobic compound, explaining its distribution in soils and sediments.
BaP is also widely present in coastal and offshore systems (Antunes et al., 2013; Duan et al.,
2015).

The US-EPA has prioritized 16 PAHSs as priority pollutants in aquatic ecosystems. While PAHs
are not included in the Stockholm convention, there were listed in the Aarhus protocol, to
reduce or eliminate discharge, emissions and losses of pollutants in Europe and the United
States (UNECE, 2014).

Figure 9: Chemical structure of BaP (SymyxDraw 4.0)

BaP is a compound known to affect fish from developmental stages by entering organisms and
passing through the chorion, as it has been demonstrated in Japanese medaka (Hornung et al.,
2007). It is mutagenic, genotoxic and carcinogenic effects have been widely studied. The BaP
is also a ligand for aryl hydrocarbon receptor (AhR) that triggers its own metabolization, and
its bioactivation in diol epoxide metabolite via the induction of CYP1A. BaP is known for its
pro-genotoxic and pro-carcinogenic activities, and is one of the most toxic PAHSs. It has been
classified by the International Agency for Research on Cancer as a human carcinogen (Liu et
al., 2015).

Toxic effects in fish exposed to BaP extend to include growth, teratogenicity, behavior (Vignet
et al., 2014), cardiac function (Incardona et al., 2011), cardiorespiratory function (Gerger and
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Weber, 2015), embryotoxicity and genotoxicity (Vicquelin et al., 2011; Wessel et al., 2007).
Immunotoxic effects of BaP have also been reported in fish (Carlson et al., 2004). Cell lines
have been used to investigate BaP toxicity, and deoxyribonucleic acid (DNA) damage, and
increases in ethoxyresorufin-O-deethylase (EROD) activity. Metabolic modifications and
cytotoxicity have also been observed at high concentrations (Kienzler et al., 2012; Nehls and
Segner, 2001; Schirmer et al., 1998).

It is known that PAHS, including BaP, adsorb at high rates to different types of plastics in
seawater, particularly PE (Rochman, Hoh, Hentschel, et al., 2013; Schonlau et al., 2019;
Ziccardi et al., 2016). BaP adsorption to MPs has been documented to be transferred via trophic
transfer to biota (Batel et al., 2018; Batel et al., 2016; Bour et al., 2018; O'Donovan et al., 2018;
Pittura et al., 2018). Bioaccumulation of the compound in invertebrates is , with a
logKow = 6.13.

iil. Benzophenone-3

The third compound in the present study is the widely-used benzophenone-3, also known as
oxybenzone. The compound is relatively stable under UV light and artificial sunlight (Gago-
Ferrero et al., 2011; Rodil et al., 2009). It has been used as a sunscreen agent for more than 40
years (Kim and Choi, 2014). Due to its chemical structure (Figure 10), BP3 is a lipophilic and
potentially bioaccumulative compound with a relatively high logkow value of BP3. This
suggests a tendency to adsorb to suspended solids and sediments, as well as others particles

such as microplastics.

Due to its extensive use, BP3 is considered an “emerging environmental contaminant of
concern” by the US-EPA. The run-off of this UV filter caused by its removal from the skin
during recreational activities such as swimming or bathing, leads to massive contamination of
aquatic environments (Gago-Ferrero et al., 2011), such as lakes and rivers (Balmer et al., 2005;
Kameda et al., 2011; Loraine and Pettigrove, 2006). In surface water, BP3 has been measured
at up to 125 ng/L (Poiger et al., 2004), and has been quantified in even higher concentrations in
WWTP effluents (Loraine and Pettigrove, 2006), coming from indirect inputs such as laundry
or showering processes (Balmer et al., 2005; Langford and Thomas, 2008). During summer
2011, BP3 reached levels of 577.5 ng/L in coastal waters off Majorca (Tovar-Sanchez et al.,
2013). After 28 days in water, BP3 has been shown to degrade by about 4% (MITI, 1992)
indicating its relative persistence in aquatic environment. The half-life of BP3 in surface water
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has been estimated at a few weeks in summer, while in winter, the persistence appears to be 7
to 9 times higher under mid-latitude conditions (Vione et al., 2013). The presence of BP3 in
aquatic systems has caused the scientific community to evaluate its potential impacts on aquatic

organisms.

While BP3 has been frequently reported in the context of endocrine disruption (Fent et al.,
2010; Heneweer et al., 2005; Schreurs et al., 2002; Sieratowicz et al., 2011), only a few studies
have investigated its toxicity for fish. The estrogenic activity of BP3 reported in aquatic species,
may be due to its metabolic product, i.e., benzophenone-1 (BP1), rather than BP3, which has
shown only slight estrogenic activities in in-vitro studies (Molina-Molina et al., 2008).
However, studies using fish demonstrated that BP3 tends to interfere with reproduction and sex
hormone signaling, inducing reproducing pathologies and an alteration of the reproductive
fitness (Bluthgen et al., 2012; Coronado et al., 2008; Fent et al., 2010). For example, in adult
zebrafish, the bioaccumulation of BP3 resulted in a reduction of egg production and hatching.
In zebrafish males, this bioaccumulation led to an increase in levels of vitellogenin (VTG),
which can be indicative of gender shifts (Coronado et al., 2008; Nimrod and Benson, 1998).

J

Figure 10: Chemical structure of oxybenzone (SymyxDraw 4.0)

Unlike the two other compounds, BP3 has never been studied in relation to MPs. The increase
of recreational activities and populated areas around coastal zones may cause an increased BP3
level in aquatic environments in the next few years, and due to its lipophilicity, BP3 may adsorb
onto MPs available already present on water surfaces or sediments, and may cause endocrine
disruption to aquatic organisms. In the present study, besides PFOS and BaP, BP3 was selected
to be sorbed onto MPs, and then, used to investigate its toxicity in combination with MPs toward

zebrafish.
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4) Ecotoxicological effects of plastic pollution in aquatic environments

a. Physical impacts of plastic debris in ocean
Plastic pollution affects a wide range of aquatic organisms, and different routes of exposure can
be involved. Ingestion and the entanglement are among the most obvious of these. Marine
mammals, turtles, birds and fish are susceptible to possible entanglement in plastic bags and
packaging in general, fishing nets and ropes (ghost fishing) as well as fiber ropes, that have
increased animal suffering and mortality (Gregory, 2009; Moore et al., 2001; Schrey and Vauk,
1987; Votier et al., 2011). It has been estimated that more than 130 marine species, including 6
species of sea turtles, 51 species of seabirds and 32 species of marine mammals are entangled
in the marine environment (Marine-Mammal, 1996). Cetaceans are part of this ecological
catastrophe, with a total of 54 % of cetaceans known to have been entangled in or have ingested
plastic debris, leading to a morbidity or mortality (STAP, 2011), including whales and dolphins,
listed on the International Union for Conservation of Nature Red List. Besides cetaceans, sea
turtles known to be victims of ghost fishing (Kiessling, 2003) and to have plastic debris build
up in their gastrointestinal tracts. Captured sea turtles are frequently found to have plastic debris
in their intestine (Campani et al., 2013; Casale et al., 2016; Nicolau et al., 2016). The frequency
with which turtles ingest plastic would appear indicative of increasing plastic pollution in our
oceans. It also marks out the turtle as a useful sentinel organism by which marine litter trends

can be monitored.

Sea turtles entangled in plastic products were found to skin lesions with ulceration, dead
muscles, and even loss of flippers in some cases (Oros et al., 2005). Marine fish are can also
become entangled. A study in 1928 by Gudger, reported the entanglement of a mackerel
(Scomber scombrus) in a rubber band, while another noted the death of a shortfin mako (Isurus
oxyrhincus) having become caught up in rubber from a car tyre (Gudger and Hoffmann, 1931).
Entanglement may have impacts on animal welfare, such as death by asphyxiation, restricted
feeding, and sometimes-even starvation (Butterworth et al., 2012). It can create energetic
burdens with additional drag, restricted movements, and inhibited swimming (Derraik, 2002;
Gall and Thompson, 2015; Laist, 1997). Ropes and plastic line can lead to loss of limbs, which
in turn leaves open wounds, ripe for infection. In many cases, plastic is so durable that when an
entangled animal dies, the same debris can return to the sea with the potential to entangle

another animal (Acampora et al., 2016; Campani et al., 2013; Laist, 1997).
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Carpenter and collaborators (1972), first documented plastic ingestion by small marine fish,
with a variation in the occurrence of spherical plastic in the gut linked to PCB contamination,
identifying that contamination may lead to intestinal blockage as well as a decrease in growth
and mortality. Later, positive correlations were made between increased levels of MPs in oceans
and ingestion by small marine fishes. From a sample of 670 planktivorous fish, an average of
2.1 MPs per gut were found, ranging from 1 to 83 pieces individual pieces (Boerger et al.,
2010). Numerous studies have reported the presence of MPs in fish guts (Bellas et al., 2016;
Lusher et al., 2013; Romeo et al., 2015). The tiny size of MPs makes them bioavailable to a
wide range of aquatic organisms, causing a potential threat to biota (Barnes et al., 2009; Cole
et al., 2011; Derraik 2002; Thompson et al., 2004). MPs have been shown to adhere to the
external carapace of exposed zooplankton, leading to a decrease of algal feeding (Cole et al.,
2013). The accumulation of MPs in organs and tissues of aquatic organisms may lead to an
immune response, granuloma formation or foreign body reaction (Tang and Eaton, 1995). The
presence of MPs in fish after laboratory exposure demonstrated an intestinal perturbation
observed in Dicentrarchus labrax exposed to PVC particles (Peda, Caccamo, Fossi, Gali,
Andaloro, Genovese, Perdichizzi, Romeo and Maricchiolo, 2016). Digestive gland vacuoles of
mussels have been shown to absorb HDPE plastic, demonstrating an internalization of MPS
(von Moos et al., 2012). An accumulation of MPs inside lysosomes led to the breakdown of the
lysosomal membrane, causing cell death with the release of specific enzymes, and the presence
of HDPE particles expelled from the digestive tubules, led to a strong immune response (von
Moos et al., 2012).

b. Microplastics toxicity in marine organisms: mechanisms involved
A wide array of studies have been carried out to assess the toxicity of chemicals or
environmental samples. The toxicity of MPs for organisms remains almost unknown, and
depends on their physical and chemical properties (Law and Thompson, 2014; Zarfl and
Matthies, 2010). An increasing number of studies have also focused on the fragmentation of
plastics into MPs (Thompson et al., 2004) or even nanoplastics (Gigault et al., 2018). The ability
of MPs to release hazardous chemicals (Jeong et al., 2017; Marsi¢-Luci¢ et al., 2018;
Oberbeckmann et al., 2018; Rani et al., 2017; Turner, 2018; Wang et al., 2017), is an important
focus, but remains unclear, and scientific studies need to focus on the underlying mechanisms
of their toxicity (Zhang, Wang, et al., 2018). It is important to investigate at length this aspect

of MPs pollution, given that some chemicals associated with MPs as additives or after sorption

28 -



are capable of disrupting the endocrine system in vertebrates include fish and mammals
(Rochman, Kurobe, et al., 2014). The impact on the trophic chain also needs to be considered,
as MPs are easily ingested by zooplankton, and then transfer to higher consumers in the marine
food chain, with humans as the final consumers. MPs size also seems to be a key issue, with

smaller particles causing higher toxicological consequences (Browne et al., 2008).

i.  Accumulation and translocation

Mussel (Mytilus edulis) has been used as a bio-indicator to study the accumulation of PS
microparticles as well as their toxicity after ingestion (Browne et al., 2008). The study revealed
that PS accumulated in the gut cavity and digestive tubules after 12 h of exposure while after 3
days, MPs translocated from the gut to the circulatory system and has been found in the
haemolymph. The abundance of MPs was greater after almost 2 weeks of exposure,
demonstrating an accumulation of particles with a majority of smaller particles (3 um). Despite
the translocation, MPs did not induce toxicity as oxidative stress, viability or filter-feeding
activity. The permeation of PS particles into the plasma membrane of cells via alteration of the
lipid bilayer structure has been modelled in 2014 by Rossi et al., and confirmed by an in vivo

study using nematodes (Lei et al., 2018; Rossi et al., 2014).

ii. Physio-pathological alterations and reproductive
abnormalities

Besides oxidative stress, MPs have demonstrated their abilities to induce toxicity on the
different metabolic processes of the body. For example, oysters (Pinctada margaritifera)
exposed to PS microbeads for 2 months were impacted throughout their physiology, including
a decrease in assimilation efficiency and scope for growth. This energy balance disruption was
linked to a reduction in oyster gonad size (Gardon et al., 2018). Different PS particles, in term
of sizes and functionalization, affected the reproductive efficiency of Pacific oysters
(Crassostrea gigas) with a clear decrease in fertilization success and embryo-larval
development due to malformations (Tallec et al., 2018). Results for oysters were consistent with
the toxicity observed in the early developmental stages of sea urchin embryos (Paracentrotus
lividus). Sea urchin embryos exposed to PS showed an accumulation of particles in their
digestive tract, with an induction of developmental defects including up-regulation of Abcbl
and cas8 genes, involved in apoptotic pathways (Della Torre et al., 2014). Studies relating to
invertebrates are numerous, but vertebrates are also sensitives to MPs. Adult zebrafish exposed
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to dietary nanoparticles made of PS for a week demonstrated a transfer of nanoparticles from
parents to the offspring (Pitt, Trevisan, et al., 2018). Besides this transfer, PS reduced
gluthatione reductase activity in the brain, muscles and testes of parents, and were detected in
the yolk sac, gastrointestinal tract, liver and pancreas of the F1 generation. The antioxidant
system was altered by the presence of PS, in both FO adult tissues and F1 larvae, via a transfer

from parents to the offspring but with minor physiological alterations.

iii. Oxidative stress involvement, a possible mechanism of
toxicity induced by microplastics

Exposure to PS particles induced oxidative stress in zebrafish and nematode (Lei et al., 2018;
Lu et al., 2016) suggesting that MPs may induced free radical formation. The reactive oxygen
species (ROS) formation can modify the physiological homeostasis of cellular components, and
may damage cellular macromolecules including DNA, leading to genome instability and
biochemical alterations or carcinogenesis. The exposure of sceractinian coral (Pocillopora
damicornis) to 1 pum PS increased the activities of superoxide dismutase and catalase
(antioxidant enzymes) with a decrease in glutathione S-transferase (GST), a phase Il
biotransformation enzyme, as well as the alkaline phosphatase (immune enzyme) (Tang et al.,
2018). Some genes involved in the stress responses pathway were up-regulated while genes
related to the c-Jun N-terminal kinases, kinases activated by ROS, were down-regulated in coral
cells (Tang et al., 2018). A study on the exposure of clam (Scrobicularia plana), exposed to
LDPE microparticles showed an increase of GST, catalase and gluthatione peroxidase activities
in gills (O’Donovan et al., 2018). These previous studies are consistent with Lei et al. (2018)
study, who demonstrated that PS microparticles induced oxidative stress and the up-regulation
of GST in Caenorhabditis elegans. Oxidative stress has been also showed on zebrafish liver by
the activation of superoxide dismutase and catalase activity after an exposure to PS (Lu et al.,
2018).

c. Combination of microplastics with additives/contaminants
MPs hazards come not only from polymers, but also from the presence of additives and/or
chemical contaminants. Sorbed contaminants can include POPs and heavy metals (Besseling et
al., 2013; Marsi¢-Lucic¢ et al., 2018; Nakashima et al., 2012; Oberbeckmann et al., 2018; Rani

et al., 2017; Reisser et al., 2014). MPs can act as reservoirs and/or vectors for such pollutants
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(Barnes et al., 2009; Thompson et al., 2004). However, there are different schools of thought
relating to the uptake of chemicals released from plastics. Rochman, Lewison et al. (2014)
showed an uptake of chemicals but an absence of effects from the uptake of chemicals from
plastics on marine biota. A recent study using virgin PE particles and particles loaded with BP3
on early developmental stages of numerous marine taxa resulted in an absence of acute toxicity

to all species used, except marine medaka (Oryzias melastigma) (Beiras et al., 2018).

It has been shown that plastics facilitate the vectorization of chemicals to the lugworm
(Arenicola marina) and Japanese medaka (Oryzias latipes) (Rochman, Hoh, Kurobe et al.,
2013; Teuten et al., 2007). While contaminants have been shown to be transported, certain
studies demonstrated a modulation of the toxicity in exposed fish by reducing the toxicity for
some chemicals (Oliveira et al., 2013). Batel et al. (2016) conducted an experiment to
investigate the trophic transfer of PAHSs spiked to MPs. The authors fed Artemia nauplii with
pristine MPs or MPs spiked with BaP. Zebrafish fed with Artemia contaminated by MPs spiked
with BaP showed effective ingestion and translocation of MPs in the chyme, villi and epithelial
cell, as well as an effective transfer of BaP, but without direct stress or diseases.

The first evidence of a positive correlation between bioaccumulation of chemicals and presence
of MPs was discovered using PCB-spiked PS microparticles given to Arenicola marina, causing
weight loss, reduction in feeding activity and fitness (Besseling et al., 2013). Nickel has been
used in combination with PS particles on Daphnia magna, resulting in differences in toxicity
between metal alone, or in combination with MPs (Kim et al., 2017). Rainieri et al. (2018)
exposed zebrafish to food supplemented with MPs and sorbed with PCBs, perfluorinated
compounds and methylmercury. Significant alterations in the homeostasis of liver, brain,
intestines and muscles have been observed for MPs combined with contaminants compared to

MPs or contaminants alone.

d. Toxicity of MPs related to fish
Uptake of MPs can occur in two main ways: firstly the ingestion of MPs via trophic transfer,
and secondly, via direct uptake from water column and/or sediments. Standardized protocols
have been used to test acute toxicity for numerous marine zooplankton organisms. One study
used virgin polyethylene particles and particles loaded with BP3, with early life stages (ELS)
of numerous taxa, and results showed an absence of acute toxicity for all species used, except

ELS of fish (Oryzias melastigma) at concentrations higher than environmental concentrations
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(Beiras et al., 2018). MPs provide a significant surface for the sorption of other pollutants,
particularly hydrophobic compounds like POPs. These MPs-POPs can then act as reservoirs
and/or vectors for such pollutants (Barnes et al., 2009; Hammer et al., 2012; Thompson et al.,
2004). Sorption of contaminants by plastic has been reported, and some studies showed an
easier sorption of contaminants to plastic rather than to natural sediments (Teuten et al., 2007;
Wardrop et al., 2016). It has been shown that plastic facilitate the vectorization of chemicals to
the lugworm (Arenicola marina) and Japanese medaka (Oryzias latipes) (Rochman, Hoh,
Kurobe et al., 2013; Teuten et al., 2007). As described before, Batel et al. (2016) conducted an
experiment to investigate the trophic transfer of chemical spiked to the surface of MPs. The
authors used Artemia nauplii that were fed with MPs and MPs spiked with BaP, and those
artemia where then fed to zebrafish. Zebrafish showed effective ingestion and translocation of

MPs in the chyme, villi and epithelial cell, but did not induce direct stress or diseases.

Only a handful of existing studies cover the in-vitro toxicity of MPs. On gilthead seabream
(Sparus aurata) and European seabass (Dicentrarchus labrax) head-kidney leucocytes, PE MPs
failed to alter cell viability or immune parameters (e.g., phagocytosis), and did not induce
significant expression of genes related to inflammation, oxidative stress or metabolism of

xenobiotics (Espinosa et al., 2018).

5) Bioassays and biomarkers using zebrafish (Danio rerio)

Pollution in aquatic environments has led to the development and improvement of new
biological tools to evaluate toxic effects on aquatic organisms. Research in the fields of
toxicology and ecotoxicology has traditionally been based on in vivo models (Castafio et al.,
2003). Under European rules, the “3 R’s” principle is mandatory in chemical testing using

vertebrates.

a. The “3Rs” principle

EU directive 2010/63/UE was designed to protect animals used for scientific purposes, based
on a set of ethical and welfare standards. The directive protects live non-human vertebrates,
including independently feeding larval forms, fetal forms of mammals from the last 1/3 of their
normal development as well as cephalopods mollusks. Breeding facilities and conditions, as
well as the use of scientific animals, are approved by a scientific committee. As its name
suggests, the directive uses a principle of 3 “R’s) (Reduce, Refine and Replace), as defined by
William Russel and Rex Burch in 1959 (Russell and Burch, 1960). These three goals aim to:
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e Reduce the number of animals used in scientific studies

e Refine tends to improve conditions and techniques employed to limit pain, suffering,
and stress in animals used

e Replace the use of animals in research with alternative methods, such as the use of in-
vitro models, or the use of predictive models, such as quantitative structure-activity

relationships.

For aquatic systems, directive 2010/63/UE aims to protect advanced fish and other aquatic
vertebrates, and to limit their use in scientific research. The directive defines protected fish as
fish with external feeding. Unprotected stages include early life stages e.g. fish using vitellus
as feeding and also gametes and eggs. Use of embryo-larval assays is in agreement with the

3Rs principle, to replace use of animals.

b. Biological model
Zebrafish (Danio rerio) is a freshwater fish belonging to the Cyprinidae family. Originating in
South Asia (India, Pakistan, Bangladesh, Nepal and Bhutan), it was later introduced to different
parts of the United States. Zebrafish is mainly found in moderately flowing and shallow waters,
such as rice paddies, with some vegetation. Zebrafish can be found in water ranging from 16.5
to 34 °C and pH ranging from 6.5 to 8. Adult zebrafish measured between 3 and
5 cm (around 100 days), with a sexual dimorphism between males and females. Males are
smaller than females, and females have a larger whitish belly and possess silver stripes, as
opposed to gold stripes for males. The presence of a genital papilla in front of the anal fin is

also characteristic of female zebrafish.

c. Life stages
Reproductive behavior is stimulated by light. The female releases ovocytes, whereas the male
releases sperm into the medium for the fertilization. Eggs are protected by chorion, and
development is divided into 8 stages (Kimmel et al., 1995), Figure 11.

e 0-0.45 hours post fertilization (hpf): zygote period, with the activation of cytoplasmic
movements due to fertilization
e 0.45 - 2.15 hpf: cleavage phase. The first cell division occurs about 45 minutes after

fertilization, with new divisions occurring every 15 minutes.
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e 2.15-5.15 hpf: blastula , durng which the 128 cell stage starts with the beginning of
epiboly.

e 5.15-10 hpf: gastrula period, when embryonic axis are formed. This period ends when
the epiboly is completed and the tail bud is formed.

e 10 - 24 hpf: segmentation period, during which somites and the basis of the primary
organs are formed. The tail bud becomes more prominent, and the first embryonic
movements are visible. The yolk shrinks over time, as it serves as a source of nutrients
for the fish during theirk first 3 days.

e 24 - 48 hpf: pharyngula period: development of pharyngeal arches, pigmentation, and
thheartbeat, to distribute blood via a closed set of channels.

e 48 - 72 hpf, hatching period: , jaws, gills and pectoral fins develop. After 3 days post

fertilization (dpf), the last development period, known as the larval period, begins.

At the end of these periods, growth will continue, but the morphogenesis is completed (Kimmel
et al., 1995; Nusslein-Volhard and Dahm, 2002). At 3 dpf, the first germinal cells are formed
and, with larvae measuring approximately 3.5 mm. Opened-mouth starts at 4-5 dpf, and the
larvae begin to feed on vitellus in the yolk sac. An optical response is observed at 3 dpf, and a
day later, vision achieves adult levels (Nisslein-Volhard and Dahm, 2002). Zebrafish are

sexually mature after 3-4 months post fertilization.

D.rerio is a model fish species used extensively in scientific research. Standardized bioassays
have been developed using zebrafish for toxicity testing (OECD, 1998; OECD, 2013; OECD,
2019). The species can be easily bred in laboratories, due to its small size. It tolerates a wide
variety of water conditions. Thanks to these characteristics, it is possible to rear large numbers
of zebrafish in a relatively small facility. The short life cycle of zebrafish allows it to be used
use in multigenerational or transgenerational toxicological experiments, to evaluate long-term
effects on populations exposed to toxic agents. Their external embryonic development provides
an effective way by which to study possible anomalies and lesions affecting fish development,
using a simple dissecting microscope ((OECD, 1998; OECD, 2013; OECD, 2019).
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Figure 11: Life cycle of the zebrafish (D'Costa and Shepherd, 2009)

In a previous study, the Zebrafish genome was totally sequenced, showing significant
similarities with the human genome, and highlighting that approximately 70 % of human genes
have at least one obvious zebrafish orthologue, making them a useful tool with which to study

diseases affecting humans (Howe et al., 2013).

In the present study, which combined a variety of laboratories and scientific teams, zebrafish
was the reference biological model bred in each lab, allowing us to test MP effects as part of a

multi-generational experiment.

d. Ecotoxicological biomarkers using fish
Biomarkers are biological parameters that have been developed as warning signals of chemical
toxicity (Bucheli and Fent, 1995). In an environmental context, biomarkers are sensitive
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indicators which reveal the internalization of a particular contaminant, its distribution into
different tissues, and its inherent toxicity (Shugart et al., 1992). In 1997, Lagadic and coworkers
defined a biomarker as an observable and/or measurable change at molecular, biochemical,
cellular, physiological or behavioral level, revealing exposure of an organism to a chemical
substance (Lagadic et al., 1997). Biomarkers are divided into three ecotoxicological categories:
exposure biomarkers, effects and sensitivity. Exposure biomarkers give information on the
presence of a pollutant within the body, through the bioaccumulation of a compound detected
in a targeted fluid as blood, tissues or gametes (van der Oost et al., 1996). Effect biomarkers
identify the toxic effects of a given substance once it has been ingested. Chemical stress is
known to alter development, growth, or reproduction of fish (Miranda et al., 2008). A
particularity of biomarker of effects is that, even if the biomarker shows a toxic effect at the
cellular or subcellular level, it is not always observable at physiological level (mortality,

deformities, or behavioral modifications).

In the present study, different biomarkers have been used to characterize the toxicity of MPs
with and without adsorbed pollutants in zebrafish: embryotoxicity, teratogenicity and biometry,
xenobiotic metabolism using enzymatic biomarkers, genotoxicity, behavioral studies and

reproductive toxicity.

i. Embryotoxicity

Embryonic survival is a common biomarker used to assess the toxicity of a compound. Fish
ELS are sensitive to water pollution. Due to their inability to escape pollution, they are also

widely used to determine environmental standards (Frantzen et al., 2012; Vignet et al., 2014).

Standardized protocols have been developed for toxicity assays by the Organization for
Economic Cooperation and Development (OECD) as technical guidelines (TG). TG using fish
ELS are OECD TG 210, 212 and 236, which vary according to test conditions, generally in
terms of duration. To achieve maximum throughput, these tests have been developed using
endpoints that are easy to monitor. As an example, for TG236, death is recorded, and defined
as at least one of four criteria from among egg coagulation, a lack of somite, no cardiac activity,
or an undetached tail. While these criteria are fairly basic, they are efficient in identifying short-
term acute toxicity. They also include both negative and positive controls, which are (for
TG236) less than 10 % mortality for negative control and more than 30 % mortality for positive
control (4 mg/L 3,4-dichloroaniline, 3,4-DCA). These tests can be enriched using additional
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endpoints such as sub-lethal endpoints (e.g. body malformation, behavioral defects), some of

which will be described later.

In the present study, the OECD TG 236 was used as a basis to assess the toxicity of different

samples of MPs.

ii. Teratogenicity and biometry

Some pollutants, such as PAHSs, are known to have teratogenic effects e.g. embryo-larval
deformities (Incardona et al., 2006; Le Bihanic, Clérandeau, et al., 2014; Le Bihanic, Morin, et
al., 2014). Developmental abnormalities can occur after pollutant exposure and can be
expressed by malformations (spinal malformations, cardio-vascular or craniofacial anomalies)
and lesions (edemas, yolk-sac malabsorption, blood circulation defects) or growth retardation
(total length or weight) (Vignet et al., 2014; Weeks-Santos et al., 2019). The teratogenicity of
a given substance is expressed using the teratogenicity index, which is the ratio of the
percentage of dead or malformed individuals, divided by the percentage of dead individuals.
An index superior to 1 indicates a teratogen substance. In the present study, we measured body
length of fish in all experiments, as well as abnormalities and lesions in embryos, larvae,
juveniles and adult zebrafish. Head length was recorded as a supplementary parameter for

larvae.

iii.  Xenobiotic biotransformation: ethoxy-resorufin-O-
deethylase activity (EROD)

Biotransformation is a process of detoxification, able to transform an organic lipophilic

compound into metabolites to facilitate their excretion by increasing the polarity and their
hydrophilic properties. Biotransformation is composed of two phases: functionalization by
oxidation, reductive or hydrolytic reactions to introduce polar groups, and conjugation: covalent
attachment of small hydrophilic molecules (e.g. glucuronic acid, sulfate). Enzymatic systems
associated with xenobiotic biotransformation pathways can be used as biomarkers of exposure
to some substances, as for example the induction of EROD, a biomarker of exposure to

substances including PAHSs, dioxins or some PCBs.

The metabolic reactions of pollutants mainly involve cytochromes P450 (CYP) in the
functionalization phase. Measurements of CYP transcription or their enzymatic activities are

commonly used as biomarkers of exposure for the aquatic environmental pollution (Bouraoui
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et al., 2009). EROD activity is one of the enzymatic activities of the CYP1A protein. In fish,
EROD induction occurs in liver tissue exposed to aquatic pollution by PAHs and halogenated
compounds (van der Oost et al., 2003). EROD activity can be increased or decreased, depending
on the compound, its concentration, bioavailability and the time of exposure but also to biotic

parameters (Klumpp et al., 2002; Lemaire-Gony et al., 1995; Milinkovitch et al., 2011).

iv. Neurotoxicity: acetylcholinesterase activity (AChE)

Only a few biomarkers of neurotoxicity are commonly studied and the most common is the
measure of the acetylcholinesterase (AChE) activity. Acetylcholine (ACh) is a neurotransmitter
of cholinergic neurons, which is delivered in the synaptic cleft upon arrival of nervous stimulus.
Binding of ACh to receptors causes transmission of post-synaptic signals. AChE located in the
synaptic cleft hydrolyses ACh to complete signal transmission. Some chemicals can interfere
with AChE activity, such as organophosphorus pesticides. Measuring AChE inhibition has been
reported as a biomarker of exposure to some neurotoxic compounds in vertebrates (Bocquené
et al., 1997; Mineau, 1991).

v.  Oxidative stress: thiobarbituric acid reactive substances

(TBARS)

ROS are naturally produced in organisms at a basal level, allowing cell communication, as well

as reinforcement of the immune system against exogenous substances (lversen et al., 2011).
ROS are highly biologically reactive and can interact with different biological substrates such
as lipids, proteins or DNA. Lipid peroxidation occurs when a ROS reacts with a lipid, leading
to oxidative degradation. Due to the short half-life of ROS, it is easier to measure damaged
lipids than a specific amount of ROS. Thiobarbituric acid reactive substances (TBARS) are
formed as a byproduct of lipid peroxidation and can be measured in fish following exposure to
pollutants generating ROS (Barhoumi et al., 2014; Weeks-Santos et al., 2019).

vi. Monitoring of behavior

Behavioral studies are commonly used to investigate the toxicity of a chemical or a biological
stress (Ali et al., 2012; Chen et al., 2011; Egan et al., 2009; Pannetier, Morin, et al., 2019;
Sackerman et al., 2010; Vignet et al., 2014). Monitored behaviors include swimming behavior

but also on the activity, anxiety, social communication, feeding behavior, exploration behavior,
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escape strategies, learning abilities or reproductive behavior of fish (Vignet et al., 2014).
Behavioral disruptions can be the result of a neurotoxic contaminant but also -since they form
an integrative endpoint - disruption of development, growth, and metabolism (Legradi et al.,
2018). Zebrafish is a diurnal fish, which reacts to changes in light intensity. A common
behavioral test is to monitoring swimming activity after a dark/light stimulation to induce stress
and thus a change in swimming activity. This test, generally performed on larvae, is based on a
published method (Emran et al., 2008), which was refined and shown to be suitable to evaluate

anxiety level.

vii.  Reproductive toxicity

Reprotoxicity is an important criterion to evaluate the biological consequences of chemical
exposure, as the reproduction does not affect an individual organism, rather the population as a
whole. Some pollutants, such as PAHs, have been show to be transported to ovaries through
the VTG (Monteverdi and Di Giulio, 2000) and/or the lipovitellin (Lee et al., 1993). An
inhibition of VTG synthesis can result in stunted ovary maturation, and may increase apoptosis
in gonadic cells (Marty et al., 1997). Direct damages to oocytes or sperm can cause a decrease
in fertilized eggs and larval survival, leading to population decline (Kime, 1995). Biomarkers
of reprotoxicity include changes in number of eggs layed per female, fertilization rates, quality
of development (Vignet et al., 2014).

6) EPHEMARE project

My PhD thesis was written as part of the EPHEMARE project, funded by the JPI-Ocean. The
EPHEMARE project aims to investigate the adsorption of pollutants on microplastics, their
ingestion, trophic transfer and chemical release, and ecotoxicological effects on a wide range
of aquatic organisms including invertebrates and vertebrates. The project was divided into 7

work packages (WP), as listed below:

EP \RE

Tt * E3
ECOTOXICOLOGICAL EFFECTS OF
MICROPLASTICS IN MARINE ECOSYSTEMS
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e WHP1: To investigate the sorption equilibrium kinetics of model persistent pollutants to
MPs, to test the potential role of MPs as vectors for marine pollutants.

e WHP2: To provide information concerning the uptake, accumulation and elimination of MPs
spiked with pollutants to a variety of aquatic species.

e WHP3: To study the consequences of MPs and organic or metallic pollutants on several key
physiological functions for recruitment: survival, growth, reproduction as well as behavior.

e WHP4: To evaluate the effect of MPs and the adsorbed pollutants in different biological
models (from cell lines to vertebrates) by a wide set of biomarkers from a very low level of
organization such as gene expression, to the highest such as individual energy balance.

e WHP5: To find out whether MPs accumulate along food chains and serve as vectors for
persistent pollutants and to lead to adverse effects at molecular, cellular, physiological and
organism levels.

e WHP6: To support results in the previous WPs by using relevant field data describing the
occurrence, distribution, typology and chemical loads of MPs in representative biota of
defined geographical areas.

e WAPT7: To disseminate and communicate scientific findings

Figure 12 provides an overview of the structure and organization of the EPHEMARE project.
Experiments presented in this PhD manuscript were part of the WP1 for the sorption/desorption
studies, while the short and long-term exposures were part of WP3 and WP4.
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1) Microplastics & Chemicals

a. Selection of industrial microplastics
Two industrial-type were selected at the beginning of the project, on the basis of their frequency
and environmental relevance. Polyethylene (PE; -(-CH2-CH>-)n-) is most-produced polymer
worldwide (PlasticsEurope, 2015), as well as being the most frequently found in the open sea,
when comparted to other polymer materials (Dris et al., 2015). To provide a wide representation
of plastic pollution, polyvinyl chloride (PVC; -(-C2HsCl-)s-) is also used. Because PVC is
heavier than water, it generally appears in sediment.

For PE (density of 0.96 kg/m3), 4 different size ranges were used: 125-500 pum, 20-25 pm, 11-
13 pmand 4-6 pum (Figure 13). PVC MPs were measured between 100 and 250 pm

LDPE 4 - 6 ym

LDPE 11 -13pum |

T g

LDPE 20 — 25 um . LDPE 125 — 500 pm 4":
By — S00 pm |

Figure 13: Images of the different HDPE particles used

As can be seen in Figure 13, whatever their size, PE and PVC MPs are not spherical, and have

irregular shapes.
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b. Environmental microplastics
Environmental MPs were collected during the Race for Water Odyssey in 2017, in two different
sandy beaches in Guadeloupe (France), following the standardized NOAA protocol (Lippiatt et
al., 2013). The location of Guadeloupe was chosen due to its position in the North Atlantic
Gyre, an open ocean highly contaminated with MPs (Law et al., 2010; Ter Halle et al., 2017).
Samples of meso- and MPs were collected in October 2017, after hurricane Maria with the
combination of rough seas and strong winds, which led to accumulation of plastic debris on
sandy beaches. Two sample sites were chosen (Figure 14); Viard Petit-Bourg (site PB), a beach
on the eastern side of Basse-Terre island, a densely populated area nearby the largest industrial
zone of the archipelago; and Capesterre de Marie-Galante (site MG), a sandy beach on the
southeast of Marie Galante island, a small island faintly populated. Debris were selected
visually at the different sites, and weighed later. Polymer types were characterized by using
Fourrier-transform infrared spectroscopy with a spectrum Vertex 70v (Bruker). To obtain
particles with the same size range, debris were ground using a cryogenic mill 6770 Freezer/Mill.
Powder obtained was sieved for 12 hours at ambient temperature through 100 and 53 um sieves,

and the granulometry of particles was measured.

Chemical analyses were performed to identify the chemical composition of each sample
(additives and pollutants). This involved non-target analysis, after liquid/solid extraction in
hexane (> 98 %, SupraSolv; Merck, Darmstadt, DE), followed by sonication centrifugation.
Extracts were filtered through glass wool with sodium sulfate, and finally reduced to 25 pL for
injection. Analysis was performed using gas chromatography (GC) coupled with an orbitrap
(Q-Exactive, ThermoFisher) with a resolution of 60 000 at m/z 200 with a fullMS between 53.4
and 800 m/z. Plastic samples were analyzed using mass defect-plot for chlorinated and
brominated compounds (HaloSeeker), PAHs and hydrocarbons (CH2). TraceFinder
(ThermoFisher) was used for data processing, fold change and elemental composition analysis.
Fold change results were then sorted, with the 50 highest fold change features being analyzed.
Chromatogram peaks were then checked, and only symmetric peaks with widths below 0.5 min
were retained. Finally, 26 features were selected for further analysis for elemental composition

analysis.
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Atlaniic ocean

Figure 14: Study area showing the sampled sites in Guadeloupe (France): PB (red star) indicates Petit-Bourg
site located on the main island and MG (red circle) indicates Marie-Galante site located on the second island
of the archipelago

- 45 -



c. Selection of chemicals
Given the wide range of chemicals, three different model organic pollutants were selected:

e Perfluorooctane sulfonate (PFOS)
e Benzo[a]pyrene (BaP)
e Benzophenone-3 (BP3)

Table 1 summarizes physico-chemical characteristics of each compound.

Table 1: Chemical characteristics of the selected compounds (information from substances.ineris.fr)

PFOS BaP BP3
1-octanesulfonicacid,
2-benzoyl-5-
IUPAC name 1,1,2,2,3,3,4,4,5,5,6,6,7, Benzo[a]pyrene
methoxyphenol
7,8,8-heptadecafluoro
CAS number 1763-23-1 50-32-8 131-57-7
Molar mass 500.13 g/mol 252.31 g/mol 228.247 g/mol
Boiling point (°C) 133 °C 475 °C 300 °C
Water solubility 519 mg/L (at 20 °C) 0.0038 mg/L (at 25 °C) 6 mg/L (at 25 °C)
Vapor pressure 3.31x10™ Pa 7.3x107 Pa 1x10° Pa
LogKow 4.88 6.07 3.45 (at 40 °C)
5000000 L/kg
Koc (20 °C) 26.6 L/kg ) 954.8 L/kg
(sediments)
Chemical formula CgHF1703S CaoH12 C14H1203

As said previously, as part of the EPHEMARE project, three chemicals were chosen based on
their differing levels of toxicity and modes of action, from different chemical groups. A major
aim of the study was to investigate MPs as vectors of pollutants for fish. The three compounds
have previously been reported in different aquatic environments because of their anthropogenic
uses, PFOS as surfactants, BaP is a PAH produced by incomplete combustion (fossil fuel
combustion) and BP3 as UV-filter used in cosmetics. Their presence in environmental waters
may facilitate the contact and the adsorption of pollutants to MPs surfaces. Laboratory studies
have shown that is possible to artificially sorb these compounds to MPs, under experimental
conditions. Besides artificial sorption, analyses and characterization of environmental MPs

samples have shown the sorption of these compounds to MPs surfaces.
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Besides experimental work, | was responsible for producing the spiked MPs (spiked PE/PVC)
used in EPHEMARE. Protocols to prepare spiked MPs were developed to provide materials for

partners, to test the toxicity of MPs spiked on a broad range of aquatic organisms.

2) Sorption of pollutants

Sizes of MPs and pollutants are important both for sorption level and interaction mechanisms.
To study sorption characteristics and the associated sorption mechanisms of two model
pollutants (PFOS and BaP), four different PE size ranges were investigated. The sorption

isotherms were first evaluated, and the influence of time on sorption levels was then studied.

Before each experiment, polymer particles were analysed in order to check the background
contamination for the three different pollutants. The analysis was carried out on 1g of MP in

each size range, in triplicate.

a. Chemical analysis
PFOS

Chemical analysis of PFOS was carried out according to Eriksson et al. (2016), with minor
modifications. MPs were extracted in methanol (MeOH) by ultra-sonication followed by
centrifugation (7000 rpm). Extracts were filtered using a polyethylene syringe with a filter of
0.2 wm. Liquid chromatography (LC) vials were prepared with recovery standard (mass-
labelled PFOS). Samples were diluted using 40/60% (v/v) of MeOH/ammonium acetate (V/v).
Analysis was performed on an Acquity ultra performance liquid chromatography (UPLC)
system coupled to a Xevo TQ-S quadrupole MS (Waters, Milford, USA), with a guard column
inserted between the pump and the injector to prevent contamination from the system. PFOS
were separated on 100 mm Acquity BEH C18 column using MeOH and water as mobile phases,
both with 2 mM ammonium acetate. Quantification of total PFOS was achieved using the sum
of linear PFOS and individual branched PFOS calculated against an external calibration curve
using technical PFOS as standard. Recoveries were assessed using labelled internal standards.
The mean recoveries of labelled PFOS internal standards were 83-96%. The limit of detection

(LOD) was 10 pg/g. Procedure blanks were included in all batches.
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BaP

BaP analysis wasconducted according to Larsson et al. (2013) with minor modifications.
Samples were extracted in hexane with addition of internal standard (BaP D12 in toluene) by
ultra-sonication and centrifugation at 2000 rpm. Extracts were filtered through fiberglass and
transferred to toluene. GC vials for analysis consisted in a mix of recovery standard perylene
D12 and the extract. Concentrations of BaP were quantified using a Micromass Autospec
Ultima high-resolution GC/MS system (Agilent Technologies), separation on a DB-5MS
column (30 meters, 0.25 mm internal diameter, 25 pm film thickness). Procedure blanks were
included in all batches. Concentration of BaP was calculated using the internal standard method.
LOD was defined as mean concentration in blanks plus three times the standard deviations and

was calculated as 5 pg/g.
BP3

Analysis of BP3 was performed by Eurofins Germany by using an aliquot of the sample spiked
with internal standards (i.e., 3,4,5,6-pentadeuteriobenzoic acid, 1-bromo-4-phenylbenzene,
1,2,3,4,5,6,7,8-octadeuterionaphthalene, 1,2,3,4,5-pentachloro-6-(2,3,4,5,6-
pentachlorophenyl)benzene, and 1,2,3,4,5,6,7,8,9,10-decadeuteriophenanthrene)  and
concentrated with a factor of 10. The samples were extracted with a 1:1 solvent mixture of ethyl
acetate and cyclohexane. Additionally, an external calibration standard and a blank sample were
prepared. Extracts were measured with GC/MS/MS, electron impact ionization (GC:
Agilent7890 A, MS/MS: Agilent 7000 multiple-reaction monitoring mode) using a splitless
injection of 2 pl (column DB5-MS, 30m>0.25mmx0.25 pum). Identification and quantification
were performed against the retention time and the external calibration using the BP3 specific

selected reaction monitoring (one quantifier and one qualifier).

b. Study of the sorption of pollutants onto microplastics particles
The sorption of the selected chemicals was investigated with the aim of providing similar
particles at environmental or toxic concentrations to all partners involved in the EPHEMARE
project, for toxicity testing and comparison of results obtained on numerous aquatic organisms

within the scientific consensus.
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Figure 15: Shaking a rotary shaker (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany) at
20 rpm, for the preparation of MPs spiked with PFOS (polypropylene bottles).

The sorption of PFOS on PE and PVC was conducted using 50 g/L and 200 g/L of plastic,
respectively, placed into polypropylene bottles containing double-deionized water. Various
amounts of PFOS were added (Table 2). Bottles were placed on a rotary shaker (Figure 15) for
7 days at 20 rpm. For the sorption of BaP and BP3, 125 g/L of PE or PVC was used in amber
glass bottles filled with double-deionized water, to avoid UV degradation. BP3 concentration
in the solutions was 20 pg/L, independently of MPs used, while BaP concentration was set up
to 2500 pg/L for PE and 5000 pg/L for PVC (from stock solutions prepared in toluene). Bottles
were placed on a rotary shaker for 2 days at 20 rpm. MPs particles were filtered using 1 um
Whatman® glass microfiber filter, and subsequently, the particles were rinsed with double

deionized water, before chemical analysis.

Table 2: Variable concentration of PFOS added into water, depending on MPs used for the sorption experiment

PE PVC
Size 125-500 pm | 20-25 pm | 11-13 pm | 4-6 pum | 100-250 pm
[PFOS] (mg/L) 600 30 20 10 200

Sorption experiments, such as kinetics and isotherms, were performed on PFOS and BaP only,

due to the level of lab access available.
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c. Sorption kinetics of PFOS and BaP
The sorption processes of chemicals to MPs is poorly understood. Testing of sorption kinetics
using MPs has only been tested for short-term exposure (a few weeks). We aimed to investigate
the sorption process and the equilibrium between pollutants and MPs for a long-term exposure
of 6 months, to achieve a realistic scenario. Long-term sorption Kinetic experiments were
conducted in 50 mL PP centrifuge tubes or 40 mL amber glass tubes, for PFOS and BaP,
respectively. Each tube was filled with 0.4 g of MPs and spiked with either 200 mg/L of PFOS
or with 2.5 mg/L of BaP (prepared in toluene). Tubes were continuously shaken on a rotary
shaker at 20 rpm for 180 days, at room temperature (20 = 1 °C). Some samples were collected
after 2 days, 7 days, 30 days, 90 days and 180 days, and both water and MPs were analysed as

described above.

d. Isotherm sorption PFOS and BaP
Isotherm sorption was carried out over 7 days, for both pollutants. Containers for the isotherm
experiments were the same as those used for sorption kinetics. Tubes contained 0.1 g of MPs
and 40 mL of double-deionized water solution with different PFOS or BaP concentrations
ranging from 25 pg/L to 100 pg/L. The tubes were shaken at 20 rpm on a rotary shaker and
kept at 20°C for 7 days and 2 days, for PFOS and BaP, respectively. All experiments were
conducted as three independent replicates. The major objective of this experiment was to
investigate the effect of size on sorption efficiency, influenced by the initial concentration of

the compound.

e. Particle digestion under simulated physiological conditions
One aim of the present study was to investigate whether MPs could be potential vectors for
pollutants. Besides sorption experiments, the desorption process is also an important part of
evaluating the potential transfer of pollutants to aquatic organisms. To test desorption, an
artificial gut fluid (AGF) was used to simulate biological digestion by fish, to analyze the

quantity of a selected compound, PFOS, on MPs after digestion as well as in the digestive fluid.

A digestion scenario was set up for an Atlantic Cod (Gadus morhua) which ingests 0.0126 g
food/g bodyweight per day (1.26 %). Since our study focuses on the uptake of MPs through
food, quantities of 0.3 % (Jovanovi¢ et al., 2018) and 1 % of plastic particles related to ingested

food per day were chosen. Gut retention time was assumed four days on average (Daan, 1973).
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PE spiked with PFOS was artificially digested in 10 ml AGF, prepared based on the protocol
of Voparil and Mayer (2004) in a PP tube. Three replicates of 10 ml pure AGF and 10 ml AGF
containing 1 % PE were run as controls in parallel. Samples were incubated in darkness for 4
days at 20 rpm on a rotary shaker at room temperature. Exposure was stopped by filtering MPs
out of AGF using a glassfiber filter. Filtrates and MPs were transferred to new PP tubes, prior
to extraction. PFOS was extracted from AGF and PE control samples after exposure using solid

phase extraction (SPE) (Error! Reference source not found.).

A B C D

Figure 16: Solid phase extraction principle, conditioning (A); loading sample (B); washing step (C) and
elution of the compound (D) (Andrade-Eiroa et al., 2015)
SPE cartridges (Oasis® WAX 150 mg 6 cc, Waters®) were preconditioned with 0.1 %
ammonium hydroxide (NH4OH) in MeOH, pure MeOH and double deionized water (Figure
16-A), then samples were loaded (Figure 16-B). Columns were washed using double deionized
water, ammonium acetate buffer (pH 4) and 20 % and 100 % of MeOH (Figure 16-C).
Subsequently, columns were eluted using 0.1 % NH4OH in methanol (Figure 16-D).

3) Biological model, zebrafish (Danio rerio)

Zebrafish (Danio rerio) was selected to evaluate the toxicity of MPs associated with pollutants,
due to its characteristics, which lend themselves particularly well to the study of development.
Fertilization and embryonic development are external, large amounts of eggs are produced in
each breeding period. Also, embryos are relatively large, and their development can be observed

easily through the chorion, showing developing organs.. Embryonic development is rapid, with
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progression from egg stage to larvae stage taking less than three days. Right after hatching,
zebrafish larvae are able to swim. First feeding occurs on or around the fifth day. Zebrafish
were selected due to their current use for toxicity testing based on OECD standard protocols:
e.g. OECD 212, 210 and 236.

Experiments were conducted at Orebro University (Sweden), Bordeaux University (France) and
IFREMER La Rochelle (France). While conditions differ at each of the sites, (Table 3) they
remain within the recommendations laid out by OECD, and conform to international standards
(OECD, 2013; Westerfield, 2000). Fish were fed daily, with commercially available fish food
in the morning and evening, with freshly hatched brine Artemia nauplii in the afternoon.
Constant filtering conditions guaranteed that ammonia, nitrite, and nitrate were kept below
detection limits in laboratories (0 - 5, 0.025 — 1 and 0 - 140 mg/L, resp.). Zebrafish eggs were
collected according to OECD guidelines TG 236 (OECD, 2013).

The laboratory animal facilities at MTM Research Centre, Orebro University (#5.2.18.-
12707/17) have permission to use (5.12.18-12628-17) and breed laboratory animals (5.2.18-
12630-17). These permits are issued by the Swedish Board of Agriculture, Jonképing, Sweden.
The Swedish facilities also hold ethical permission (# 5.2.18-861/15) from the same board in
Linkdping, Sweden. The laboratory animal facilities at Ifremer Research Centre, L'Houmeau,
have authorisation to use and breed laboratory animals (EEA 171901).The project took place
under the approval of the Animal Care Committee of Poitou-Charentes # 84 COMETHEA
(France) with project authorization number APAFIS 10883 and followed the recommendations
of Directive 2010/63/EU.

The study was conducted at the laboratory animal facilities at Ifremer Research Centre,
L'Houmeau, holding permission to use and breed laboratory animals (EEA 171901) and the
project was performed under the approval of the Animal Care Committee of Poitou-Charentes
# 84 COMETHEA (France) with project authorization number APAFIS 10883 and followed
the recommendations of Directive 2010/63/EU.

The study was conducted at the laboratory animal facilities at Bordeaux University, holding

permission to use and breed laboratory animals (A33-522-7).
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Table 3: Husbandry conditions of zebrafish in the different participating laboratories

Orebro University, =~ IFREMER La Rochelle, Bordeaux University,

Sweden France France
Zebrafish strain AB strain TU strain TU strain
Fish group 100 £ 10 28+5 16+2
Tank size (L) 60 L 0L 8L
Temperature (°C) 261 271 2651
pH 7.2+0.2 7.8x0.2 75+0.2
Conductivity (uS) 380 +50 485 + 130 410 + 80
Day/night cycle 14/10 14/10 14/10

4) Experimental designs

a. Exposure of zebrafish embryo for acute toxicity test
The zebrafish embryo acute toxicity test (FET) was performed according to OECD TG 236,
with minor modifications. The use of the standardized protocol is designed to evaluate the acute

toxicity of MPs for non-protected stages of fish as an alternative to animal experimentation.

Embryos were exposed either to MPs as particles, organic extracts (dimethyl sulfoxide, DMSO
extracts), or lixiviates (water extracts). Glass beakers were filled with the different test
solutions, prepared in ISO 7346/3 water. Each beaker was populated with five embryos of 3 to
4 hpf. Exposure to MPs was performed by adding MPs at final concentrations of either 1, 10 or
100 mg/L. Waterborne exposure was also performed t for the three pollutants in DMSO
(0.01%), at final concentrations, resulting in complete desorption in the case of an exposure to
10 mg/L of MPs (0.8 ng/L BP3, 170 ng/L BaP and 700 ng/L PFOS). Each test included negative,
solvent and positive controls using the specific media without pollutant (with 0.01% of DMSO
for organic extracts) and 3,4-DCA, 4 mg/L, respectively. For all test solutions, embryos were
exposed for 96 h under semi-static conditions (OECD, 2013) with a medium exchanged every

24 h. All exposures were performed in triplicate.

b. Trophic exposure
The trophic experiment aims to assess MPs as vectors of pollutants for zebrafish, and their
potential to cause long-term toxicity. For trophic exposure, eggs were collected at IFREMER
(La Rochelle) and raised in 1-litre tanks with daily renewal for one month, then transferred to
10-litre tanks for 3.5 additional months. All fish were fed from the 5" day, after hatching.
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Zebrafish were exposed via contaminated food, spiked with 1% of MPs. Fish exposed to HDPE
polymers (11-13 um) were exposed to MPs from the 5" day post fertilization while, fish
exposed to PVC (100-250 um) started to be fed with polymers after 2 months due to a bigger
size particles. Size particles of environmental samples (< 53 um) were prepared to feed
zebrafish after 1-month post fertilization. After 2 months, bigger particles (53-100 um) were

used. Figure 17 summarizes the design of the trophic experiment.

After 1, 2 and 4.5 months, fish were anesthetized to record growth (length and weight) and
some fish were sampled to quantify the amount of pollutants within them. After 3 months,
reproduction parameters such as spawning success, fertilization ratio and reproductive effort
(number of eggs/spawning) were evaluated. Some spawns were used to produce F1 generation
that was monitored for behavior and survival. At 4.5 months, fish were sampled to evaluate

different toxicity biomarkers.

0 1% feeding 1mo 2mo 3mo 4.5mo

hatching

> PE (11-13pum)
: > Guadeloupe (s50pum)

> PVC (125-250um)

v v v
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Figure 17: Design of the feeding experiment. Red lines correspond to the starting of the exposure according to
polymer types. Blue line corresponds to the period used to evaluate the reproduction. Dashed vertical lines
represent the sampling time with biomarkers analyzed (biometry: growth and weight; chemistry: fish sampled
for pollutants quantification; behavior: “novel tank”).

For each polymer type (PE and PVC), pristine MPs and MPs spiked with PFOS, BaP and BP3,
were used, to identify toxicity of MPs or MPs-spiked pollutants. In addition to MPs spiked with
one pollutant, additional diets were produced by mixing equal proportions of MPs spiked with
three pollutants, keeping the MP ratio to 1% (called PE-3POP and PVVC-3POP). Two additional

conditions involved MPs prepared from plastic taken from beaches in Guadeloupe, MG and
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PB. With control, this resulted in thirteen conditions. In the present study, results for PE-3POP
and PVC-3POP are not presented.

5) Endpoints analyzed

a. Standardized FET
Embryos were analysed every day for lethal indicators (OECD, 2013), e.g. hatching rate,
coagulation of embryos, lack of somite formation, non-detachment of the tail, and lack of
heartbeat. Additionally, length was measured at 5 dpf, using lateral photography. Larval
standard length was measured using ImageJ (Schneider et al., 2012). The standardized protocol

was improved by the addition of other endpoints, which are described below.

b. In vivo ethoxyresorufin-O-deethylase (EROD) assay
Measurement of EROD activity is based on the transformation of 7-ethoxyresorufin (7-ER) into
resorufin, a fluorescent molecule. This reaction is catalyzed by the P450 cytochrome, CYP1A.
Fluorescent intensity is proportional to the resorufin produced by EROD activity (Whyte et al.,
2000; Whyte and Tillitt, 1995). Analyses were performed along the same lines as Kais et al.,
(2018). Samples of fish were incubated in 7-ER (Sigma Aldrich, Deisenhofen, Germany).
Fluorescence emitted by resorufin was measured with an epifluorescence microscope at an
excitation of 560 £ 20 nm and an emission of 630 + 30 nm. As a positive control, embryos were
incubated at 96 hpf for 3 h in 75 pg/L B-naphthoflavone or BaP. Three replicates were run for

each test and treatment group.

c. Cypla gene transcription analysis
For analyses of cypla induction, 96 hpf larvae were exposed for 3 h to MPs as described above.
Exposures were performed in triplicate with 15 larvae per replicate. In a similar manner, 96 hpf
larvae incubated for 3 hours in 75 pg/L B-naphthoflavone (Boehler et al., 2018) were used as
positive control. After incubation, larvae were euthanatized in benzocaine and embryos were
placed in a lysis buffer and being mechanically disrupted. Total RNA extraction was performed,
and subsequently, cDNA was synthesized from total RNA. The amplification protocol used was
as follows: initial denaturation (20 s at 95 °C) followed by 40 cycles of 3 s at 95 °C and 30 s at
60 °C. Technical triplicates were run for each biological replicate. The analysis software
Relative Expression Software Tool (Pfaffl, 2001; Pfaffl et al., 2002) automatically calculated
fold changes in expression relative to negative control using the 3 most stable references genes
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between all groups, and combined them into an index via the free access BestKeeper software.

Reference genes were g6pd, actbl and rpll3a.

d. Acetylcholinesterase activity (AChE)
AChE was performed on 4.5-month-old zebrafish brains. Extraction was carried out following
Lowry et al., 1951 and quantification of AChE was performed following Ellman et al., 1961
(Ellman et al., 1961; Lowry et al., 1951).

e. Lipid peroxidation
The amount of ROS needed to evaluate oxidative stress is difficult to measure, due to their short
half-life, so monitoring of byproducts of lipid peroxidation such as TBARS can be used (Buege
and Aust, 1978). TBARs have been measured in zebrafish muscles sampled at 4.5 months, and

following the colorimetric protocol developed by Buege and Aust (1978).

f. Behavioral response: Larval photomotor response (LPMR)
LPMR has been used to monitor the swimming behaviour of zebrafish larvae, in response to a
light stimulus. Larval behavior was monitored at 120 hpf using LPMR test as described in
Vignet et al. (2014). Larvae were individually transferred into one well of a 24-well plate and
plates were transferred to an enlighten incubator at 27 + 1°C. Plates were successively placed
into DanioVisionTM (Noldus, NL) in the dark for 10 minutes of acclimation before the LPMR
test which included the following 5-min steps: Light on-1 (LON1, 70 lux), Light off (LOFF,
<1 lux) and Light on-2 (LONZ2, 70 lux) with constant infra-red light maintained during video
recording. Distance travelled (cm), mobility and velocity (cm/s) were recorded and summed for

each 5-min step.

g. Reprotoxicity
Starting at 3 months, fish were paired late in the afternoon in spawning boxes. To limit stress
due to manipulation, fish from one tank were only solicited once a week. In the morning,
switching on lights was the stimulus used to initiate spawning. After two hours, spawning boxes
were inspected, and spawning success (eggs obtained) was recorded. After that, fish were
returned to their tank and each spawn qualified (eggs number, fertilization rate). For a subset
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of spawns, fertilized embryos (50 fertilized eggs/spawning) were placed into E3 medium to

evaluate hatching success, larval survival without external feeding.

h. Chemical analysis
During long-term exposure, fish were sampled to quantify PFOS, BaP or BP3 levels. Pooled
fish (1 and 2 months) and individual fish (4.5 months) have been used, and the F1 generation
has been sampled at embryonic stages (3-5 hpf), to quantify the transfer of pollutants from

genitors to offspring.
PFOS

To analyze PFOS in fish, ion pair extraction was performed, with alkaline digestion (So et al.,
2006; Yoo et al., 2009). Fish were grinded in a mortar with the addition of 20 mM of sodium
hydroxide, sonicate for 30 min and placed on a horizontal shaker overnight (16 h). pH was
neutralized, and 0.5 M of tetrabutylammonium sulfate and 10 ng of internal standard were
added. Samples were then sonicated for 15 minutes. Extraction was performed three times with
2 mL MTBE (15 min of sonication followed by centrifugation 10 min at 8000 rpm). Extracts
were evaporated down to dryness with nitrogen and then, MeOH was used to dissolve extracts,

and 2 ng of RS was added. Chemical analysis was performed as previously described.
BaP

Samples were firstly homogenized in a mortar to obtain a homogenous and representative
sample. Anhydrous sodium sulfate in a 1:5 ratio was added to eliminate water in the sample, as
well as 1 ng of BaP d12. Deactivated mini-silica columns were prepared with 10 % of
deactivated silica and anhydrous sodium sulfate, washed with n-hexane:dichloromethane (3:1,
v/v). Samples were eluted with 8 mL of n-hexane:dichloromethane (1:1, v/v), and reduced to
200 pL before a transfer to toluene (reduced to 500 pL), with the addition of 2 ng of perylene

d12. Chemical analysis was performed as previously described.
BP3

Samples were grinded in a mortar with 1 mL of acetonitrile, followed by 15 min of sonication,
15 min of horizontal shaking and 5 min on a vortex. Samples were subsequently centrifuged
for 15 minutes at 3900 rpm, and passed through a filter (GHP acrodisc 13 mm). Filtrates were
stored in a freezer (- 20 °C) overnight (16 h) to precipitate proteins. After precipitation, samples

were centrifuged and the supernatant was evaporated down to 100 pL with nitrogen gas stream.
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Analysis was performed using Acquity UPLC I-class coupled to a quadrupole time-of-flight
mass spectrometer (Xevo G2-XS QToF MS, Waters Corporation, Milford, USA) using Acquity
UPLC BEH C18 column (L 100 mm * ID 2.1 mm, particles of 1.7 um) with a set temperature
of 50°C and an injection volume of 10 pL. Sample temperature was set at 10 °C to avoid
compound degradation during analysis. Analysis was performed with an electrospray ionization
in positive mode with an MSE method between m/z 50 and m/z 600. Mobile phase was
composed of 0.1 % formic acid in water for the aqueous phase and 0.1 % formic acid in
acetonitrile for the organic phase. BP3 and BP1 concentrations were calculated using BP-d10
as internal standard. Calibration curves (corrected response (analyte response * IS concentration
/ 1S response) against the analyte concentration) were plotted for a concentration of BP1 and
BP3 0f 0.4; 2; 8; 20; 40 and 80 pg/uL with an internal standard concentration of 10 pg/uL. Each
calibration curve concentration was injected in triplicate. Quantification limits were calculated
from the 0.4 pg/uL calibration curve point for BP3 and BP1 as 0.031 pg/puL and 0.063 pg/pL

respectively. Procedure blanks were included in all batches.
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Chapter 3: Sorption processes
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Chapter 3 — Presentation

Context

Sorption of contaminants by microplastics (MPs) is known to influence the distribution,
persistency and the bioavailability of the pollutants in aquatic ecosystems. Previous studies
demonstrated that numerous organic and metallic contaminants sorbed onto MPs, and
particularly to PE particles. Aims of the present chapter were to investigate different sorption
processes of PFOS onto PE, such as the sorption kinetics over 180 days or the influence of
particles sizes on the sorption. Besides sorption processes, a simulation of the desorption
using artificial gut fluid (AGF) was performed to evaluate the potential desorption of PFOS
in fish gut.

Method

Sorption processes of PFOS and BaP on PE MPs were investigated. Sorption efficiencies
have been studied on four sizes range of MPs (4-6; 11-13; 20-25 and 125-500 um), since the
role of particle sizes is poorly understood. Kinetic of sorption for 180 days was also studied
by using one size range of PE (125-500 um). Besides sorption experiments, the kinetic of
desorption of pollutants from MPs under artificial digestive conditions has been carried out
by using artificial gut fluid mimicking intestinal juice of the Atlantic cod (Gadus morhua),
since little is known about the desorption of pollutants or additives from plastic during fish
digestion.
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Abstract

Microplastics (MPs) has become one of the major pollution concerns in the last decades due to
the intensive use of plastics in our daily life. MPs are entering the aquatic environment and by
that, they can concentrate and transport chemicals. Sorption of contaminants by MPs is known
to be able to influence the distribution and the bioavailability of the pollutants. In the present
study, sorption processes of perfluorooctane sulfonate (PFOS) on low-density polyethylene
MPs were investigated. Thus, PFOS sorption has been studied in four sizes range of MPs, since
the role of particle sizes is poorly understood. Kinetic sorption for 6 months was also studied
by using one size range of MPs. Besides sorption experiments, the desorption of PFOS from
MPs under digestive conditions has been carried out by using artificial gut fluid mimicking
intestinal juice of the Atlantic cod (Gadus morhua), since little is known about the desorption
of pollutants or additives from plastic during fish digestion. The investigation of size effects of
particles demonstrated an increase of PFOS concentration sorbed onto MPs with a decrease of
the size particle, due to an increase of the surface area. Over 6 months, PFOS sorption was
linearly increasing, without reaching a maximum sorbed concentration. PFOS desorbed from
MPs into artificial gut fluid corresponded to a desorption rate of 70 to 80 %. Thus, our findings
implicate efficient sorption of PFOS onto MPs particles from different sizes, with higher
sorption when MPs are the smallest. Besides, a longer exposure of MPs to PFOS leads to a
higher concentration adsorbed by low-density polyethylene MPs, which can favor the ingestion
of higher concentration of PFOS and so, a higher risk of polyethylene MPs to transfer relevant
concentrations of PFOS during digestion. The overall goal of this investigation aimed for a
better understanding of sorption and desorption processes of PFOS from MPs, which may also

contribute to a more comprehensive environmental risk assessment of MPs pollution.

63 -



Introduction

The use of plastic has become unavoidable in our society with global production rising; the
production was estimated to be 348 million tons in 2017 (Geyer et al., 2017). The need for
plastics is evident with many societal benefits and it offers the development of new
technologies, improved consumer health, and reduced transportation costs (Andrady and Neal,
2009; Thompson et al., 2009; Zarfl and Matthies, 2010). Besides the numerous benefits of
plastic products, it becomes obvious that plastics have become one of the major impacts on the
environment (Zarfl and Matthies, 2010). Plastics may persist and accumulate in the oceans
(Law and Thompson, 2014) as either macroplastic (> 5 mm) or a microplastic (MPs; <5 mm)
(Jambeck et al., 2015). Microplastics (MPs) exist in two types; primary MPs particles that
consist of plastic granules produced on purpose, e.g., in cosmetics but also from waste of plastic
production; and secondary MPs known as small plastic fragments derived from the
fragmentation of macroplastics via physical, chemical or biological degradation (Derraik, 2002;
Thompson et al., 2004). Both types are considered a potential threat to the aquatic environment
(Cole et al., 2011; Thompson, Moore, vom Saal and Swan, 2009). Ubiquitous occurrence of
MPs have been observed in oceans, even in the polar areas and in the deep sea (Obbard et al.,
2014). Cozar and collaborators (2014) studied 141 water samples and demonstrated the
omnipresence of MPs showing that 88 % of the water samples contained MPs, with large
variation in concentrations. Through different degradation processes, plastics fragments are
dispersed in the ocean and converged in gyres (Eriksen et al., 2014; Law and Thompson, 2014).
Therefore, the abundance of MPs has increased over the last few decades (Barnes et al., 2009).
On the other hand, trends in macroplastic accumulation in the marine environment are not
uniformly increasing while the average size of plastic particles seems to be decreasing (Eriksen,
Lebreton, Carson, Thiel, Moore, Borerro, Galgani, Ryan and Reisser, 2014).

Polyethylene (PE; -(-CH2-CH2-)n-) represents the polymer with the greatest global production
for plastic manufacturing (PlasticsEurope, 2018). LDPE represents 17.2 % of total plastic
consumption with different utilization, e.g., film for food packaging or reusable plastic bags
(PlasticsEurope, 2015). Dris and co-workers showed that PE was one of the most abundant
polymers found in aquatic ecosystems (Dris et al., 2015) caused by the extensive use of plastic
and poor waste management. PE used as passive sampler has been firstly studied in
semipermeable polymeric membrane device, made of PE tubing containing lipids (Huckins et
al., 1990). Since then, passive samplers have been implemented, but PE sheets and simple PE
remain widely used (Adams et al., 2007; Rusina et al., 2007; Vrana et al., 2006). Presence of
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low-density plastics, have been described as the main polymers composing MPs contamination
in the environment (Heo et al., 2013; Hidalgo-Ruz et al., 2012; Martins and Sobral, 2011).
Besides its intensive use as passive samplers for hydrophobic organic pollutants, PE has been
commonly studied as one of the reference polymers to investigate chemical sorption to MPs
(Huffer and Hofmann, 2016; Lee et al., 2014; Li et al., 2018; Xu et al., 2018a).

Plastic polymers are commonly considered as biologically inert and thus non-toxic. However,
plastic production includes additives as plasticizers for example, to improve resistance or
flexibility, dyes or fire retardants, and these additives can be toxic (Barnes, Galgani, Thompson
and Barlaz, 2009; Lithner et al., 2011). In addition to the potential toxicity caused by the
numerous plastic additives, MPs offer a surface where many waterborne pollutants can be
adsorbed, including aqueous metals (Rochman, Hentschel, et al., 2014) and persistent organic
pollutants (POPs) (Rios et al., 2007; Rochman, Hoh, Hentschel et al., 2013). In the marine
environment such chemicals are typically found at their highest concentrations in the surface
microlayer, where low-density MPs are most abundant as well (Ng and Obbard, 2006; Rios,
Moore and Jones, 2007; Teuten et al., 2007). Thus, MPs are hypothesized to act as vectors and
carriers for a wide range of pollutants in the marine environment (Andrady, 2011; Koelmans et
al., 2016).

These MPs associated with POPs can then act as a reservoir and/or vector for those pollutants
(Barnes, Galgani, Thompson and Barlaz, 2009; Thompson, Olsen, Mitchell, Davis, Rowland,
John, McGonigle and Russell, 2004). The processes of the sorption of organic pollutants onto
MPs are very complex and poorly understood. The equilibrium kinetics of contaminants on
MPs depends on the inherent properties of the chemicals, but also on the size, density and
quality of the MPs (Wang, Shih, et al., 2015; Wang et al., 2019).

In recent years, perfluoroalkyl acids (PFAAS) have attracted attention due to their high-energy
carbon—fluorine (C-F) bonds (Giesy and Kannan, 2002) and their toxicity to aquatic organisms
(Ahrens and Bundschuh, 2014; Huang et al, 2010; Keiter et al, 2016).
Perfluorooctanesulfonate (PFOS), a commonly found PFAAs in the environment, has been
listed as a POP in Annex B of the Stockholm Convention in 2009 (Paul et al., 2009). PFOS has
been restricted due to its bioaccumulation and biomagnification in organisms (Houde et al.,
2008; Martin et al., 2003; Powley et al., 2008) and the food webs, respectively. However, PFOS
is also ubiquitously present in different ecosystems (Ahrens and Bundschuh, 2014; Zareitalabad
et al., 2013), in wildlife up to ng/g to pg/g levels (Giesy and Kannan, 2001) and human blood
at ng/mL levels (K&rrman et al., 2006; Olsen et al., 2005). Mostly detected in a ng/g range
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(Giesy and Kannan, 2001; Kannan et al., 2004; Zareitalabad, Siemens, Hamer and Amelung,
2013); however, concentrations in soil can reach up to 230 pg/g in highly contaminated sites
where firefighting foams were used (Baduel et al., 2015). Although PFOS is well-studied in
different environmental compartment, it was barely examined along with MPs. Bakir et al.
(2014) investigated the (de)sorption behavior of PE and polyvinyl chloride (PVC) in
combination with perfluorooctanoic acid (PFOA), showing a faster desorption rate using a gut
surfactant compared to seawater alone, bringing the interest to investigate the desorption
process. Wang, Shih, et al (2015) studied the sorption of PFOS onto different types of polymer,
demonstrating a linear sorption as well as a higher sorption affinity to PE rather than to PVC
and PS, but the investigation of size effects of the particles on the sorption behavior of PFOS

remains unknown.

The present study was part of the JPI Ocean project EPHEMARE, which aimed to investigate
the distribution, fate, and toxicity of MPs. A major part of the project was to investigate the role
of MPs as vector of pollutants; therefore, PFOS was sorbed on HDPE of different size ranges.
Moreover, a desorption experiment using an artificial gut fluid (AGF) has been performed to
evaluate the potential desorption of PFOS from MPs artificially spiked. For the sorption, we
aimed for two concentrations; a low concentration, representing environmental relevant level
and a higher concentration level which may cause toxic effects. Since there are several
overlooked information of the behavior of MPs and PFOS, the present study aimed to
investigate the sorption processes between PFOS and HDPE microparticles using different size
range that may cover a wide range of MPs found in the ocean (Barnes, Galgani, Thompson and
Barlaz, 2009; Ng and Obbard, 2006).

Materials and methods

Materials and chemicals

Four size ranges of HDPE were used as the sorbents, purchased from Micro Powders (New
York, USA). MPs were sieved to size range of 125-500 pm; 20-25 pum; 11-13 um and 4-6 pm,
and all particles possessed a density of 0.96 kg/m3. MPs were kindly provided within the JPI
Oceans project EPHEMARE as dry powder by Marina Albentosa from the Instituto Espariol de
Oceanografia Centro Oceanografico de Murcia, Spain. Sea salt was obtained from Red Sea Fish
Pharm LTD., Israel and sodium taurocholate was from Merck, Germany (NaTC, CAS 345909-
26-4). Perfluorooctane sulfonate (PFOS; solid powder; IUPAC:
1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-1-sulfonic acid, CAS 2785-37-3; purity
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> 98 %) was purchased from Sigma Aldrich (Stockholm, Sweden). Ammonium solution
(NH4OH) was from Fischer Scientific, Ottawa, ON, Canada. All other chemicals and reagents
were purchased at the highest purity available from Sigma-Aldrich (Stockholm, Sweden),
unless stated otherwise. Analytical standards including PFOS technical mixture, mass labelled
standards of PFOS (13C8 PFOS and 13C4 PFOS) were purchased from the Wellington
Laboratories (Guelph, ON, Canada).

Sorption of pollutants onto MPs particles

Three time points were used to complete sorption of PFOS. 2 days, 5 days and 7 days were
investigated to assess the sorption time, based on previous studies (Wang, Shih, et al., 2015).
The sorption time of 7 days was maintained because of a low standard deviation and the highest
concentration of PFOS adsorbed on particles compared to other time points, results are not
shown. For all size ranges used, PFOS concentration in water was experimentally adapted to

the different size ranges (Table 1).

Table 1: PFOS concentration in water to aim a high and a low concentration of PFOS to perform the sorption
experiment

High [PFOS] in water | Low [PFOS] in water
LPDE (500-125 pum) 600 mg/L 600 pg/L
LPDE (25-20 pm) 30 mg/L 30 pg/L
LPDE (13-11 pm) 20 mg/L 20 pg/L
LPDE (6-4 pm) 10 mg/L 10 po/L

The sorption of PFOS on PE was performed using 50 g/L of MPs (125-500 ; 20-25 ; 11-13 and
4-6 um HDPE) placed into 1L polypropylene (PP) bottle (Lamaplast; Sesto San Giovanni, Italy)
with 500 mL of MilliQ water (Millipore, Billerica, MA, USA), and adjusted concentration of
PFOS (Table 1) was added. Bottles were placed on a rotary shaker (Heidolph Instruments
GmbH & CO. KG, Schwabach, Germany) at 20 rpm for 7 days. After 7 days, MPs particles
were filtered using 1 um Whatman® glass microfiber filter (GE Healthcare Life Sciences;
Uppsala, SE). Subsequently, the particles were rinsed with MilliQ water and chemical analyses

were performed as follows.
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Sorption kinetics

Long-term sorption Kinetics experiments were conducted in 50 mL polyprolpylene centrifuge
tubes filled with 50 g/L of MPs (125-500 um HDPE), 50 mL of MilliQ water and 200 mg/L of
PFOS. Tubes were continuously agitated on a rotatory shaker at 20 rpm for 180 days. Samples
were collected after 2, 7, 30, 90 and 180 days, and both water and MPs were extracted and

analyzed as described in the chemical analysis section.
Size effect of MPs on PFOS

Sorption isotherm experiments was conducted for 7 days, based on the results obtained from
the previous described kinetics experiments. Containers for the isotherms experiments were the
same as the one used for the sorption kinetics. Tubes contained 0.1 g of MPs (4-6 ; 11-13 ; 20-
25 or 125-500 pum) and 40 mL of milliQ water solution with different PFOS concentration
ranging from O pg/L to 100 pg/L (0, 25, 50, 75 and 100 pg/L, HDPE). Tubes were shaken at
20 rpm and kept at 20 + 1 °C for 7 days. All experiments were conducted as three independent

replicates.
Desorption of PFOS from MPs by artificial gut fluid (AGF)

Based on the protocol of (Voparil and Mayer, 2004), AGF was prepared by resolving 35 %o sea
salt and 15 mM sodium taurocholate in MilliQ water, pH was adjusted to 6.7 by using 1 M
hydrochloric acid (Sigma-Aldrich, Stockholm, Sweden) (Grosell et al., 2001). The digestion
has been performed according to the model used by Koelmans et al. (2014). The digestion
scenario was set up for a model of 3300 g Atlantic Cod (Gadus morhua) which ingests 0.0126
g food/g bodyweight per day (1.26 %). Since our study focused on the uptake of MPs by food,
quantities of 0.3 % (Jovanovi¢ et al., 2018) and 1 % of MPs related to ingested food per day
were chosen. Gut retention time was assumed to be 4 days on average (Daan, 1973). Thus, MPs
(11-13 pm) spiked with PFOS were artificially digested in 10 ml AGF in PP tubes. Controls
consisted in replicates of 10 ml pure AGF and 10 ml AGF containing 1 % MPs. Samples were
incubated in darkness for 4 days on a rotary shaker at 20 rpm at room temperature (20 £ 1 °C).
Samples were filtered by using a glass fiber filter on a funnel connected to vacuum as described
before. Exposure tubes and particles were rinsed with 5 ml and 1 ml of milliQ water,
respectively. Samples were extracted by using 3 ml of filtered AGF spiked with internal
standard, and were subsequently evaporated to 3 ml (1:1) after SPE. 200 pl extract were

prepared for chemical analysis as described before.
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Chemical analysis of PFOS

Sorption kinetics

Chemical analysis of PFOS in MPs has been conducted according to Eriksson et al. (2016) with

minor modifications.
Analysis of PFOS in water

The water extracts were filtered using a PE syringe (Norm-Ject®; Henke Sass Wolf, Tuttlingen,
Germany) with a filter of 0.2 pum (13 mm, 0.2 um AcrodiscGHP; Pall, Dreieich, Germany). The
volume of the water extracts were adjusted to 5 mL before transferring to LC vials for analysis.
In the LC vials, 2 ng of mass-labelled 13C8 PFOS, 300 uL of the water extracts and 200 uL of
organic mobile phase (2 MM ammonium acetate) were added. The LC vial was vortex for 30 s

and ready for instrumental analysis.
Analysis of PFOS sorbed on MPs

Ina 15 mL PP tube, 0.3 g of MPs were extracted in 2 mL of methanol (MeOH HPLC grade, >
99.9 % purity, Fisher Scientific, Sweden) by ultra-sonication for 15 min following by 10 min
of centrifugation at 7000 rpm. The extraction procedure was repeated twice and combined.
Extracts were then filtered using a PE syringe (Norm-Ject®; Henke Sass Wolf, Tuttlingen,
Germany) and a filter of 0.2 um (13 mm, 0.2 um AcrodiscGHP; Pall, Dreieich, Germany), and
the extract was concentrated to 200 uL under a gentle stream of nitrogen. The 200 uL extract
was then transferred to the LC vial. In the LC vial, 2 ng of mass-labelled 13C8 PFOS, 300 uL
of agqueous mobile phase (2 mM ammonium acetate) were added. The LC vial was vortex for

30 s and ready for instrumental analysis.

Desorption of PFOS in AGF

Chemical analysis of AGF used solid-phase extraction (SPE). First, 10 mL of AGF in triplicates
were adjusted to pH 4 using acetic acid (97 %, Sigma-Aldrich, Stockholm, Sweden) and spiked
with 1 ng mass-labelled 13C4 PFOS (Wellington Laboratories Inc., Canada). SPE cartridges
(Oasis® WAX 150 mg 6 cc, Waters®) were preconditioned with 4 mL of 0.1 % of NH4OH (25
%, Fisher Scientific) in methanol, followed by 4 mL of methanol and finally 4 mL of MilliQ
water. Then, samples were loaded on the cartridges. The cartridges were washed using 20 mL
of MilliQ water, 4 mL of ammonium acetate buffer (pH 4) and 4 mL of methanol. Target
compound was eluted using 4 mL of 0.1 % NHsOH in methanol, and the extracts were
evaporated down to 200 pl by nitrogen stream. 1 ng of mass-labelled 13C8 PFOS was added
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and samples were transferred to LC vial containing 300 uL of 2 mM ammonium acetate in

MilliQ water. Samples were analyzed using UPLC — MS/MS system described below
Analysis of MPs followed the method as described above (Anlaysis of PFOS sorbed on MPs).
Instrumental analysis

Analysis were performed on an Acquity UPLC system coupled to a Xevo TQ-S quadrupole MS
(Waters, Milford, USA). PFOS were separated on Acquity BEH C18 column (2.1x100 mm, 1.7
um) using MeOH and water as mobile phases, both with 2 mM ammonium acetate. Column
temperature was kept at 50°C. Different transitions were monitored for the quantifications of
PFOS isomers. Quantification of total PFOS was performed by the summation of linear PFOS
and individual branched PFOS calculated against an internal calibration curve using technical

PFOS and corresponding mass labelled PFOS standards as internal standard.
Quality assurance and quality control (QA/QC)

In order to avoid contamination from the LC system that might interfere with the samples, an
isolator column (PFC isolator, Waters) was inserted between the pump and the injector. All the
glassware and consumables had been rinsed with MeOH. The extraction efficiency of the MPs
was assessed based on the peak area of same amounts of the mass-labelled 13C4 PFOS and
mass-labelled 13C8 PFOS; they were found to be 83-96%. Background contamination in MPs
were also evaluated using 1g of each MPs size range, in triplicates and conducted according to
the description above. Background contamination of PFOS in PE was observed in the range of
10 - 15 pg/g and the spiking was at ug/g levels (Table 1). Background check on the AGF was
conducted prior to experiments in order to determine any background contamination of PFOS
in the pure fluid and to validate the extraction method; no detectable PFOS was found in the
AGF. Procedure blanks (without any MPs) were included in all batches; no detectable levels of

PFOS were found in the procedure blanks. The limit of detection was calculated as 10 pg/g.
Statistics

The amount of PFOS sorbed per unit mass of MPs were analysed, and a distribution coefficient
(Kd, L/kg) for each individual data point within the linear range of sorption isotherms was
calculated as K; = C,,,/C,, with the concentration sorbed to the MPs (Cm) and Ce as the final
equilibrium concentration in the water solution. A one-way ANOVA or a non-parametric test,
Kruskall Wallis was performed on data to statistically analyze the difference of the data sets.
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Parameters for sorption experiments were determined using Microsoft Excel 2010 and
GraphPad Prism 8.1.

Results and discussion

Sorption of PFOS

Table 2 shows the results of PFOS sorbed to MPs particles. Concentrations of PFOS were in
the same range for all particle sizes, 41.2 to 73.6 pg/g for high aimed concentration on MPs and
20.6 to 63.3 ng/g for low aimed concentration on MPs. The initial PFOS concentration in water
was held approximately constant with respect to the particles size, with a concentration to
particle size ratio of 0.6 to 0.8.

Table 2: PFOS adsorbed on HDPE particles with high and low concentration of chemicals after 7 days.
Concentration mean of 3 independent samples + SD, n=3

(500-125pm) | (25-20pm) (13-11pm) (6-4um)
High [PFOS]ups (ug/g) | 41.20 (£9.2) | 54.02 (£1.12) @ 46.26 (£4.28) | 73.61 (x7.13)
Low [PFOS]wes (Ng/g) | 63.30 (£9.1) | 20.57 (+1.61) | 30.23 (£0.50) | 22.59 (+23.62)

The effect of particle size on the sorption capacity of MPs is poorly understood, but it has been
shown that a decrease in particles size, at micron- and submicron- sized, is increasing the
sorption rates of contaminants (Wang, et al., 2019). The low concentration of PFOS obtained
on MPs particles correspond to an environmental concentration that can be found in sewage
sludge (Becker et al., 2008; Guo et al., 2009; Loganathan et al., 2007). Whereas, the high PFOS
concentrations tends to represent an equivalent concentration inducing acute toxicity on

zebrafish embryos exposed to the pure compound (Ye et al., 2009).

In general, the (de)sorption behavior varies depending on sorbent and sorbate (Bakir et al.,
2012). For PFAAs, it is assumed that hydrophobic and/or electrostatic interaction are two main
sorption processes onto organic material (Higgins and Luthy, 2006). Differences in sorption
efficiencies can be attributed to differences in functional groups. For example, the sulfonate
group of PFOS bears a stronger polarity than the carboxylic group of PFOA. Hence, the
resulting stronger electrostatic repulsion suggests an even lower sorption affinity of PFOS to
PE compared to PFOA (Bakir, Rowland and Thompson, 2014). In the present study PFOS was
successfully sorbed onto PE. Inconsistent sorption phenomena might partly derive from
different size and morphology of the investigated plastic particles. Bakir et al. (2014) tested
particles with a size range of 200-250 um. Further, PFASs are amphiphilic substances and
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might therefore show a highly substance-specific sorption behavior. Inconsistent or a general
lack of reliable data from laboratory studies (Wang, Shih et al., 2015) call for further research

on the interaction behavior between PFOS or other PFASs and MPs particles.

To date, studies investigating the sorption behavior of PFOS or other PFASs along with MPs
are rather scarce. Bakir and collaborators (2014) investigated the (de)sorption behavior of PE
in combination with perfluorooctanoic acid (PFOA), a structurally similar molecule to PFOS.
Due to their comparable molecular structure, a similar sorption behavior was expected for
PFOA and PFOS.

Sorption kinetics

Sorption kinetics are a relevant insight into the mechanisms involved in the vectorization of
chemicals toward sorbents (Azizian, 2004). In general, sorption kinetics using MPs are
performed on a small-scale for many hours (Zhan et al., 2016; Zhang, Wang, et al., 2018). In
the present study, a long-term sorption experiment was conducted using PFOS to investigate
sorption onto HDPE particles (125-500 um) over 180 days. Samples were taken at 7, 30, 90
and 180 days.

Figure 1 shows the sorption kinetics of PFOS onto 125-500 um HDPE particles. Experimental
data were plotted, and a linear regression was performed (F=52.80, R?=0.9635), due to previous

results showing a linear sorption (Wang, Shih, et al., 2015).
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Figure 1: Concentration of PFOS in pg/g, adsorbed on MPs (HDPE 250-500 um) after 7, 30, 90 and 180 days
of exposure to 200 mg/L of PFOS. Mean + SD; n=3.

The linearity of the observed sorption is in line with a previous study on PFOS sorption
conducted by Wang, Shih, et al. (2015), on PE, polystyrene and PVVC. However, PFOS has not
been studied in any Kinetic experiment using MPs, before. Equilibrium of PFOS to activated

sludge and carbon nanotubes were reached within 11h and 2h, respectively (Deng et al., 2013;
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Zhou et al., 2010). PFOS concentration adsorbed on MPs represented 1% up to 2.5% of the
initial amount of PFOS introduced into water, after 7 and 180 days respectively, PFOS has
demonstrated to adsorb to MPs at lower ratio in comparison to the sorption of its precursor
FOSA, due to different functional groups (Wang, Shih, et al., 2015). The limited sorption of
PFOS onto PE might be due to physical properties of the compound, nevertheless, the sorption
rate was increasing over time, and after 180 days, a high variability has been observed. The
high variation after 180 days might be due to (1), a high initial concentration of PFOS. But also
to (2) the aging of particles remaining in solution for 6 months and leading to a degradation of
MPs surfaces with modification of the sorption sites. The partitioning via hydrophobic
interaction but also electrostatic interaction seemed to be two potential sorption mechanisms
for PFOS on sediments (Higgins and Luthy, 2006). In the present study, anionic form of PFOS
was the main ion present in solution; thus, the low sorption rate of PFOS could be explained by

electrostatic repulsion from the surface of PE (Wang, Shih, et al., 2015).
Size effect of MPs on PFOS

The sorption of PFOS on different sizes of MPs in the present study conducted to the results
presented in Figure 2, with equilibrium dissociation constants calculated in table 3. On the
figure 2, a tendency can be observed, sorption efficiencies are higher for small particles rather
than for bigger particles, in ascending order, for all tested concentrations. However, only the
highest concentration, 100 pg/L of PFOS, led to significant differences between particle sizes
with an increase of sorption efficiency link to the decrease of particles size. The table 3 confirms
the tendency, that the particle size affects the sorption rate of PFOS at the highest concentration
with a decrease in Kd value in parallel with a decrease of size particles. A previous study
observed similar distribution coefficient of Kq = 32.8 L/kg determined for PE (150 um) and
PFOS (Wang, Shih, et al., 2015). The effect of functional groups on the sorption has been
demonstrated for PFOS and its precursor, FOSA (Wang, Shih, et al., 2015). In addition, the
decrease of the sorption efficiency of PFOS with an increase of initial PFOS concentration from
25 ug/L to 50-75 ug/L (Figure 2) might be explained by saturation of the sorption sites of MPs
(Wang and Wang, 2018a). The polymer type might also affect the sorption rate of a compound,
PE particles have a high segmental mobility and free volume which can support the sorption of
chemicals (Karapanagioti and Klontza, 2008; Pascall et al., 2005). Therefore, differences in
particle sizes, inducing a modification of surface areas, could have contributed to the difference
in chemicals uptake, as well as chemical properties of pollutants. Numerous studies have shown

effects of the particle size of sorbents on the sorption efficiency of different chemicals
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(Waychunas et al., 2005; Zhang and Moore, 1999). For example, the sorption of adipic acids
on TiO2 was increased by almost 70-fold when increasing the particle diameter from 16 nm to
6 nm (Zhang et al., 1999). Unlike the previous studies, Mckay et al. (1982) found that particle
size of chitin had no effect or only a little impact on the sorption efficiency of a dye. Chiou and
Li (2002) have been reported an absence of clear effect size with the sorption of dyes onto
chitosan beads. No scientific consensus has been highlighted on the effect of the particle size
of a sorbent on the sorption efficiency of contaminants. Since this effect of size depending
sorption processes on MPs barely have been studied yet, it remains unclear if a decrease of
particle sizes is inducing an increase of the sorption rate of a contaminant. In addition, external
factors such as temperature, pH, salinity and composition of the water phase (e.g., dissolved
organic matter, ion concentrations) can also influence the sorption efficiency of compounds
onto MPs (Endo and Koelmans, 2019; Wang, Shih et al., 2015).
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Figure 2: Concentration of PFOS in pg/g adsorbed on different size particles of HDPE (4-6; 11-13; 20-25 and
250-500 pm) after exposure to 25, 50, 75 and 100 pg/L of PFOS for 7 days. Mean £ SD; n=3
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Table 3: Distribution coefficient (Kd, L/kg) values of PFOS concentrations for tested PE MPs exposed to 100
pg/L of PFOS for 7 days. Different letters indicate significant differences (ANOVA, p < 0.05).

Kd, PFOS (L/kg)
HDPE 4-6 pm 62.6°
HDPE 11-13 um 54.2°
HDPE 20-25 um 33.8°
HDPE 125-500 pm 20.9°

Desorption of PFOS from MPs by AGF

PFOS-spiked PE particles were exposed to AGF to simulate the digestion of contaminated MPs
in Atlantic Cod (Gadus morhua). Background levels of PFOS in AGF was negligible (2.5.10°
+1.1.10® pgeros/mlacr). PFOS-spiked particles of 0.3 and 1 % respective to the total mass of
daily food uptake for Atlantic Cod (Gadus morhua) were digested and two independent
replicates (A and B) of artificial digestion resulted in reproducible high desorption rates.
Regardless the quantity of exposed PFOS-spiked particles, desorption ranged between 70 and
80 %. Initial PFOS concentrations (d = 0 days) encompassed 0.72 and 2.40 pgeros/mlace (PFOS
sorbed on the particles, Figure 3) for 0.3 and 1 % spiked particles, respectively. Therefore,
0.51 + 0.03 pgeros/mlacr and 1.80 * 0.26 pgeros/mlacr desorbed into the gut fluid of replicate
A after d = 4 days, and corresponds to a desorption rate of 70.8 and 75.1 % for 0.3 and 1 %
spiked MPs, respectively. The second replicate (replicate B) showed similar results of
0.60 £ 0.11 (0.3 %) and 1.92 + 0.05 pgrros/mlacr (1 %) desorbed PFOS which corresponds to
a desorption rate of 82.8 and 80.0 %, for 0.3 and 1 % spiked MPs, respectively (table 4 and
figure 3).

Table 4. Sorbed versus desorbed PFOS concentrations before (d=0 days) and after (d=4 days) exposure to
artificial gut fluid (AGF). Two quantities (0.3 and 1 %) of PFOS-spiked MPs (PPE) were applied (n=3) and
digested in two replicates (A and B).

Exposed PFOS-spiked MP sorbed PFOS onto desorbed PFOS into

) MPs, d=0 AGF, d=4 % desorption
PPE tit ’ ’
(PPE) quantity (Kgeros/MlacE) (Mgeros/Mlack)
) PPE 0.3% 0.72£0.08 0.51+0.03 70.8
Replicate A
PPE 1% 2.40 £0.28 1.80 £ 0.26 75.1
) PPE 0.3% 0.72£0.08 0.60 £0.11 82.8
Replicate B
PPE 1% 2.40 £0.28 1.92 +0.05 80.0
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Figure 3: PFOS concentration (LgPFOS/mIAGF) sorbed onto 0.3 and 1 % PE microplastics (d=0 days) and in
exposed artificial gut fluid (replicate A and B) after d=4 days

The high desorption rate between 70 and 80 % is most likely attributed to molecular properties
and chemical interactions between the bile salt sodium taurocholate and PFOS. Both
compounds are amphiphilic chemicals consisting of a hydrophobic and a polar functional group
(Figure 1, SM). Thus, either the bioavailability of PFOS might be enhanced by the inclusion
into bile salt micelles or into their micellular layer, as is was shown for lecithin (Mazer et al.,
1980). Enhanced desorbing effects mitigated through bile have been already demonstrated in
previous studies for different compounds and matrices. For example, a mixture of 30 to 40 %
of polychlorinated biphenyls (PCBs) and 57 % of lindan were desorbed from soil after in vitro
digestion with chicken bile (Oomen et al., 2000). Another study by Hack and Selenka (1996)
investigated the digestion of soil contaminated with polycyclic aromatic hydrocarbons (PAHS)
and PCBs. Their findings revealed a mobilization of these substances after gastro-intestinal
digestion up to two times higher than a gastric digestion without bile (Hack and Selenka 1996).
This emphasizes the important role of bile for allocating nutrients and toxicants at the same
time. Additionally, Hack and Selenka (1996) measured a maximum desorption of 40 % for
PCBs and PAHSs within 6 hours. In the present study, PFOS showed even a higher desorption
rate of 80 % over a period of 4 days. PFOS is less hydrophobic but more amphiphilic than
hydrophobic POPs like PCBs and PAHs. Hence, our results suggest that the desorption
efficiency of bile depends on hydrophobic and/or amphiphilic properties of the particle-bound

toxicant.

There are only few investigations on the desorption behavior of MPs sorbed chemicals under

physiological conditions and mostly focused on common hydrophobic organic compounds
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(HOCs) (Teuten et al., 2009; Ziccardi et al., 2016). Despite of particular affinities between
different HOCs and MPs, Bakir et al. (2014) demonstrated a significant increase of desorption
rates in the presence of gut surfactant between 2 to 20 times higher compared to sea water.
Similar results were presented by Teuten et al. (2007), for phenanthrene (Phe) in combination
with PE and polypropylene (PP). Even though desorption rate constants of Phe from natural
sediment significantly surpassed the ones determined from MPs, the sediment’s sorption
capacities were remarkably lower. It is proposed that even though contaminants desorb more
slowly from plastics than from sediment, the relative amount desorbing from plastics under
physiological conditions might exceed the quantities desorbing from natural sediment particles
(Bakir et al., 2014). Considering a longer gut retention time in carnivorous vertebrates as well
as chronic exposure to MPs contaminated prey, a desorption between 70 to 80 % suggests a
higher threat of MPs to contribute to the PFOS burden of marine predator fish such as Atlantic
Cod (Gadus morhua). In the present study, AGF was used to simulate the digestion of PFOS-
spiked MPs. The most commonly used protocol was developed to mimic the physiological
conditions in the marine lugworm Arenicola marina (Voparil and Mayer, 2004) containing a
model protein (bovine serum albumin, BSA) and sodium taurocholate as the only bile salt,
which is a taurine-conjugated Ca4 bile salt and actually produced in vertebrates (Haslewood and
Tokés, 1969). In the present approach, no proteins were added to the AGF to focus on the role
of bile during digestion and to eliminate an additional factor of uncertainty since composition
of nutrients in food varies among species and their position in the food chain. Interestingly,
sodium taurocholate is the salt that better imitates digestive fluids of invertebrates (VVoparil and
Mayer, 2004). Moreover, comparable levels between average 5 and 15 mM of sodium
taurocholate were found in vertebrate (human) intestine (Mithani et al., 1996). Among teleost
fish, approximately 60 % of species produce no other than Cz4 bile salts for their digestive juices
(Hofmann et al., 2010). In addition, taurine conjugates, such as sodium taurocholate, are the
most dominant Cz4 bile salts among carnivore species (Moschetta and Kliewer, 2005). This
promotes sodium taurocholate as a suitable model bile salt in AGF of Atlantic Cod (Gadus
morhua). It provides a low-cost and feasible approach to assess the desorption behavior of MP-

associated toxicants in a broad range of species.
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Conclusion

The sorption behavior of perfluorinated compounds has been investigated in different natural
soils and sediments (Chen et al., 2016; Higgins and Luthy, 2006). However, to our knowledge,
sorption of PFAAS has been barely studied. Llorca et al. (2018) revealed that PFAAS tends to
adsorb more to polystyrene particles rather than to PE. And more specifically, MPs adsorption
capacity for PFOS showed a low adsorption ratio on 3 types of polymers, including PE,
compared to its precursor, perfluorooctanesulfonamide (FOSA) (Wang, Shih, et al., 2015).
Sorption behaviors of PFOS, an environmental contaminant on different sizes of HDPE MPs
particles were investigated. A long-term sorption demonstrated a linear sorption of PFOS over
6 months. A decrease of the particle sizes increased the sorption efficiency of PFOS, due to a
higher surface area of smaller particles. To our knowledge, the present study is the first to
investigate the desorption behavior of PFOS spiked on MPs under simulated physiological
conditions. We showed that the bile salt is desorbing PFOS from PE within 4 days during
artificial digestion. Regardless the quantity of 0.3 and 1 % digested PFOS-spiked MPs, the
desorption accounted for 70 to 80 %. Thus, sodium taurocholate enhanced the bioavailability
of PFOS associated to HDPE MPs. To further investigate the desorption efficiency of sodium
taurocholate, desorbed quantities of PFOS should be measured at more time points to determine
desorption kinetics. The developed method might be used as an approach to a more appropriate

understanding of the desorption of toxicants from MPs during digestion.

This study is limited in using one single polymer type, (i.e., PE) with irrelevant environmental
concentration of MPs and relatively high contaminants concentrations. Further studies should
be conducted by using different types of polymers (e.g. PS, PP) and environmental relevant
concentrations of MPs as well as contaminants concentrations. Investigations on emerging
pollutants and further PFASs in combination with other plastic types are needed since
adsorption and desorption behavior depends both on the plastic type and the pollutant. Future
projects should also make use of higher tier studies to evaluate the burden of MPs as vectors

for toxic substances as well as the reliability of artificial digestion experiments.
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Supplementary material

Table 1, SM: Determination of PFOS concentrations in freshly opened solvent ; pipettes and in all steps of the
preparation and extraction protocol ; e.g. transfer of MeOH with 3 different plastic or glass pipettes, transfer
of MeOH with same glass pipette, sonication bath and centrifuge. (n=2, concentration in pg/mL, mean + SD)

PFOS concentration (pg/mL)

MeOH (HPLC grade) 0.12 (x0.2)
Solvent
MeOH (LC/MS/MS grade) 3.24 (£ 0.85)
Plastic pipette tips 0.69 (x 0.15)
Pipettes .
Glass pipette 0.45 (£ 0.15)
Step: Transfer plastic pipettes 5.26 (£ 1.28)
. Step: Transfer glass pipette 2.75 (+ 1.46)
ntire
) Step: Transfer of MeOH with same glass pipette 10.12 (£ 4.01)
preparation o
Step: Sonication 0.16 (+ 0.01)
Step: Centrifugation 0.21 (x 0.06)
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Figure 1, Sﬁ Molecular structure of sodium taurocholate (left) and PFOS (right). Hydrophobic chains and

polar functional groups are marked in both compounds in blue and red, respectively.
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Extra-study

Sorption processes of BaP to pristine microplastic
under different conditions




Sorption processes of BaP to pristine microplastic under different

conditions

Cormier B., (2020)

Materials and methods

Materials and chemicals

Four size ranges of high density polyethylene (HDPE) were used as the sorbents, purchased
from Micro Powders (New York, USA). Microplastics were sieved to size range of 125-500
pum; 20-25 um; 11-13 um and 4-6 um, and all particles possess a density of 0.96 kg/md.
Microplatics were kindly provided within the JPI Oceans project EPHEMARE as dry powder
by Marina Albentosa from the Instituto Espafiol de Oceanografia Centro Oceanografico de

Murcia, Spain.

Benzo[a]pyrene (BaP; solid powder; IUPAC: benzo[a]pyrene, CAS 50-32-8; purity >96%) was
purchased from Sigma Aldrich (Stockholm, Sweden). All other chemicals and reagents were
purchased at the highest purity available from Sigma-Aldrich (Stockholm, Sweden), unless
stated otherwise. Standards were purchased from Wellington Laboratories (Guelph, ON,
Canada).

Initially, background contamination was investigated. The analysis consisted in 1g of each MPs
size range, in triplicates and conducted as described below. MassLynx V4.1 (Waters) was used

to analyse data and quantify concentration of BaP.

Chemical analysis of BaP on MPs particles

BaP analysis has been conducted according to Larsson et al. (2013) with minor modifications.
Samples were extracted in hexane (> 98 % purity, SupraSolv; Merck, Darmstadt, DE) with
addition of internal standard (BaP D12 in toluene; Chiron, Tuttlingen, DE) by ultra-sonication
and centrifugation at 2000 rpm. Extracts were filtered through fiberglass and transferred to
toluene (purity 96 %, SOLVECO; Rosersberg, Sweden). GC vials for analysis consisted in 100
ng of recovery standard perylene D12 (Chiron) and 500 pl of extract. Concentrations of BaP
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were quantified using a Micromass Autospec Ultima high-resolution GC/MS system,
separation on a DB-5MS column (30 meters, 0.25 mm internal diameter, 25 pm film thickness;
J&W Scientific, Folsom, USA). Procedure blanks were included in all batches. Concentrations
of BaP was calculated using the internal standard method. The limit of detection (LOD) was
defined as mean concentration in blanks plus three times the standard deviations and was

calculated as 5 pg/g.

Sorption of pollutants onto microplastics particles

125 g/L of PE was used for the sorption of BaP. Amber glass bottles (Thermo Scientific, Lund,
Sweden) were filled with double-deionized water and PE. BaP concentrations in the solutions
were 20 pg/L and 2500 pg/L, respectively (from stock solutions prepared in toluene). Bottles
were placed on a rotary shaker (Heidolph) at 20 rpm. MPs particles were filtered using 1 pum
Whatman® glass microfiber filter (GE Healthcare Life Sciences; Uppsala, SE). Subsequently,
the particles were rinsed with double deionized water. Chemical analyses were performed as

previously described.

Sorption kinetics

Long-term sorption kinetics experiments were conducted in 40 mL amber glass tubes. MPs
concentration was 125 g/L for BaP. Each tube was spiked with 1 mg/L of BaP (prepared in
toluene, 0.05%). Tubes were continuously agitated on a rotatory shaker at 20 rpm for 180 days.
Samples were collected after 2 days, 7 days, 30 days, 90 days and 180 days, and both water and
MPs were extracted and analysed as described above.

Size effect of the sorption of BaP on MPs

Sorption isotherm experiments were conducted for 7 days, based on the results gained from the
previous described Kinetics experiments. Containers for the isotherms experiments were the
same as the one used for the sorption Kkinetics. Tubes contained 0.1 g of MPs and 40 mL of
double-deionized water solution with different BaP concentrations ranging from 25 pg/L to 100
Mo/l (25, 50, 75 and 100 pg/L). Tubes were shaken at 20 rpm and kept at 20°C 2 days. All

experiments were conducted as three independent replicates.
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Statistical analysis

The amount of BaP sorbed per unit mass of microplastics were analysed, and a distribution
coefficient (Kd, L/kg) for each individual data point within the linear range of sorption
isotherms was calculated as K; = C,,/C,, with the concentration sorbed to the MPs (Cr) and
C. as the final equilibrium concentration in the water solution. A one-way ANOVA or a non-
parametric test, Kruskall Wallis was performed on data to statistically analyze the difference of
the data sets. Parameters for sorption experiments were determined using Microsoft Excel 2010
and GraphPad Prism 8.1.

Results and discussion

Study of background contamination from experimental process

PAHSs are ubiquitous environmental contaminants and derive mainly from anthropogenic
sources. Their persistence in environment is limited due to light sensitivity (Akyiz and Cabuk,
2010), biodegradation and they are characterized as compounds with low mobility because of
either a rapid deposition to organic materials as soils, and a retention close to the source (Masih
et al., 2012). PAHs with low vapor pressure as BaP, will tend to adsorb to particles rather than
staying in the vapor phase (Abdel-Shafy and Mansour, 2016). Contrary to PFOS, BaP would
tend to be degraded by light or microbial activity. The same background investigation was done
to verify a possible background contamination of BaP, and results showed no background

contamination on any MPs tested.

Sorption experiments

PAHSs have been reported to adsorb to plastic pellets and fragments from consumer products in
marine environments (Rios et al., 2007). It indicates that a natural sorption of PAHs onto MPs
may occur in the oceans. Consequently, MPs can potentially act as vector of these contaminants.
PAHSs are known to sorb onto solid phases as sediments or soils (Tremblay et al., 2005; Wang
etal., 2001; Yu et al., 2011). Due to their hydrophobicity, PAHs tends to sorb onto solid phases
rather than aqueous phase, and studies demonstrated a high sorption rate of PAHs onto
microplastics particles, e.g. fluoranthene, anthracene, pyrene and BaP (Fries and Zarfl, 2012;
Rochman, Hoh, Hentschel, et al., 2013; Wang and Wang, 2018a). Therefore, BaP were selected
as representative for PAHSs to study the sorption on MPs. The sorption of BaP onto PE has never
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been studied before, therefore, it was first necessary to develop a extraction method of BaP
from micrcoplastic. Extraction of BaP from soils is commonly performed as liquid/solid
extraction, using n-hexane and dichloromethane solvent (Larsson et al., 2013); thus, within the
present study numerous preliminary experiments were performed to develop a procedure for a
solvent extraction of BaP from MPs (data not shown). Finally, n-hexane only was used for

extration, rather than a mixture of hexane/dichloromethane (v/v, 50/50) as it is used for soils.

Preliminary investigations have been performed to determine the time point to reach the
sorption equilibrium. Based on the preliminary results, not shown in this study, BaP sorption
test was performed for 2 days, and initial concentrations of BaP in water was the same for all

sizes range, 15 ng/L and 2500 pg/L, to reach low and high concentrations, respectively.

Table 1: BaP adsorbed on HDPE particles with high and low concentration of chemicals.
Concentration mean * SD, n=3.

(500-125um) | (25-20um) (13-11pm) (6-4pm)
HIGH
] 16.33+0.79 | 1459+0.30 | 12.42+0.50 | 16.74+0.99
Concentration of BaP on MPs (ug/g)
LOW

83.92+214 | 7252+ 17.64 | 67.34+5.81 | 106.94 £ 19.91

Concentration of BaP on MPs (pg/g)

Table 1 shows the results of BaP adsorbed to MPs particles. The use of the same initial
concentrations of BaP in water, caused rather similar sorption rates for the different size range
of HDPE. As mentioned before, the size of MPs as factor for the sorption of chemicals is
unknown for most toxicants (Lee, Hong, et al., 2013; Lee, Shim, et al., 2013; Wang et al., 2019).
Therefore, more investigations are needed to study the size effect on sorption characteristics of
chemicals on MPs. As for PFOS, BaP concentrations were chosen to mimic an environmental
and a toxic concentration. BaP has been found at concentration ranging between 0.3 and 5.2
Mg/g in suspended particulate matter of the River Tiber in Italy (Patrolecco et al., 2010), and
from 4.6 to 54.4 ng/g on microplastics from Portuguese beaches (Frias et al., 2010). MPs
sampled in the Northern Pacific Gyre’s showed an average contamination of 242 ng/g of total
PAHSs in 37 samples (Rios et al., 2010). The high concentration aimed, was chosen in a range
of pg/g to induce toxicity. BaP has been shown to induce toxicity, e.g. genotoxicity in rainbow
trout (O. mykiss) liver or digestive gland of clam (S.sachalinensis), after 24 h and 48h of
exposure, respectively (Kim and Hyun, 2006).
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Sorption kinetics

Figure 1 shows the results of the sorption of BaP onto PE microparticles in deionized water
after 6 months of exposure. A decrease of BaP adsorbed on MPs was observed, whereas the
equilibrium sorption of a similar compound, pyrene, has been achieved after 48h of exposure
to either polyethylene, polystyrene and polyvinyl chloride microparticles (Wang and Wang,
2018a). The observed decrease of BaP adsorbed onto PE might be due to the degradation of the
compound, e.g. photodegradation (Akyuz and Cabuk, 2010). Decrease of BaP concentration in
water is enhanced by different degradations in natural water, and half-lives can vary from 27.5
to 266.6 days, in pond water and seawater, respectively (Kot-Wasik et al., 2004). Furthermore,
beside physical and chemical degradation the sorption of BaP can be influenced by adsorption
to glassware with a rate of approx. 30 to 40% (Bowman et al., 2002). In the present study,
sorption of BaP over 6 months seemed to be altered by other sorption processes, e.g. sorption

on glass vial, and might be affected by the degradation of the compound in water.
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Figure 1: Concentration of BaP in pg/g, adsorbed on MPs (HDPE 250-500 um) after 7, 30, 90 and 180 days of
exposure to 1 mg/L of BaP (0.05% of toluene). Mean = SD; n=3. Linear regression

Size effect of MPs on BaP sorption

Sorption process of BaP (Figure 2) showed a linear sorption but without any trend regarding a
potential particle size effect. The effect of functional groups on the sorption has been
demonstrated for PFOS and its precursor, FOSA (Wang, Shih, et al., 2015). The difference of
sorption rates depending on functional groups might explain the different patterns observed in
the present study, while different particle sizes were used. The polymer type might also

modified the sorption rate of a compound, PE particles have a high segmental mobility and free
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volume which can support the sorption of chemicals (Karapanagioti and Klontza, 2008; Pascall
et al., 2005). Therefore, differences in particle sizes, inducing a modification of surface areas,
could have contributed to the difference in chemicals uptake, as well as chemical properties of
pollutants. No scientific consensus has been highlighted on the effect of the particle size of a
sorbent on the sorption efficiency of contaminants. Since this effect of size depending sorption
processes on MPs barely been studied yet, it remains unclear if a decrease of particle sizes is
inducing an increase of the sorption rate of a contaminant. In addition, external factors such as
temperature, pH, salinity and composition of the water phase (e.g., dissolved organic matter,
ion concentrations) can also influence the sorption efficiency of compounds onto MPs (Endo
and Koelmans, 2019; Wang, Shih, et al., 2015).
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Figure 2: Concentration of BaP in ng/g, adsorbed on different size particles of HDPE (250-500 pm) after
exposure of 25, 50, 75 and 100 pg/L of chemical pollutant for 7 days. Mean + SD; n=3

Conclusion

Sorption behaviors of BaP, on different size of HDPE microplastic particles were investigated.
Long-term sorption demonstrated a decrease of the concentration sorbed on MPs over 6 months.
Furthermore, the decrease of the size particles did not modify the sorption of BaP. Our results
showed that sorption efficiency depends on the type of contaminant (e.g. functional groups) but

also on the size range of microparticles.

This study is limited in using one single polymer type, (i.e., polyethylene) with high
microplastics and contaminants concentrations. Further studies should be conducted by using
different types of polymers (polystyrene, polypropylene) and environmental relevant

concentrations of microparticles as well as contaminants concentrations.
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Chapter 3 — Conclusion

Results

Sorption of PFOS onto MPs

4-6 pm 11-13 pm
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® PFOS was successfully sorbed onto PE MPs, with an effect of the particle size
® The kinetic sorption of PFOS demonstrated a linear sorption efficiency (r2=0.96) over

180 days

® Sorption efficiencies have a tendency to be higher for smaller particles, in ascending
order for different PFOS concentrations = increase of sorption efficiency link to the

decrease of particles size

® After 4 days, the artificial gut fluid led to a desorption rate of 70 to 80 % from the initial

amount of PFOS
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Chapter 4 — Presentation

Context

Toxicity of microplastics (MPs) to aquatic organisms have been poorly investigate to date.
Toxicity of individual model pollutants are well known, and MPs are assumed to act as vector
of pollutants toward fish. Industrial MPs artificially contaminated with model pollutants have
been used to investigate the toxicity on embryos, juveniles and adults zebrafish (Danio rerio).
Aims of the present chapter were to study toxic effects of virgin MPs, model pollutants
(PFOS, BaP and BP3) artificially spiked onto different MPs and to evaluate their toxicities
on different biological functions by using different life stages of zebrafish.

Method

In the present study, PE and PVC particles artificially spiked with perfluoroctane sulfonate
(PFOS), benzo[a]pyrene or benzophenone-3 (BP3) have been used in contact with zebrafish
(D. rerio) embryos via waterborne exposure or used to feed juveniles and adults zebrafish.
Embryos were exposed to 10 and 100 mg/L of MPs with daily renewal of exposure medium
from 4 hpf to 120 hpf.

The chronic experiment consisted of the feeding of zebrafish for 6 months with artificial food
supplemented with 1% of MPs (starting at 5 dpf for fish exposed to PE while all PVC
treatments were fed from 40 dpf). Fish were maintained in 10 L tanks at IFREMER station.

Microplasties: PFOS BaP BP3

PE
(11-13 pm) + . FFRFFR FFF OR @e OR Q OH
s ailllivee sgol

(125-250 pm)

direct - diemry
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! F0 generation: Fle don:
t ’ FET (OECD 236) with generation:
¢ additional endpoints: |+ Survival )
' {J !+ Growth * Survival
,'i » Survival » Reproduction - S;?\;‘;h
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Multi-Laboratory Hazard Assessment
of Contaminated Microplastic
Particles by Means of Enhanced Fish
Embryo Test With the Zebrafish
(Danio rerio)

Bettie Cormier#*, Annika Batel®, Jéréme Cachot?, Marie-Laure Bégout*,
Thomas Braunbeck?®, Xavier Cousin®® and Steffen H. Keiter ™

' Man- Technology-Environment Research Centre, School of Science and Technology, Orebro University, Orebro, Sweden,
2 University of Bordeaux, EPOC UMR CNRS 5805, Pessac, France, * Aquatic Ecology and Toxicology Group, Center for
Organismal Studlies, University of Heidelberg, Heidelberg, Germany, * Laboratoire Ressources Halieutiques, IFREMER,
L'Houmeau, France, ° IFREMER, L3AS, UMR MARBEC, Palavas-les-Flots, France, * UMR GABI INRA, AgroParisTech,
University Paris-Saclay, Jouy-en-Josas, France

As wide-spread pollutants in the marine environment, microplastics (MPs) have raised
public concern about potential toxic effects in aguatic organisms, and, among others,
MPs were suspected to act as a vector for organic pollutants to biota. The purpose of the
present study was to investigate effects by three model pollutants, oxybenzone (BP3),
benzola]pyrene (BaP), and perfluorooctane sulfonate (PFOS) adsorbed to polysthylene
MPs on the basis of a standard assay, the acute fish embryo toxicity test (FET, OECD
TG 236) with zebrafish (Danio rerio) supplemented by additional endpoints such as
induction of ethoxyresorufin-O-deethylase (EROD) activity, modification of cypla gene
transcription and changes in larval swimming behavior. FET assays were performed in
three laboratories using slightly different husbandry and exposure conditions, which,
however, were all fully compatible with the limits defined by OECD TG 236. This allowed
for testing of potential changes in the FET assay due to protocol variations. The standard
endpoints of the FET (acute embryotoxicity) did not reveal any acute toxicity for both virgin
MPs and MPs spiked with BP3, BaF, and PFOS. With respect to sublethal endpoints,
EROD activity was increased after exposure to MPs spiked with BP3 (3 h pulse) and
MPs spiked with BaP (96 h continuous exposure). CypTla transcription was increased
upon exposure to MPs spiked with BP3 or BaP. For the selected combination of MPs
particles and contaminants, the basic FET proved not sensitive enough to reveal effects
of (virgin and spiked) MPs. However, given that the FET can easily be supplemented by
a broad variety of more subtle and sensitive endpoints, an enhanced FET protocol may
provide a relevant approach with developmental stages of a vertebrate animal model,
which is not protected by current EU animal welfare legislation (Directive EU 2010/63).

Keywords: fish embryotoxicity test (FET), swimming behavior, EROD, cypla, perfluorooctane sulfonate,
benzo[a]pyrene, oxybenzone
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Standard Test to Monitor Microplastic Toxicity

INTRODUCTION

Plastics have become an indispensable part of our daily life and
yield important societal benefits (Andrady and Neal, 2009).
Due to poor waste management, however, large portions of the
manufactured plastic end up in the oceans and will eventually
show up as macroplastics (>5mm) or microplastics (MPs), i.e.,
particles between 1 pm and 5 mm in size (Jambeck et al., 2015).
The latter consist of either plastic granules designed for purpose
in e.g., cosmetics or small plastic fragments derived from the
breakdown of macroplastics (Derraik, 2002; Thompson et al.,
2004). MPs of both types are considered as a potential threat for
aquatic ecosystems (Thompson et al., 2009; Cole et al., 2011).

Plastic materials are not restricted to the polymers themselves,
but often also contain numerous additives designed to produce
their specific physicochemical properties and to protect MPs
from damage by heat, UV light, oxidative processes as well
as from microbiological degradation (Andrady, 2011). Many
additives are per se known as putative toxicants and, upon
release from plastic materials, they may potentially cause adverse
health effects (Bakir et al, 2014). MPs particles have been
shown to adsorb significant amounts of organic pollutants
from the surrounding environment (Mato et al, 2001; Rios
et al,, 2007; Barnes et al., 2009; Koelmans et al, 2016), and
weathering processes as well as mechanical fragmentation of
MPs lead to smaller particles and may increase the specific
reactive surface area of particles and thus facilitate further the
sorption of pollutants (Teuten et al., 2007; Koelmans et al., 2013;
Lee et al., 2014). Under both laboratory and field conditions,
different MPs have been shown to adsorb various classes of
organic pollutants such as per- and polyfluorinated compounds,
polycyclic aromatic  hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), pesticides and personal care products
(Rochman et al,, 2013a,b; Ziccardi et al,, 2016), and the relative
contribution of MPs to the transfer of organic pollutants to biota
has for long been subject to controversy (Bakir et al, 2016;
Koelmans et al., 2016; Lohmann, 2017).

Polyethylene (PE) represents the polymer with the greatest
global production for plastic manufacturing, and—for its highly
diverse uses—PE contains a wide variety of additives. PE was
selected as experimental MPs for the present study because of
its predominance in marine ecosystem (Andrady, 2011). As a
polymer, PE per se is supposed to bear a relatively low hazard
(Lithner et al., 2011; Karami et al., 2017); however, due to
its physicochemical properties and high abundancy in aquatic
environments, PE MPs have a high potential to adsorb and
transfer organic pollutants (Rochman et al., 2013a; Wang F. et al.,
2015). Together, chemical contaminants and PE may represent
a higher risk to aquatic organisms compared to other polymers
(Karami et al., 2017).

Benzophenone-3 (oxybenzone, BP3) is commonly used as a
UV-filter in cosmetics such as sunscreens, but also as a light
stabilizer in plastics such as PE. In addition, BP3 has repeatedly
been reported to act as an endocrine disrupting chemical
interfering with reproduction and sex hormone signaling in
fish and mammals (Kim and Choi, 2014; Kinnberg et al., 2015;
Rodriguez-Fuentes et al, 2015). BP3 shows low degradation

rates in surface waters (Kim and Choi, 2014) and—due to its
lipophilicity (log Kow 4.0)—may bioaccumulate in biota.

Benzo[a]pyrene (BaP) is formed by incomplete combustion
of organic materials (Collins et al., 1991) and has become the
most frequently studied representative of carcinogenic PAHs and
a model molecule for the investigation of PAHs as inducers
of aryl hydrocarbon receptor (AhR)-based metabolization
pathways. BaP is ubiquitously distributed in coastal and offshore
environments (Antunes et al., 2013; Liu et al,, 2015; Chatel et al.,
2017), and PAHs including BaP are known to adsorb at high
rates to different types of MPs in seawater, particularly to PE
(Rochman et al., 2013a; Ziccardi et al,, 2016; Schonlau et al.,,
2019). Furthermore, BaP adsorbed to MPs has been documented
to be transferred via trophic transfer to biota (Batel et al., 2016,
2018; Bour et al,, 2018; O'Donovan et al., 2018; Pittura et al.,
2018).

Given its wide distribution, perfluorooctane sulfonate (PFOS)
has attracted most attention among perfluorinated substances,
since it represents the main perfluorinated alkylated compounds
detected in aquatic environments (Keiter et al,, 2016). PFOS
is an extremely persistent fluorinated pollutant that does not
hydrolyze, photolyase or biodegrade. PFOS is also known to be
toxic and bicaccumulative and undergo extensive transportation
across all environmental media. As a consequence, PFOS has
been documented in soil, sediment, sludge, and water bodies
(Giesy and Kannan, 2002). Since, in ocean surface waters, PFOS
and its precursors have been estimated at 235-1,770 metric tons
(Paul et al., 2009), PFOS was added to the list of the Stockholm
convention on Persistent Organic Pollutants in 2010.

A wide array of bioassays has been developed to assess
the toxicity of chemicals or environmental samples. Given that
early developmental stages of vertebrates that depend on the
use of yolk are considered non-protected according to current
European legislation on the protection of animals used for
scientific purposes (EU, 2010; Strihle et al., 2012) and that fish
embryonic stages have been demonstrated to be equally sensitive
to chemical pollutants as intact fish (Nagel, 2002; Braunbeck
et al.,, 2005, 2015; Lammer et al., 2009; Belanger et al., 2013).
The fish embryo acute toxicity test (FET) has been designed as an
alternative to conventional fish acute toxicity testing [e.g., OECD
TG 203; (OECD, 1992)] and has been approved as OECD Test
Guideline 236 (OECD, 2013). According to the guideline, the
FET has successfully been applied to a wide range of substances
exhibiting diverse modes of action, solubilities, volatilities, and
hydrophobicities. However, given the particulate nature of MPs,
the question arises whether the FET might equally be suited for
the assessment of MPs toxicity. In fact, there are major differences
between soluble pollutants and discrete objects such as MPs
including, e.g., dispersion, homogeneity, localized desorption
events of additives or adsorbed pollutants. The purpose of the
present study was, therefore, to use the standard FET procedure
to document the acute toxicity of MPs and MPs spiked with
selected organic pollutants (BP3, BaP, and PFOS). Since OECD
TG 236 provides a general framework and allows for substantial
flexibility in test conditions, the present study was designed to
test for potential differences in FET sensitivity toward MPs due
to, e.g., variability in fish pre-conditioning, dark-light scenarios
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or exposure conditions. Protocols used by the three laboratories
involved in the present comparative study presented some
differences but were all within the limits defined by OECD TG
236. In order to enhance resolution and sensitivity of FET, we
also monitored additional endpoints such as EROD activity and
cypla transcription as well as larval swimming behavior to reveal
potential sublethal effects.

MATERIALS AND METHODS

Materials and Chemicals

Polyethylene (PE; order no. MPP-635G) with a size range
of 11-13 pum and a density of 0.96 kg/m’> purchased
from Micro Powders (New York, USA) was kindly provided
within the JPI Oceans project EPHEMARE as a dry powder
by Marina Albentosa (Instituto Espafiol de Oceanografia,
Centro Oceanografico de Murcia, Spain). Benzo[a]pyrene
(BaP; CAS 50-32-8; purity > 96%), benzophenone-3 [(2-
hydroxy-4-methoxyphenyl)-phenylmethanone, BP3; CAS 131-
57-7; purity > 98%] and PFOS (1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
heptadecafluorooctane-1-sulfonic acid; CAS 2785-37-3; purity >
98%) were purchased from Sigma Aldrich (Stockholm, SE). All
other chemicals and reagents were purchased at the highest purity
available from Sigma-Aldrich, unless stated otherwise.

Spiking of Microplastic Particles
Setups for the spiking, e.g., MPs and chemical concentrations
were previously determined with preliminary experiments in
order to determine all parameters to reach aimed concentrations,
based on fish toxicity data, e.g., BP3 (Blithgen et al, 2012;
Paredes et al, 2014); BaP (Weigt et al., 2011) and PFOS
(Yamashita et al., 2005). Preliminary studies demonstrated that
to minimize loss of chemicals, PFOS exposure has to be prepared
in polypropylene bottles (Lamaplast; Sesto San Giovanni, Italy),
while for BaP and BP3, glass bottles (Thermo Scientific, Lund,
SE) were the most efficient to avoid loss of compound.
According to the pretests, for the sorption of BP3 and BaP
to PE, 125 g/L PE were added in 400 mL septa bottles (Thermo
Scientific, Lund, SE) and bottles were filled to the maximum with
double-deionized water, to avoid gas headspace in the bottle, and
so avoid volatilization of compound. BP3 and BaP concentrations
in the solutions were 20 and 2,500 pg/L, respectively. For the
sorption of PFOS on PE, 50 g/L of plastic were weighed into
1L polypropylene bottles (Lamaplast; Sesto San Giovanni, Italy)
filled with double-deionized water and PFOS was added to a
final concentration of 20 mg/L. All bottles were placed on a
rotary shaker for 48 h (BP3 and BaP) or 7 days (PFOS) at 20
rpm and at room temperature (20 £ 1°C). Based on preliminary
experiments, after 48 h, concentrations of BaP and BP3 adsorbed
on MPs were higher than samples shaken for more than 48 h due
to volatilization of compound, and an increase of the adsorption
to glass bottle. While, for PFOS, the sorption time of 7 days was
maintained because of the lowest standard deviation of the results
and the highest concentration of PFOS adsorbed on particles,
compared to other time points.

Chemical Analyses and Quality
Assurance/Quality Control (QA/QC)

Concentrations of chemicals (BP3, BaP, and PFOS) were
measured in corresponding spiked MPs as well as in virgin MPs
to determine background contamination of each chemical.

After filtration of the MP preparations with a funnel
equipped with a 1 um Whatman® glass microfiber filter (GE
Healthcare Life Sciences; Uppsala, SE), the filters were rinsed
with double deionized water and dried by vacuum evaporation
on a ceramic funnel.

The analysis of BP3 was performed by Eurofins
Germany (Pforzheim, DE) by using an 0.3g aliquot of
the sample spiked with internal standards (ie, 3,4,5,6-
pentadeuteriobenzoic acid, 1-bromo-4-phenylbenzene,
1,2,3,4,5,6,7,8-octadeuterionaphthalene, 1,2,3,4,5-pentachloro-
6-(2,3,4,5,6-pentachlorophenyl)benzene, and 1,2,3,4,5,6,7,8,9,10-
decadeuteriophenanthrene) and concentrated with a factor
of 10. The samples were extracted with a 1:1 solvent
mixture of ethyl acetate and cyclohexane. Additionally,
an external calibration standard and a blank sample were
prepared. The extracts were measured with GC/MS/MS,
electron impact ionization (GC: Agilent7890 A, MS/MS:
Agilent 7000 multiple-reaction monitoring mode, Agilent
Technologies, Kista, SE) using a split-less injection of
2 pl (column DB5-MS, 30m x 025mm x 0.25pm).
Identification and quantification were performed against
the retention time and the external calibration using the BP3-
specific selected reaction monitoring (one quantifier and
one qualifier).

BaP analysis has been conducted according to Larsson et al.
(2013): MPs were extracted in hexane (>98%, SupraSolv; Merck,
Darmstadt, DE) after addition of an internal standard (500 ng
BaP D12 in toluene; Chiron, Tuttlingen, DE; prepared standard:
10 ng/pl in toluene) by sonication and centrifugation at 2,000
rpm. Extracts were filtered through fiberglass and transferred
to toluene (purity 96%, SOLVECO; Rosersberg, SE). GC vials
for analysis were filled with 100 ng recovery standard perylene
D12 (Chiron; 2 ng/pl in toluene, 50 pl added) and 500 pl
of extract. The sample volume was reduced to 500 pl using
a nitrogen stream. Concentrations of BaP were quantified
using a Micromass Autospec Ultima high-resolution GC/MS
system, separation on a 30 meters (0.25mm internal diameter,
25 pm film thickness) DB-5MS column (J&W Scientific, Folsom,
USA). Procedure blanks were included in all batches. Target
BaP was quantified by using a five-point calibration curve.
Relative standard deviation of the relative response factor values
was <15% for PAHs. Quantification standard replicates were
analyzed after every tenth sample. Concentrations of BaP were
calculated by use of the internal standard method. The limit
of detection (LOD) was defined as mean concentration in
blanks plus three times the standard deviations and was 5 pg/g.
Samples which had concentrations exceeding the range of the
calibration curve were diluted and reanalyzed. Procedure blanks
were included in all batches.

Chemical analysis of PFOS has been conducted according
to Eriksson et al. (2016): PFOS (linear and isomers) adsorbed
to MPs were extracted in methanol (>99.9% purity, Fisher
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TABLE 1 | Husbandry canditions of zebrafish in the three participating laboratories

Laboratory Day/night cycle [h] Water parameters Group sizes Tanksize  Zebrafish strain  Artificial food
Temperature pH Conductivity

Orebro University 14/10 26 £ 1°C 72+02 380 + 50 nS 100 £10 60L AB TetraMin

IFREMER 14410 27 +£1°C 78+02 48541308 28+5 0L TU Inicio + Biomar

Heidelberg University 16/8 26 +£1°C 7.24+01 360 + 20 uS =150 160 L West-aquarium TetraMin

Provider for fiake food: TetraMin (Tetra, Sweden), Tetra (Melle, Germany), Inicio + 0.5 mm (BioMar, France).

Scientific) by ultra-sonication following by centrifugation (7,000
rpm). Extracts were filtered using a 5mL PE syringe (Norm-
]ect®; Henke Sass Wolf, Tuttlingen, DE) with a filter of 0.2 pm
(13 mm, 0.2 pum AcrodiscGHP; Pall, Dreieich, DE). LC vials were
prepared with 2 ng of recovery standard (mass-labeled PFOS).
Samples were diluted 100 times using 40% methanol (v/v) and
60% ammonium acetate (v/v). Analysis was performed on an
Acquity UPLC system coupled to a Xevo TQ-S quadrupole MS
(Waters, Milford, USA). A guard column (PFC isolator, Waters)
was inserted between the pump and the injector to prevent
contamination from the system. PFOS were separated on 100 mm
Acquity BEH C18 column (2.1, 1.7 mm) using methanol and
water as mobile phases, both with 2mM ammonium acetate.
Quantification of total PFOS was performed by summarization
of linear PFOS and individual branched PFOS calculated against
an external calibration curve using technical PFOS as standard.
Recoveries were assessed using labeled internal standards. The
mean recoveries of labeled PFOS internal standards was 83-96%.
The LOD was calculated as above was 10 pg/g. Procedure blanks
were included in all batches.

Zebrafish Husbandry and Egg Production
Fish husbandry in the three participating laboratories conditions
fully complied with OECD TG 236 (Westerfield, 2007; OECD,
2013), but maintenance of adult zebrafish (Danio rerio)
differed slightly regarding dark/light cycles, size of the rearing
tanks, size of heterosexual groups, and water conditions
including temperature, pH and conductivity (Table 1). In each
laboratory, feeding was twice daily ad libitum with commercially
available artificial diets and freshly hatched brine Artemia
nauplii. Constant filtering or permanent flow-through conditions
guaranteed that ammonia, nitrite, and nitrate were kept below
detection limits (5, 1, and 140 mg/L, respectively). Zebrafish eggs
were collected according to OECD TG 236 (OECD, 2013).

Toxicity Testing

Zebrafish Embryo Acute Toxicity Test

The acute hazard potential of MPs and contaminated MPs
was determine on the basis of the FET guideline (OECD 236)
which provides a framework for the test, but allows for some
variation in parental fish breeding and exposure conditions. In
order to analyze the potential impact of minor modifications of
the protocol, the three laboratories participating in the present
comparative study performed the test with minor differences in
the rearing temperature and the dark/light cycle of the parent
fish, as well as in the volume of vessels used and the shaking of

TABLE 2 | Overview about the test conditions and solutions for the zebrafish
embryc toxicity test used by the three different laboratories.

Orebro University IFREMER Heidelberg
University

MPs size PE 11-13 pm
MPs concentrations 10, 100 mg/L 10 mg/L 100 mg/L
Exposure vessels Glass vials
Vessel volumes 100mL 60mL 2mL
Solution volumes 20mL 10mL 1.2mlL
Embryos per assay 5 20 20*
Shaking during No shaking No shaking Gentle
Eexposure agitation

Paositive control 3,4-Dichloraniline (4 mg/L)
26+ 1°C 2T

10/14h 10114 h

25+ 1°C
8/16h

Temperature
Dark/light rhythm

*One embryo per 2 mi_flat bottomn argon glass vials (Neolab, Heidelberg, DE), which were
placed in 20 wells of a 24-well plate {n = 20; TPB, Trasadingen, Switzerand). Each glass
vial was covered with a cap (unknown compaosition, caps were washed before use, but
did not get into cantact with the medium) to prevent evaporation.

the test solutions (Table 2); care was taken that the protocols of all
three laboratories were clearly within the limits set by OECD TG
236. All other parameters of the tests themselves were identical
and followed OECD TG 236.

Embryo exposure started at a maximum of 4 hours post-
fertilization (hpf) and was performed in glass containers covered
with lids, under semi-static conditions with a daily renewal
of exposure medium. Exposures were performed using either
MPs or MPs spiked with one pollutant at 10 and/or 100 mg/L
(Table 3). An additional treatment, later called 3POPs, was an
even mixture of MPs spiked with BP3, BaP, and PFOS, also
used at a final concentration of MPs of 10 or 100 mg/L. The
exposure design included negative controls (virgin MPs) and
positive controls (water-borne 3,4-dichloraniline, 4 mg/L). Tn
each laboratory, all exposures were performed in triplicate.
Embryos were analyzed every day for lethal (OECD, 2013) and
sublethal effects as well as hatching rate.

As an additional control, the three pollutants (BP3, BaP,
and PFOS) were also tested via waterborne exposure at final
concentrations equivalent to complete desorption in the case of
an exposure to 10 mg/L of MPs. Actual concentrations for BP3,
BaP, and PFOS were 0.8, 170, and 700 ng/L, respectively. For
waterborne exposure, DMSO was used as a solvent at a final
concentration of 0.01%; as a solvent control, 0.01% DMSO was
run as an additional negative control.
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TABLE 3 | Exposure scenarios tested by the three laboratories for MPs, adsorbed MPs [MP + pollutant(s)] and pollutants alone.

10 mg/L MP 100 mg/L MP MP MP + BP3
Orebro University x x x %
IFREMER x x x
Heidelberg University ® * b

TABLE 4 | Concentrations of MPs and pollutants {(mean 4 SD} in solution and the
resulting concentration of the pollutants on the PE particles (n = 1 for BP3 and
n = 3 for BaP and PFOS).

Pollutant cone.
spiked to MPs (ng/g)

Preparation solution

PE (g/L) Pollutants (ng/L)
BP3 125 20 0.08

BaP 125 2,500 16.87 + 0.22
PFOS 50 20,000 70.22 + 12.41

In vivo EROD Assay

In vive ethoxyresorufin-O-deethylase (EROD) induction in
zebrafish embryos was determined according to Kais et al.
(2018): Tests was performed at 96 hpf embryos, which were
either incubated for 96 h with 100 mg/L of MPs (0-96h) with
daily exchange of medium as previously described, or for a 3h
short-term exposure (93-96 h) with 100 mg/L of MPs. In short,
20 embryos per treatment group and replicate were washed
twice for 5min using dilution water and incubated for 20 min
in 0.6 mg/L 7-ethoxyresorufin (Sigma Aldrich, Deisenhofen,
Germany). After anesthesia with 0.016% tricaine (MS-222),
embryos were mounted left side down in 1% low-melting
agarose (SeaKem HGT Agarose; Cambrex BioScience, Rockland,
USA) supplemented with 0.016% tricaine. The fluorescence by
resorufin formed from 7-ethoxyresorufin via Cypla catalysis
was measured under a Nikon ECLIPSE 90i epifluorescence
microscope (Nikon Instruments; Tokyo, Japan) equipped with
a 10x Nikon CFI Plan Fluor water immersion objective (NA
0.17, WD 16.0 mm) at an excitation of 560 + 20nm (Texas
Red HYQ filter) and an emission of 630 & 30nm with a
dichroic beam splitter of 595 nm. A Nikon DS-Ri-1 camera was
used for imaging. Image processing was performed with the
NIS-Elements 4.0 imaging software (Nikon Instruments). As a
positive control, embryos were incubated at 96 hpf for 3h in 75
pg/L p-naphthoflavone. Three replicates were run for each test
and treatment group (n =3 x 20).

Cyp1a Gene Transcription Analysis

For analyzes of cypla induction, 96 hpf embryos (n = 15 per
exposure group) were exposed for 3h to MPs as described
above. Exposures were performed in triplicate (n = 3 x 15).
Ninety-six hours post-fertilization embryos incubated for 3h in
75 pg/L B-naphthoflavone (Boehler et al., 2018) were used as
a positive control. After exposure, embryos were euthanatized
in 500 mg/L benzocaine, thoroughly rinsed in deionized water
and stored in RNALater (Qiagen, Les Ulis, France). Prior

MP + BaP MP + PFOS MP + 3POPs BP3 BaP PFOS
X * X X x *
S 3 * - = -
X X = = - =

to extraction, RNALater was removed, and embryos were
placed in a lysis buffer (Qiagen) before being mechanically
disrupted using Beadblaster (Benchmark Scientific, Dutscher,
France). The total RNA extraction followed the protocols of
the RNeasy Plus Universal Mini Kit (Qiagen). Quality and
quantity of the extracts were checked using electrophoresis
migration and spectrophotometric dosing. Subsequently, cDNA
was synthesized from 2 pg of the total RNA, using 2 pl
of Superscript IIT Reverse Transcriptase (Invitrogen, Fisher
Scientific, Illkirch, France) according to the manufacturer’s
protocol in a final volume of 21 pl Prior to analysis, all cDNA
was diluted 5 x in Milli-Q water. The qPCR experiments were
run in a final volume of 20 pL, including an optimized primer
concentration ranging between 300 and 600nM (Eurofins,
Ebersberg, Germany) and 2X Fast SYBR Green Master Mix
(Applied Biosystems, Fisher Scientific, Illkirch, France). The
amplification protocol used was as follows: initial denaturation
(20 s at 95°C) followed by 40 cycles of 35 at 95°C and 30 s at 60°C.
Technical triplicates were run for each biological replicate. The
analysis software Relative Expression Software Tool (REST; Pfafil,
2001; Pfaffl et al,, 2002) automatically calculated fold changes
in expression relative to negative controls (unexposed embryos)
using the 3 most stable references genes between all groups, and
combined them into an index via the free access BestKeeper
software (Plaffl et al., 2004). Reference genes were g6pd, actbl,
and rpli3a. Sequences and characteristics of all primers used are
listed in Table S1.

Larval Behavior

Larval behavior was monitored at 120 hpf using the larval
photomotor response (LPMR) test as described by Vignet et al.
(2014). The morning before the LPMR, single embryos were
individually transferred into one well of a 24-well plate (Krystal
24, opaque wall and clear bottem microplate, Dutscher), and
plates were transferred to an enlighten incubator at the same
temperature as in the testing room. Plates were successively
placed into DanioVision™ (Noldus, Wageningen, NL) in the
dark for 10 min of acclimation before the LPMR test which
included the following 5-min steps: Light on—1 (LONI1, 70
lux), Light off (LOFE, <1 lux) and Light on—2 (LON2, 70 lux)
with constant infra-red light maintained during video recording.
Distance traveled (cm) was recorded and summed for each 5-
min step. Four embryos from each treatment were used in each
plate (n = 6) to avoid potential bias. Embryos with tracking
issues were removed resulting in 16-24 embryos analyzed per
treatment. After LPMR recording, embryos were anesthetized
with benzocaine (50 mg/L) and photographed in lateral view.
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Larval standard length was measured using Image] (Schneider
et al., 2012).

Statistics

For both the FET and the in vivo EROD assay, three independent
runs were performed, and data were tested for normality with
the Shapiro-Wilk and Kolmogorov-Smirnov tests. If data were
normally distributed, one-way analysis of variance (ANOVA) was
run in combination with a post-hoc Dunnett’s test; otherwise, a
non-parametric Kruskal-Wallis, Mann-Whitney U or Wilcoxon’s
matched-pairs tests were used for statistical comparison.

Data were first analyzed for differences between runs
(biological replicates). Since there were no significant differences
between independent runs, single data sets were merged
for each laboratory, and tests on different exposure groups
were performed.

In the case of LPMR, a repeated-measure ANOVA was
performed to take into account the three successive periods of
the test.

A p-value of 0.05 was considered statistically significant
for all analyses. Graphical illustrations and statistical
tests were performed with Sigma Plot 12.5 (Jandel-Systat,
Erkrath, Germany).
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FIGURE 1 | Sublethal and lethal endpaints of zebrafish (Danio rerio) embryos after 24, 48, 72, and 96 h exposure to microplastics (MP) and microplastics spiked with
benzophenaone 3 (MP + BP3), benzo(a)pyrene (MP + BaP), perfucrooctane sulfonate (MP + PFOS) as well as a mixture of the three pollutants (MP + 3 POPs) relative
to the negative control (CTRL). Endpoints are given as means + SD from three independent experiments.

€3 MP+PFOS @3 MP+3POPs

101 Orebro Uni
o 10 mgL

‘E IFREMER
< 10
g * s
T
=
[+
— 4
[y}
=
E 2
32 (]
&> » ¥ o
et Heidelberg Uni
N 100 mg/L
‘4
41
2-
04

&> » Ey &
Time (hpf)

- 105



Orebro Uni

AR AR RN

AARRRRRARRRRRRRRRNRRRRNRNN

E2 MP+PFOS
3 MP+3P0OPs

4] % ;
o 4 ¢
® ; g 3 CTRL
I ‘
o MP
] H
— H
S Z » MP+BP3
‘ ’
+ g ¢ MP+BaP
T Z g
2 7 g
e 7 g
7 g
7 ]

L\ ® A¥

Heid elberg Uni.
100 mg/L

OIS

OO

A
Time (hpf)

%

FIGURE 2 | Hatching rate of zebrafish (Danio rerio) embryos after 24, 48, 72, and 96 h exposure to microplastics (MP) and microplastics spiked with benzophenone 3
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FIGURE 3 | EROD activity in 96 h old zebrafish (Danio reric) embryos exposed to microplastic (MP) and microplastic spiked with benzophenone 3 (MP + BP3),
benzo[a]pyrene (MP + BaP), perfucrooctane sulicnate (MP + PFOS), and p-naphthoflavone as a positive control (PC BNF) after 3 h pulse (A) or 96 h continucus
exposure (B). EROD activities are given relative to negative controls (NC) as means £ SD {h = 3; ANOVA on ranks: "p = 0.05, "p < 0.01).
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RESULTS

Background Contamination and Spiking of
Microplastics by the Model Pollutants

Background contamination by all three pollutants was measured
on virgin microplastics. Results showed no presence of BP3
(<0.05 ng/g, LOD) and BaP (<5 pg/g, LOD). However, PFOS
was found on the PE particles at a concentration of 12.1
+ 3.5 pg/g. This background concentration was taken into
consideration when analyzing concentrations of PFOS adsorbed
to MPs particles.

Chemical quantification of the three pollutants on PE showed
that each pollutant has specific sorption efficiencies: 51% (BP3),
84% (BaP), and 18% (PFOS) of the total amount of the pollutants
in the solution adsorbed to the PE particles, respectively.
Concentrations of BP3, BaP and PFOS on MPs are reported
in Table 4.

Embryotoxic and Teratogenic Effects
Embryotoxicity and teratogenicity of the selected pollutants
diluted in water and DMSO without MPs were evaluated using
a FET supplemented by various sublethal endpoints. The results
did not show any significant effect (lethal, sublethal effects as
malformations and hatching rate) between the negative control
and the exposed individuals (p > 0.05).

The spiked MPs particles with BP3, BaP, and PFOS caused
neither acute toxicity nor any teratogenic effects in the embryos
using particle concentrations of 10 and 100 mg/L (p = 0.05;
Figure 1). The examination of embryos exposed to the different
MPs particles showed minor changes of the hatching rate
at 72 hpf. Results were, however, statistically not different
at any time point measured (p > 0.05; Figure 2). Moreover,
measurements of the larvae standard length at 5 dpf showed no
significant differences between all conditions tested (p > 0.05;
Figure S1).
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FIGURE 4 | Induction of cypTa gene transcription in 96 hpf zebrafish ({Danio
rerio) embryos after exposure to 10 mg/L of microplastics (MP), microplastics
spiked with benzophenone 3 (MP + BP3), microplastics spiked with
benzolalpyrene (MP + BaP), microplastics spiked with perfucrooctane
sulfenate (MP + PFOS) as well as a positive control (75 pg/L
p-naphthoflavone). Transcription of cypla is given as fold-change relative to
the negative control (dashed line) after 3 h exposure to MP + pollutant starting
at 96 hpf. Data are given as means + SD (n = 4; ANOVA on ranks: p < 0.05,

p < 0.0001).

EROD Activity
EROD activity was measured in 96 hpf embryos incubated to
100 mg/L of the different MPs for either a 3h pulse or 96h
continuously. After the 3h pulse (Figure 3A), only MPs spiked
with BP3 (MP + BP3) induced a significant increase in EROD
activity (p < 0.05), whereas after 96 h of continuous exposure to
MP + BP3 there was no induction of EROD activity (Figure 3B).
In contrast, 96 h of continuous exposure to MPs spiked with BaP
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(MP + BaP) produced a significant increase in EROD activity
(p < 0.05). MPs spiked with PFOS did not show any change in
EROD activity whatever condition tested.

Gene Transcription Analysis of Cyp1a

Gene transcription of cypla was measured in zebrafish embryos
after 3h of exposure starting at 96 hpf. Figure4 shows
normalized fold-change in expression of cypla relative to
negative controls. Virgin MPs particles did not show any
significant change of cypla transcription (p = 0.569). In contrast,
exposure to MP + BaP and MP 4 PFOS induced a mild,
but significant increase in cypla transcription (p = 0.013 and
p = 0.039, respectively), while in the case of MP + BP3 the
significance was just above the threshold (p = 0.059).

Larval Behavior

The larval photomotor response (LPMR) was performed at 5
dpf to monitor early behavioral disruption. Independent of the
treatment, LPMR showed an increase in distance traveled during
the dark phase (LOFF), if compared to both lights-on phases
(LON1 and LON2; ANOVA F(3321) = 38.07, p < 0.001). Between
treatments, however, there was no difference [repeated-measures

ANOVA F(15,281_98) = 0.96, pP= 0.496; Figure 5}

DISCUSSION

The drastic increase in the amount of MPs
environments has raised concern about their potential impact on
aquatic organisms (Rochman et al.,, 2013b; Karami et al.,, 2017,
O’Donovan et al., 2018; Pittura et al,, 2018). The adsorption
of chemical pollutants from aquatic environments to MPs and
the transfer to biota (Antunes et al., 2013; Bakir et al, 2016;
Koelmans et al,, 2016) is an additional important aspect of the
potential toxicity of MPs (Batel et al., 2016; O’Donovan et al.,

in marine
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FIGURE 5 | Larval photomotor response in 5 days old zebrafish {Danio rerio) embryos after exposure to 10 mg/L of microplastics. Distance traveled over 5
min pericds including twe light-on pericds (LON-1, LON-2) and one light off period (LOFF). Data are given as means £ SD [n = 16-24 larvae per treatment;

3 NC

MP

73 MP+BP3
E3 MP+BaP
&3 MP+PFOS
MP+3POP

2018). The present study was designed to evaluate the potential
hazard of contaminated PE MPs for zebrafish embryos by using
the standard protocol for the acute fish embryo toxicity test
(OECD TG 236) as well as enhanced protocols supplemented
by additional (sublethal) endpoints such as cytochrome P450
induction and behavioral changes. In comparison to MPs levels
found in aquatic environments, the microplastics concentrations
selected were relatively high (10 and 100 mg/L). For ocean
surface water, microplastics densities range from 0.2 to 320 pg/L
(Nerland et al., 2014), and similar levels were found in freshwater
ecosystems (Peng et al., 2017; Triebskorn et al., 2019). Data on
environmental concentrations of BP3, BaP, and PFOS adsorbed
to microplastics are either not available or scarce. Therefore, in
the present study concentrations of pollutants adsorbed by PE
were based on fish toxicity data from the literature, e.g., BP3
(Bluthgen et al., 2012; Paredes et al,, 2014); BaP (Weigt et al,,
2011), and PFOS (Yamashita et al., 2005).

In coastal waters, BP3 has been measured at relatively high
concentrations, more than 2,000 ng/L, i.e., 2,500 times higher
than the concentration used in the present study (Bratkovics and
Sapozhnikova, 2011; Bratkovics et al., 2015). However, BaP and
PFOS concentrations used in the present study were higher than
quantified concentration in aquatic environment. Despite its high
affinity to sediments, BaP can be found in the water column,
however, the concentration used, i.e., 170 ng/L, was five times
higher than concentrations found in seawater (El Nemr and Abd-
Allah, 2003; Hong et al., 2016). Concentration of PFOS was also
several order of magnitudes higher than concentrations detected
in seawater (Ahrens et al., 2009).

Acute Embryo Toxicity and Teratogenicity
Embryotoxic and teratogenic effects were investigated for the
single pollutants without MPs assuming that 100% of the
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pollutants desorb from 10 mg/L of spiked MPs. Therefore,
concentrations tested for BP3, BaP, and PFOS were assumed
to be 0.0008, 0.17, and 0.7 pg/L, respectively. For none of
the compounds, any embryotoxic effects were observed, which
is in agreement with the fact that the concentrations tested
were several magnitudes lower than concentrations inducing
toxicity reported in the literature for different aquatic organisms.
For instance, immobilization tests with Daphnia magna at
48 h showed an ECsy for BP3 between 1.67 and 1.9 mg/L
(Fent et al., 2010; Sieratowicz et al., 2011). Sublethal effects
of BP3 in zebrafish, rainbow trout (Oncorhynchus mykiss) and
Japanese medaka (Oryzias latipes) were observed from 132 pg/L
(Coronado et al,, 2008; Bliithgen et al, 2012; Kim and Choij,
2014). A previous study showed that a 72h exposure to BaP
induced teratogenic and lethal effects zebrafish embryos at 63
and 126 pg/L, respectively (Weigt et al., 2011). PFOS produced
sublethal and lethal effects in zebrafish embryos at 10 mg/L (Shi
et al., 2008).

Likewise, PE particles up to 100 mg/L (with a diameter
between 11 and 13 pm) without pollutants did not show any
embryotoxic or teratogenic effects after 96 h of exposure. Similar
results were found after exposure of marine medaka (Oryzias
melastigma) using 10 mg/L of 11-13 um PE particles (Beiras
et al, 2018). Lithner et al. (2011) ranked polymers based on
monomer hazard classification, and PE was classified as one of
the less hazardous polymers for humans and the environment.

Regarding M Ps spiked with pollutants, in the only comparable
experiment so far, embryonic stages of marine medaka were
exposed to 10 mg/L PE spiked with BP3 at the same
concentration as in present study. Exposure to MP 4 BP3
induced premature hatching and a significant decrease in
hatching rate (Beiras et al, 2018). The same authors also
demonstrated a direct contact of MPs to villi at the surface of
the marine medaka chorion, which may facilitate the uptake
of toxicants. Although villi or similar structures do not exist
on the zebrafish chorion, Batel et al. (2018) have shown that
small MPs (1-5pum) were able to adhere to the outer surface
of the zebrafish chorion and to transfer BaP to embryos across
the chorion. In order to force contact of the embryos with MPs,
the exposure protocol by Ifremer used a smaller water volume
than the other laboratories; yet this exposure protocol failed to
induce toxic effects.

Difterences have been observed between zebrafish and
medaka, and beside the difference in egg surface (Hart and
Donovan, 1983; Hart et al., 1984), which may interfere with
MPs contact, additional factors such as exposure time might also
account for the different responses observed between marine
medaka and zebrafish. Indeed, different sensitivities in lethal and
sublethal endpoints have been demonstrated between early life
stages of Japanese medaka and zebrafish exposed to sediments
spiked with two models PAHs (Perrichon et al, 2014). In the
frame of FET test, one major difference between these two
species is the duration of embryonic stage. For Japanese medaka,
the embryonic stage lasts until days 10-11 dpf (Padilla et al,
2009), whereas this period is restricted to 48-72 hpf in zebrafish,
depending on temperature (Kimmel et al., 1995). Similarly to
Japanese medaka, mean hatching time for marine medaka is 11

dpf (Beiras et al., 2018). Therefore, future investigations on MPs
effects in zebrafish might consider prolonged or even chronic
exposure; however, this would be an animal experiment clearly
requiring authorization under Directive 2010/63/EU.

Cytochrome P450 Induction and

Biotransformation

CYP1A is involved in phase I of xenobiotic metabolism and is
often used as a biomarker of exposure. For the investigation
of sublethal effects due to MP exposures, changes in CYPIA
expression was evaluated by analyzing (a) EROD activity in 96h
old zebrafish embryos exposed to 100 mg/L of MPs for 3h (93—
96 hpf) or 96 h (0-96 hpf) and (b) cyp 1a gene transcription. Since
previous studies documented short—term (3 h pulse) exposure to
reference molecules to cause a more prominent EROD induction
than 72 h continuous exposure (Kais et al., 2017, 2018) and has
been shown to be long enough to induce cypl transcription
(Larcher et al., 2014), the present study tested cypla transcription
levels after short-term exposure to 10 mg/L MPs for 3h only.
Independent of MP concentrations, MPs alone did not induce
EROD activity nor cypla transcription.

For BP3, only the short-term exposure (93-96 hpf) to 100
mg/L MPs + BP3 significantly induced EROD activity (p <
0.05), while cypla transcription was slightly upregulated (p
< 0.1) after exposure to MP + BP3 at 10 mg/L. To our
knowledge, BP3 induction of EROD activity has never been
shown before in embryonic stages of aquatic organisms. In adult
zebrafish, Bliithgen et al. (2012) documented an increase in cypla
transcription in the brain of adult zebrafish after 14 days exposure
to 312 pg/L BP3.

BaP is well-known to modulate EROD activity and to induce
cypla transcription in various species (Jonsson et al, 2009
Rochman et al., 2013b; Batel et al., 2016). In the present study,
MPs spiked with BaP caused an induction of EROD activity after
96 h of exposure. Meanwhile, a significant induction (p < 0.05)
of cypla transcription was also shown after 3h of continuous
exposure to BaP-spiked MPs.

MPs spiked with PFOS did not modify EROD activity, but
induced cypla transcription upregulation. Both in adult marine
medaka and zebrafish, previous studies showed that PFOS
modifies eypla transcription after exposure to 1-16 mg/L PFOS
(Fang et al., 2012; Jantzen et al., 2016).

Albeit with some differences in response with respect to
exposure duration—which may reflect the need for translation
or enzyme accumulation—an overall triggering of CYP1A (either
as EROD activities and/or as cypla transcription) was observed
after exposure to MPs spiked with pollutants, whereas virgin
MPs failed to do so. Results indicate that pollutants spiked on
MPs are able to desorb and reach concentrations sufficient to
induce biotransformation.

Larval Behavior

An increasing number of studies uses behavioral responses to
monitor sublethal effects of pollutants such as PFOS or BPA on
aquatic organisms (Huang et al, 2010; Wang J. et al,, 2015),
and changes in, e.g., the photomotor response are commonly
interpreted as evidence of potential neurotoxicity (Le Bihanic
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etal., 2015; Legradi et al., 2018). Yet, our results did not show any
alteration of the LPMR by any of the different MPs preparations.
Similar results were shown after exposure of zebrafish embryos
to pure polystyrene MPs particles by Chen et al. (2017), who
spiked polystyrene MPs with EE2 (17a-ethinylestradiol) and
found hypoactivity at elevated concentrations only. However,
previous studies showed that microplastics may reduce other
behavioral parameters such as predatory performance of fish
depending on the shape of plastic particles (de Sa et al., 2015;
Choi et al., 2018).

As water-borne pollutants, both PFOS (Huang et al., 2010)
and BaP (Knecht et al., 2017) were shown to be able to modify
the behavior of zebrafish. However, concentrations applied
in these studies were several magnitudes higher than those
used in this study and most likely lacked any environmental
relevance. Therefore, further investigations are required to assess
the toxicity of microplastics on behavioral aspects considering
different endpoints and different kind of particles.

CONCLUSIONS

The current study shows that both virgin MPs and MPs spiked
with BP3, BaP, or PFOS at given concentrations do not cause
acute toxic effects in zebrafish embryos using the standardized
protocol of OECD TG 236 (FET). Thus, the standard FET
may not be sensitive enough to investigate acute embryotoxic
effects of spiked MPs. Likewise, behavioral endpoints such as
the LPMR were not altered under any conditions tested, even
though existing literature indicate that embryonic and larval
behavior of fish may be altered by MPs. Yet, given that the
FET can easily be supplemented with additional (more sensitive)
endpoints, enhanced FET protocols may be designed to record
more subtle sublethal endpoints such as biotransformation. For
the identification of adverse effects due to exposure to MPs and
associated pollutants, more sensitive biomarkers or other fish
models with a longer embryonic stage (i.e., Japanese or marine
medaka) may thus be needed. Results indicate that sublethal
toxic effects are more likely caused by pollutants associated with
MPs than by the MPs themselves. This lends some support to
the view that MPs might play a certain role as a vector of
pollutants. Further research at more environmentally relevant
MPs concentrations is needed with different types and sizes of
MPs, other pollutants and adapted exposures scenarios including
increased exposure duration,
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FIGURE S1 | Larvae standard length (mm) measured at 5 dpf in zebrafish (Danio rerio) exposed to a
concentration of 10 mg/L of microplastics (MP) and microplastics spiked with oxybenzone (MP + BP3),
benzo[a]pyrene (MP + BaP), perfluorooctane sulfonate (MP + PFOS) as well as a mixture of the 3 pollutants
(MP + 3POPs) and the control. Data shown as mean £ SD, n=24 per condition. ANOVA F(5, 133)=2.1581,

p=0.062.

Table S1. Sequences of primers used for gPCR experiment with associated amplicon size and efficiency (mean

+ SEM).

) Amplicon Efficiency

Gene Forward primer (5° — 3°) Reverse primer (5° — 3°) ]
size %

cypla GACAGGCGCTCCTAAAACAG CTGAACGCCAGACTCTTTCC 93 98.6 +2.7
actbl CCCAGACATCAGGGAGTGAT CACAATACCGTGCTCAATGG 123 95.3+2.3
gépd GTCCCGAAAGGCTCCACTC CCTCCGCTTTCCTCTC 124 95.8+2.2
rpl13a GGACTGTAAGAGGTATGCTTCCA ACTTCCAGCCAACTTCATGG 200 975+1.2
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Abstract

Microplastics (MPs) can induce toxic effects in aquatic organisms, and, MPs are suspected to
act as vector for organic pollutants to biota. The aim of the present study was to study
polyethylene (PE) and polyvinyl chloride (PVC) as “Trojan Horse” for three model pollutants,
perfluorooctane sulfonic acid (PFOS), benzo[a]pyrene (BaP) and benzophenone-3 (BP3),
toward zebrafish (Danio rerio), on the basis of a dietary exposure. Toxic effects on adult
zebrafish were evaluated as the growth, the reproduction and other biochemical biomarkers.
Alongside adult zebrafish, the survival, growth, and swimming activity of offspring F1 were
monitored. The accumulation of compound was demonstrated after an exposure of 4 months to
MPs spiked with PFOS, while fish exposed to BaP and BP3 did not shown any contamination.
Female fish growth was altered for all PE conditions expressed by a decrease in terms of weight
and length. At 3 months, reproduction success was negatively affected for both MPs spiked
with BP3, as well as all PVC conditions. The offspring F1 unfed demonstrated a higher
mortality rate for both pristine MPs, PE and PVC, as well as PE and PVC spiked with PFOS
and BP3. Also, hyperactivity in larvae from zebrafish exposed to PVC spiked with BP3 was
observed. For the selected combination of MPs particles and contaminants, dietary exposure
demonstrated the vectorization of pollutants through the ingestion of MPs, with diverse toxic

effects, specific to the polymer type or to the compound.
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Introduction

Production of plastic has increased constantly in recent decades reaching almost 350 million
tons in 2017 (Geyer et al., 2017; PlasticsEurope, 2018). Despite improvements in plastic waste
management in some countries effective means of disposal are still not widely available.
Manufactured plastic debris ends up in the oceans, eventually showing up as macroplastics (>
5 mm) or microplastics (MPs), i.e. particles between 1 pm and 5 mm in size (Jambeck et al.,
2015; Thompson et al., 2009). MPs consist of either plastic particles designed and produced for
specific purpose (de Sa et al., 2018; Ogata et al., 2009) or small plastic fragments derived from
the breakdown of larger pieces (Anbumani and Kakkar, 2018; Derraik, 2002; Li et al., 2018;
Thompson et al., 2004).

Polymers are considered biologically inert and thus non-toxic. However, the production of
plastic products uses additives to improve specific characteristics. It has been demonstrated that
these additives can be toxic (Barnes et al., 2009; Lithner et al., 2011). In addition to these
intrinsic chemicals, MPs particles have been shown to sorb significant amounts of persistent
organic pollutants from the surrounding environment which may be of great concern because
of their persistence, bioaccumulation and toxicity (Barnes et al., 2009; Koelmans et al., 2016;
Mato et al., 2001; Rios et al., 2007). Weathering processes as well as fragmentation of MPs,
leads to smaller particles and may increase the reactive specific surface area of particles and
further facilitate the sorption of such pollutants (Koelmans, 2015; Lee et al., 2014; Teuten et
al., 2007). The importance of the role of MPs in transport of POPs in biota is still controversial
(Bakir et al., 2016; Koelmans et al., 2016; Lohmann, 2017).

In addition, given their persistence in the aquatic environment, MPs are globally distributed in
various environments worldwide including some far from source areas (Bogdal et al., 2013;
Corsolini, 2009; Rigét et al., 2016). MPs of both types are considered a potential threat for
aquatic ecosystems (Cole et al., 2011; Thompson et al., 2009). Due to their size at a microscale,
MPs can be ingested by organisms, and their transfer into food webs has been reported in
laboratory studies (Farrell and Nelson, 2013; Pannetier et al., 2020; Setéld et al., 2014). After
ingestion, MPs can cause a variety of toxic effects to aquatic organisms, such as physical effects
or chemical effects. Clogging of the digestive tract (Cole et al., 2011), ulcerative lesions or
gastric rupture (Law and Thompson, 2014) and intestinal alterations (Peda et al., 2016) are
some of the physical alterations observed following exposure to MPs. The ingestion of MPs
may cause endocrine disruption and hepatic stress including CYPL1A expression, oxidative
stress, changes in metabolic parameters, decrease of enzyme activity, and cellular necrosis (Law
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and Thompson, 2014; Mazurais et al., 2015; Rochman, Browne, et al., 2013; Rochman, Hoh,
Kurobe, et al., 2013; Rochman, Kurobe, et al., 2014; Teuten et al., 2007). The ingestion of MPs
has been demonstrated to induce toxic effects, and may compromise growth and organism

development, dynamic reproduction and overall survival of a population.

Under both laboratory and field conditions, different classes of organic pollutants such as per-
and polyfluorinated compounds, polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
pesticides and personal care products adsorb to different MPs materials (Rochman, Hoh,
Hentschel, et al., 2013; Ziccardi et al., 2016). In the aquatic environment POPs are commonly
found in the surface microlayer, where low-density MPs also abundant (Ng and Obbard, 2006;
Rios et al., 2007; Teuten et al., 2007) or in sediments, in contact with high-density MPs such as
polyvinyl chloride (PVC), or low-density MPs, whose density increases with aging or
biofouling. MPs are hypothesized to act as “Trojan Horse’ to vectorize a wide range of
pollutants in the marine environment (Andrady, 2011; Koelmans et al., 2014). Among POPs,
perfluoroalkyl acids (PFAAS), polycyclic aromatic hydrocarbons (PAHSs) and personal care
products (PCPs) are three families composed of numerous chemicals found in the aquatic
environment. In the present study, three different organic pollutants were selected representing
these different chemical families, perfluorooctane sulfonic acid (PFOS); benzo[a]pyrene (BaP)
and benzophenone-3 (BP3). These three compounds were chosen because they have a wide

variety of properties, which will be described thereafter.

Given its wide distribution, PFOS has attracted the most attention of all perfluorinated
substances, since it represents the most commonly detected perfluorinated alkylated compound
in the aquatic environment (Keiter et al., 2016). PFOS has been found in water, sediment, sludge
and soil (Giesy and Kannan, 2002). The volume of PFOS and its precursors in ocean surface
waters has been estimated at between 235 and 1,770 metric tons (Paul et al., 2009). PFOS is a
persistent fluorinated pollutant that does not photolyse, hydrolyze or biodegrade under any
environmental conditions and can survive wide transportation across all environmental media
(aquatic, air and terrestrial). While PFOS is known to enter the aquatic environment, only a few
previous studies investigated the sorption behavior of PFOS on MPs. The sorption of PFOS
onto MPs has been only investigated in 2015 by Wang, Shih, and collaboratos (Wang, Shih, et
al., 2015) who studied the sorption behavior of PFOS and FOSA (perfluorooctane sulfonamide,
a PFOS precursor) on three different MPs types, including polyethylene. They demonstrated
linear sorption mechanisms and a difference of sorption rate depending on the type of polymer

(Wang, Shih, et al., 2015). PFOS is also known to be toxic and bioaccumulative in vertebrates
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and showed a broad range of toxic effects (Giesy and Kannan, 2002; Huang et al., 2010). PFOS
and its precursors were added to the list of the Stockholm Convention on Persistent Organic
Pollutants in 2010 (Paul et al., 2009).

PAHSs are formed by incomplete combustion of organic material (Collins et al., 1991) and the
main sources are derived from fossil fuel combustion, waste incineration and oil spills. In the
environment, BaP is ubiquitously distributed, including coastal and offshore systems (Antunes
et al,, 2013; Liu et al, 2015). Benzo[a]pyrene is one of the PAHs known being pro-
carcinogenic, as well as being one of the most toxic PAHSs. It has been classified by the
International Agency for Research on Cancer as a human carcinogen (Liu et al., 2015). BaP is
used as a model compound to investigate the metabolic pathways of PAHs as inducers of aryl
hydrocarbon receptor (AhR) metabolization pathways. It is also known that PAHS, including
BaP, adsorb at high rates to different types of MPs in seawater, particularly polyethylene
(Rochman, Browne, et al., 2013; Schonlau et al., 2019; Ziccardi et al., 2016). Furthermore, BaP
adsorbed to MPs has been documented to be transferred via trophic transfer to biota (Batel et
al., 2018; Batel et al., 2016; Bour et al., 2018; O'Donovan et al., 2018; Pittura et al., 2018).

Oxybenzone also known as benzophenone-3, is commonly used as a UV-filter in cosmetics
such as shampoos and conditioners, body fragrances and sunscreens. It is also used as an
additive in plastics, to prevent UV degradation. Due to its extensive use, BP3 is considered an
“emerging environmental contaminants of concern” by the US-EPA. The run-off of this UV
filter leads to massive contamination of aquatic environments (Gago-Ferrero et al., 2011). The
presence of BP3 in aquatic systems has encouraged the scientific community to evaluate its
toxicity to aquatic organisms. BP3 acts as an endocrine disrupting chemical, interfering with
reproduction and sex hormone signaling, inducing reproducing pathologies, and altering
reproductive fitness (Bliithgen et al., 2012; Coronado et al., 2008; Fent et al., 2010). BP3 shows
low degradation rates in surface waters (Kim and Choi, 2014) and can bioaccumulate in biota.
The bioaccumulation of BP3 can result in a reduction of egg production and hatching, as well
as causing and increased vitellogenin level in males, which can be indicative of gender shifts
(Coronado et al., Nimrod and Benson, 1998). Beiras et al. (2018) studied toxic effects of
polyethylene loaded with BP3 on different marine zooplankton, showing that short-term
exposure did not cause toxic effects to any organism, except fish early life stages (ELS) exposed

to MPs spiked with BP3, which showed premature hatching and a decrease in hatching rates.

In this study, PE and PVVC were used to evaluate MPs as vector for PFOS, BaP and BP3 toward
zebrafish, via a chronic feeding exposure. Effects on adult zebrafish were studied, including
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growth, reproduction and biochemical biomarkers, along with the survival, growth and
swimming behavior of offspring F1, unfed. The present study aims to provide information on
the comparison between the toxicity of two polymer types, PE and PVC, and the additional

impact from chemicals adsorbed.

Materials and methods

Husbandry and egg production

Zebrafish (Danio rerio), TU strain were bred in 10 L tanks at 27 + 1 °C with a cycle of 14/10
day/night (7.8 £ 0.2, 480 + 130 S, for pH and conductivity, respectively). Fish were fed twice
daily ad libitum with Inicio + 0.5 mm (BioMar, France) and once freshly hatched brine Artemia
nauplii. Constant filtering or permanent flow-through conditions guaranteed that ammonia,
nitrite, and nitrate were kept below detection limits (5, 0.1 and 140 mg/L, respectively).
Zebrafish eggs were collected within hours following spawning induction by light on in the fish

room.

Experimental design

The experiment was carried out at IFREMER station, L’Houmeau. Rearing was performed as
described previously (Alfonso et al., 2019; Vignet et al., 2014). A total of 2700 zebrafish
embryos were placed into 27 tanks (1.5 L), following an equal distribution of eggs from
different spawning to avoid genetic bias. 50 eggs obtained with a fertilization rate above 80%
were evenly distributed in Petri dishes and randomly assigned to each treatment, including 3
replicates per condition. At 5 days post fertilization (dpf), larvae were transferred to 1 L tanks.
At 21 dpf, they were transferred from 1 L tanks to 3 L tubes located in 10 L tanks in the rearing
system. At 26 dpf, tubes were gently poured in 10 L tanks.

Fish were exposed to nine different treatment diets: control (CTRL), pristine polyethylene (PE),
pristine polyvinyl chloride (PVC), spiked MPs with perfluorooctane sulfonate (PE-PFOS and
PVC-PFOS), benzo[a]pyrene (PE-BaP and PVC-BaP) and oxybenzone (PE-BP3 and PVC-
BP3). CTRL condition consisted of fish fed with artificial food only. Due to range of sizes of
MPs, fish exposed to polyethylene (PE) and spiked PE were fed from 5 day post fertilization
(dpf), while fish exposed to polyvinyl chloride (PVC) and contaminated PVVC were fed from 40
dpf. All conditions were exposed until 6 months. Fish were fed twice a day by hand with
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artificial food prepared as described above, supplied in two meals. An additional meal of freshly
hatched Artemia nauplii was given once a day. At the end of the exposure, the offspring
generation F1 was produced as described above but then raised without feeding. For practical
and exposure management reasons, exposures to PE (pristine and spiked) and PVC (pristine
and spiked) were performed sequentially, with both sets of exposures including their respective
CTRL replicates.

Fish rearing and exposure were performed at the laboratory of Ifremer Research Centre,
L'Houmeau, which is authorized to use and breed laboratory animals (EEA 171901). The
project was performed under the approval of the Animal Care Committee of Poitou-Charentes
# 84 COMETHEA (France) with project authorization number APAFIS 10883, following the

recommendations of Directive 2010/63/EU.

Microplastics and diet preparation

Polyethylene (PE; order no. MPP-635 G) with a size range of 11-13 um and a density of 0.96
kg/m? purchased from Micro Powders (New York, USA). Polyvinyl chloride (PVC) with a size
range of 125-250 um, purchased from Fainplast (Ascoli Piceno AP, Italia). Benzo[a]pyrene
(BaP; CAS 50-32-8; purity >96%), benzophenone-3 ((2-hydroxy-4-methoxyphenyl)-
phenylmethanone, BP3; CAS 131-57-7; purity > 98%) and PFOS
(1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-1-sulfonic acid; CAS 2785-37-3;
purity > 98%) were purchased from Sigma Aldrich (Stockholm, SE). All other chemicals and
reagents were purchased at the highest purity available from Sigma-Aldrich, unless stated

otherwise.

PE and PVC were spiked with PFOS, BaP and BP3 following protocols described in Cormier
et al., (2019), with minor modification for the PVC preparation. For the sorption of PFOS,
200 g/L of PVC was mixed with 200 mg/L of PFOS in 1 L polypropylene bottle (Lamaplast;
Sesto San Giovanni, Italy), while for BaP and BP3, 125 g/L of PVC was added in 400 mL glass
bottles (Thermo Scientific, Lund, SE) mixed with 5000 pg/L and 20 ug/L of BaP and BP3,

respectively. Final concentrations of compounds on MPs are indicated in Table 1.
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Table 1: Concentrations of PFOS, BaP (pg/g) and BP3 (ng/g) extracted from PE (11-13 um) and PVC (125-
500 pum). Mean * SD, n=3.

PFOS BaP BP3
PE (11-13 um) 70.22+12.41 |16.87+022 | 106.00 £ 6.50
PVC (125-250 um) | 159.54 + 40.84 | 11.50 + 1.35 | 107.00 + 1.50

Pellet food suited to the size of fish, SDS 100-300 um was purchased from DIETEX (France)
and Inicio 500 um from BioMar (France). To obtain a homogenous distribution of MPs in food,
MPs combined with food pellets at a final ratio of 1% ww in glass tubes and mixed with a 4
mm bottlebrush fixed on a drill for 3 minutes. Afterwards, to reinforce binding of MPs to pellets,
flaxseed oil was added (5uL per gram of food) and mixed for an additional 3 minutes. To allow
MPs to stick to pellets, PVC was only spiked in Inicio 500 diet. This explains why exposure
started with 2 month-old fish.

Chemical analysis

Fish exposed (FO generation) to MPs were sampled at 1, 2 and 4.5 months to determine PFOS,
BaP and BP3 concentrations in fish. Pooled fish (1 and 2 months) and individual fish
(4.5 months) have been used. F1 embryos have been collected at 3-5 hpf to quantify the transfer
of pollutants from genitors to offspring as pools of embryos or mass or spawns of at least

100 embryos.

PFOS analysis

To analyze PFOS in fish, the ion pair extraction has been performed, with alkaline digestion
(So et al., 2006; Yoo et al., 2009). Frozen fish were grinded in a mortar with the addition of
20 mM of NaOH, sonicate for 30 min and placed on a horizontal shaker overnight (16 h). The
pH was neutralized with hydrochloric acid, and 0.5 M of tetrabutylammonium sulfate as well
as 10 ng of mass-labelled 13C4 PFOS (Wellington Laboratories Inc., Canada) were added.
Samples were then were sonicated for 15 minutes. Extraction was performed three times with
2 mL methyl tert-butyl ether with 15 min of sonication followed by centrifugation 10 min at
8000 rpm. Extracts were evaporated down to dryness with N2 and then, methanol was used to
dissolve extracts, 2 ng of mass-labelled 13C8 PFOS (Wellington Laboratories Inc., Canada) has

been added. Chemical analysis was performed as described in Cormier et al. (2019).
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BaP analysis

Frozen fish were analyzed using the homogenization in a mortar. Anhydrous sodium sulfate in
a 1:5 ratio was added to eliminate water in the sample, as well as 1 ng of BaP d12. Deactivated
mini-silica columns were prepared with 10 % of deactivated silica and anhydrous sodium
sulfate, washed with n-hexane:dichloromethane (hex:dcm, 3:1, v/v). Samples were eluted with
8 mL of hex:dcm (1:1, v/v), and reduced to 200 pL before a transfer to toluene (reduced to
500 pL), with the addition of 2 ng of perylene d12. Chemical analysis was performed as

previously described in Cormier et al., 2019.

BP3 analysis

Oxybenzone is a compound easily metabolized in organisms (Blithgen et al., 2012; Coronado
et al., 2008), leading to the formation of metabolites. Benzophenone-1 (BP1) has been reported
to be one metabolite of BP3, as detected in the urine of rats and humans (Diaz-Cruz et al., 2008;
Kunisue et al.,, 2012) as well as in zebrafish (Bluthgen et al., 2012). To determine the
concentration of BP3 and BP1, frozen fish were ground in a mortar with 1 mL of acetonitrile,
followed by 15 min of sonication, 15 min of horizontal shaking and 5 min on a vortex. Samples
were then centrifuged for 15 min at 3900 rpm and passed through a filter (GHP acrodisc
13 mm). Filtrates were stored in a freezer (- 20 °C) overnight (16 h) to precipitate proteins.
After the precipitation, samples were centrifuged and the surnatant was evaporated down to
100 pL with N2 gas stream. 500 ng of BP3 d10 was added as standard and an external
quantification was used with a calibration curve of BP3 and BP1 (0.04 to 80 pg/uL). Analysis
was performed using Acquity UPLC I-class coupled to a quadrupole time-of-flight mass
spectrometer (Xevo G2-XS QToF MS, Waters Corporation, Milford, USA) using Acquity
UPLC BEH C18 column (L 100 mm * ID 2.1 mm, particles of 1.7 um) with a set temperature
of 50°C and an injection volume of 10 pL. Sample temperature was set at 10 °C to avoid
compound degradation during analysis. Analysis was performed with electrospray ionization
in positive mode, with an MSE method between m/z 50 and m/z 600. The mobile phase was
composed of 0.1 % formic acid in water for the aqueous phase and 0.1 % formic acid in
acetonitrile for the organic phase. BP3 and BP1 concentrations were calculated using BP-d10
as internal standard. Calibration curves were plotted for a concentration of BP1 and BP3 of
0.4; 2; 8; 20; 40 and 80 pg/pL with an internal standard concentration of 10 pg/uL. Every
calibration curve concentration has been injected in triplicate. Limits of quantifications were
calculated for BP3 and BP1 as 0.031 pg/pL and 0.063 pg/pL respectively. Procedure blanks

were included in all batches.
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Biomarkers of toxicity in the FO generation

Survival and growth

During exposure, dead larvae or fish were monitored daily. Individual standard length (mm)
and body weight (g) were measured after anesthesia with benzocaine (50 mg/L, Sigma Aldrich,
France) as described previously (Vignet et al., 2014). In addition, some fish were euthanized
with benzocaine (500 mg/L) at different time points for biomarkers or chemical analyses. For
this purpose, and depending on downstream analyses, entire fish or dissected out tissues were

immediately frozen in liquid nitrogen and stored until analysis.

Reproduction

Reproduction was monitored starting at 90 dpf and for approximately one month. For this
purpose, in late afternoon couples were placed in spawning boxes (AquaSchwarz, Germany) in
early evening; five pairs were set up per condition per attempt. Boxes were inspected the
following morning, and the presence of eggs scored as a successful attempt. In this case, eggs
were collected and sorted to count the total number of eggs and to calculate fertilization rates.
The general rule was to set up five pairs per condition per attempt, using fish from each replicate
sequentially. Eggs were kept and placed in Petri dishes filled with 30 mL of the isotonic mixture
E3 (1 L:17.2gNaCl, 0.76 g HCI, 2.9 g CaCl2.2H20, 4.9 MgS04.7 H20) and methylene blue
(250 pL/L). The hatching rate and survival of F1 without feeding were monitored to evaluate
their available energy resources, with a daily medium exchange. For control fish, 23 and 53
attempts were performed at the same time as PE and PVC tests, while 30 attempts were
performed for fish exposed to PE and spiked PE and 63 attempts were performed for fish
exposed to PVC and spiked PVC.

EROD

Zebrafish liver tissue was homogenized in 0.1 M phosphate buffer (pH = 7.7; 0.1 M KCI). The
homogenate was then centrifuged at 9000 g at 4 °C for 20 min. The supernatant (fraction S9)
was then collected in a clean micro tube and stored at —80 °C before being used for all enzymatic

activity measurements.

The protein concentration in the S9 fraction was measured using Bradford's method with bovine
serum albumin (BSA) as standard (Bradford, 1976). Spectrophotometric measurements were
performed in a Biotek Synergy HT microplate reader, and expressed as mg/mL. EROD activity
was determined using the Burke and Mayer method (Burke and Mayer, 1974). The reaction
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mixture consisted of a NaH2PO4/K>HPO4 buffer (0.1 M, pH 7.5), 7-ethoxyresorufin (0.15 mM)
and NADPH (5.57 mM). The change in fluorescence was recorded (excitation wavelength
530 nm, emission wavelength 585 nm) and enzyme activity calculated as pmol/min/mg protein

using a resorufin standard.
TBARs

The amount of reactive oxygen species (ROS) to evaluate oxidative stress is difficult to measure
due to a short half-life, so the measure of thiobarbituric acid reactive substances (TBARS), an
oxidative product (Buege and Aust, 1978), was studied. TBARs were measured in zebrafish
muscles (4.5 months), and following the colorimetric protocol developed by Buege and Aust
(1978) and adapted to a microplate reader as described in Weeks Santos et al. (2019). Results
are expressed as nM of TBARs equivalents per mg of protein. Per condition, pooled of 3 males

or 3 females have been used to obtain 3 measures per condition.
AChE

AChE was performed on S9 fraction of zebrafish brain (4.5 months), following Ellman et al.
(1961), adapted to a microplate reader. Extraction was performed following Lowry et al., 1951,
modified as in Weeks Santos et al., 2019. Each well contained 10 pL of S9, 180 pL of
5,5’-dithiobis 0.5 mM in 0.05 M of Tris Buffer (pH 7.4) and 10 pL of acetylcholine iodide. The
rate of increase of optical density was measured using a spectrophotometer (Synergy HT,
BioTek) at 412 nm. Results are expressed as nmol/min/mg protein. For each condition, pools

of 3 males or 3 females were used to obtain 3 measures per condition.

Biomarkers of toxicity in the F1 generation

Larval behavior

Larval behavior was monitored at 120 hpf using larval photomotor response (LPMR) test as
described in Vignet et al. (2014). Larvae were individually transferred into one well of a
24-well plate (Krystal 24, opaque wall and clear bottom microplate, Dutscher) and plates were
transferred to an enlighten incubator at 28°C in the behavior room. Plates were then
successively placed into DanioVisionTM (Noldus, NL) in the dark for 10 minutes of
acclimation before the LPMR test which included the following 5-min steps: Light on-1
(LONZ1, 70 lux), Light off (LOFF, <1 lux) and Light on—-2 (LONZ2, 70 lux) with constant infra-

red light maintained during video recording. Distance travelled (cm) over the 5 min of each
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period were then calculated using Ethovision (Noldus, NL). Larvae with tracking issues were

removed resulting in 16 to 24 larvae analyzed per treatment.

Larval survival

On the F1 generation, a survival experiment was performed using unfed offspring from exposed
fish. This aimed to determine whether the exposure of parents to MPs or MPs spiked, could
alter the survival of their offspring larvae (F1). The monitoring of F1 larvae survival was
performed using eggs collected throughout the 60 attempts, from spawns above 60 % of
fertilized eggs. Thirty eggs were collected from each clutch and kept in a Petri dish in 30 mL

of E3 medium at 28 °C until the end of the survival, expressed by natural death of embryos.

Statistical analyses

Each exposure condition was repeated three times. Normality of the data was checked using the
Shapiro-Wilk test. Analysis of variance was performed followed by Fisher’s test compared to
control. ANOV A was used for normal data, and for data that did not fulfill normal distribution,
the Kruskal-Wallis non-parametric test was performed. Differences in survival were assessed
within each diet using Log-rank (Mantel-Cox) test and time at which 50% mortality is reached
was calculated using four-parameter logistic regression, both using Prism software (Graphpad).
All statistical analyzes were carried out at a 95 % level of significance and values are

represented as mean + SD.

Results
Chemical analysis of fish

Fish exposed to PE particles (11-13 pum), were sampled after 1, 2 and 4.5 months of exposure,
while fish exposed to PVC particles (125-250 pum) were sampled after 4 months, since the
exposure started at 2 months. Results revealed that PFOS concentration was below detection
limits in control fish or exposed to pristine MPs, both PE and PVC. A similar accumulation of
PFOS wass observed after 1 month (7.46 £+ 3.21 pg/g) and 2 months (8.86 + 2.41 pg/g) in fish
exposed to PE-PFOS. After 4 months of exposure, fish were analyzed according to their sex.
The concentration of PFOS in fish was not affected by polymer type. However, the uptake of
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PFOS by males (PE 17+0.5; PVC 21+5) was significantly higher than by females (PE 12.5+2.5;
PVC 13+2) (Figure 1).
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Figure 1: PFOS concentration in zebrafish exposed for 4.5 months to pristine MPs (PE, PVC) or to spiked MPs
(PE-PFOS, PVC-PFQS). Stars indicates significant differences between males and females (p<0.05), however,
no significant differences were observed between polymer types.

The chemical analysis of fish revealed that BaP, BP3 and BP1 concentrations were below
detection limits, and so, no signs of accumulation in any cited treatment group have been

demonstrated.

Toxicity in the FO generation

Survival and growth

No significant mortality has been recorded whatever the condition and so no deviation from the

control has been observed.

After 2 months of exposure (PE: 2 month-old and PVC: 4.5 month-old), no significant
difference between CTRL and exposed fish was observed for total length or body mass
whatever the condition and polymer type. After 4 months of exposure (PE: 4.5 month-old and
PVC: 6 month-old), total length of females exposed to PE-BaP and PE-BP3 were smaller than
CTRL females (Fs,41)=2.452, p=0.049) while for other conditions for females or any conditions
for males, there was no difference compared to CTRL. Regarding body mass, there was
sporadic difference for males, with PE and PE-PFOS being smaller than CTRL while no
difference was observed for other conditions. In the case of females however there was a
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significant decrease in body mass for all exposed conditions, for PE (Fs47=10.101, p<0.001)
and PVC (F,130=28.3, p<0.001).

Reproduction

Spawns were obtained for all conditions. No difference between CTRL and exposed conditions
was observed for either spawn size (F,71)=1.404, p=0.23 for PE and (F,72=1.804, p=0.12 for
PVC) or fertilization rates (F,71y=0.794, p=0.56 for PE and (F,72)=2.169, p=0.07 for PVC).
Proportion of successful attempts was significantly reduced for PE-BP3 (78.6% for CTRL vs.
47.5% for PE-BP3; Fisher's exact test, p<0.05; Fig. 3) while there was no difference with CTRL
for other PE conditions. On the contrary, attempt success was significantly reduced for all PVC
conditions (50.0% for CTRL vs. 12.1 to 24.2% for PVC or spiked PVC; Fisher's exact test,
p<0.05), Figure 2.
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Figure 2: Relative proportions of successful (green) and failed (red) attempts to obtain eggs from fish exposed
PE and spiked PE (on the left) and to PVC and PVC spiked (on the right). Stars indicate significant difference
with their respective CTRL (Fisher’s exact test; *: p<0.05; **: p<0.01; ***: p<0.0001).

EROD, TBARs and AChE activities

EROD activity was measured in fish liver (Figure 3). No significant difference was observed
between males and females; hence, both sexes were analyzed together. There was no significant

difference of EROD activity in exposed fish compared to CTRL fish.

Oxidative stress levels were evaluated using measurement of TBARs (Figure 4). No significant
difference was observed between males and females; hence, both sexes were analyzed together.

There was no significant difference in TBARs levels in exposed fish compared to CTRL fish.
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AChE activity was measured in fish brains (Figure 5). No significant difference was observed
between males and females, so both sexes were analyzed together. There was no significant

difference in AChE activity in exposed fish compared to CTRL fish.
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Figure 3: EROD activity, expressed in pmol per minute and per mg of proteins. Mean + SD, n=6.
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Figure 4: TBARs activity, measured in the different conditions, expressed in nmol per mg of protein.
Mean £ SD, n=6.
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Figure 5: AChE activity, expressed in nmol of AChE per minute and per mg of proteins.
Mean + SD, n=6.
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Biomarkers of toxicity in the F1 generation

Larval growth

The analysis of larval individual standard length, measured at 5 dpf did not reveal significant
difference between all conditions (Kruskal-Wallis(12, 135)=16.47, p=0.170; Figure 6).

PE PE

PE PVC PVC PVC PVC
PFOS BaP BP3 PFOS BaP BP3

Larval individual standard length (mm)

Ctrl PE

Figure 6: Individual standard length of larvae from each condition, in mm. Mean + SD, n=15.

Larval behavior

LPMR gave the expected results for larvae from CTRL fish with an increase in distance
travelled during LOFF compared to both L=ON. This was also true for larvae from all other
conditions (ANOVA F(36, 2326)=3.017, p<0.001). Whatever the PE conditions, there was no
difference of activity compared to CTRL within each period (Figure 7).
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Figure 7: LPMR in 5 d old larvae issued from fish exposed to PE and spiked PE. Distance travelled over 5 min
periods. Data are given as means = SD (n = 50 to 60 larvae per treatment). Different lowercase letters indicate
a significant difference between conditions within the same period. Different uppercase letters indicate a
significant difference for the same condition between periods (Repeated—measure ANOVA).

In the case of PVC conditions, PVC-BP3 was the only condition differing from others,
including CTRL, during LOFF (p = 0.011) while there was no difference during LON periods
(Figure 8).

I Control
| PVC
I PVC-PFOS
N pvC-Bap
PVC-BP3

Distance travelled (cm/5 min)

LON1 LOFF LON2

Figure 8: LPMR in 5 d old larvae issued from fish exposed to PVC and spiked PVC. Distance travelled over 5
min periods. Data are given as means + SD (n = 50 to 60 larvae per treatment). Different lowercase letters
indicate a significant difference between conditions within the same period. Different uppercase letters indicate
a significant difference for the same condition between periods (Repeated—measure ANOVA).

Larval survival

Larval survival was monitored for 14 dpf on unfed larvae. Survival was first analyzed overall,

then the age at which 50% of mortality was reached was calculated. According to survival
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analyses, all conditions modified larval survival with the exception of PE-BaP
(Chi? value=2.98; p=0.08) and PVC-BaP (Chi? value<0.01; p=0.98) (Table 2). Because the
Log-rank test appeared quite permissive, we further characterized survival curves by calculating
the age at which 50% of mortality occurred. Thiswas 11.37 days [95% CI: 11.35-11.39]. Values
for PE-BaP, PVVC-BaP but also PE-Oxy did not differ significantly from this value. Values for
PVC-PFOS and PVC-BP3 were marginally reduced by 4.08 and 3.6 hours respectively.
Survival of PE was promoted with 50% of mortality occurring 13.2 hours later than CTRL
while it was 12.0 and 13.2 hours earlier for F1 from PE-PFOS and PVC exposed FO fish

respectively

Table 2: Results of the logrank test of larval survival, for all conditions, including chi2, p-value and the
significance.

Conditions | Chi2 (df =1) p-value Significance
PE 86.630 < 0.0001 kk Yes
PE-PFOS 58.460 <0.0001 | *e Yes
PE-BaP 2.981 0.0843 ns No
PE-BP3 4.012 0.0452 * Yes
PVC 69.210 <0.0001 | *e Yes
PVC-PFOS 14.020 0.0002 K Yes
PVC-BaP 0.000 0.9819 ns No
PVC-BP3 6.107 0.0135 * Yes

Discussion

Number of particles monitored in digestive tract of marine biota is generally low; however, in
general, size of MPs monitored is in the higher range of MPs size (de Sa et al., 2018). Egestion
of MPs by animals in general and fish in particular is quite fast, nevertheless the presence of
microplastics has been observed in a large number of fish species captured in the oceans, seas
and freshwater (Alomar et al., 2017; Bessa et al., 2018; Jabeen et al., 2017; Morgana et al.,
2018; Pazos et al., 2017). This suggests that number of small MPs ingested by fish in the wild
is largely underestimated and that exposure is almost constant over time. In this experiment, we

have exposed fish to food pellet spiked with MPs at a 1% w/w. If we consider a particle of
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330 um on each side, which is the lower threshold of particles collected with the commonly
used manta trawl, and considering that for an adult the daily portion delivered was 3% of the
body mass, this represented between 3.5 and 2.5 particles given per day per individual, for PE
and PVC respectively. Therefore, even if it is difficult to make parallel with environmental
density of MPs their occurrence in fish digestive tract, exposure conditions used here fell in
environmental ranges. These conditions were also comparable with ratio used in previous
experiments using similar exposure route [0.2-2%] (Jovanovi¢ et al., 2018; Mazurais et al.,
2015; Rainieri et al., 2018; Zhu et al., 2020).

Data on environmental concentrations of BP3, BaP and PFOS adsorbed to MPs are either not
available or scarce. The present study is part of EPHEMARE project, studying the toxicity of
MPs on various aquatic organisms as algae, jellyfish, sea urchin or fish. Therefore,
concentrations of chemicals sorbed on MPs were selected to insure the viability of all organisms
used in the project and exposed to these concentrations. Therefore, in the present study
concentrations of pollutants adsorbed on PE were based on fish toxicity data from the literature,
e.g. PFOS (Yamashita et al., 2005); BaP (Weigt et al., 2011) and BP3 (Bluthgen et al., 2012;
Paredes et al., 2014). In coastal waters, BP3 has been measured at relatively high
concentrations, more than 2000 ng/L, i.e. 2500 times higher than the concentration spiked on
MPs and used in the present study (Bratkovics and Sapozhnikova, 2011; Bratkovics et al.,
2015). In the case of BaP and PFOS, concentrations used in the present study were higher than
detected concentrations in aquatic environment. Despite its high affinity to sediments, BaP can
be found in the water column, however, the concentration used, i.e. 170 ng/L, was 5 times
higher than concentrations found in seawater (EI Nemr and Abd-Allah, 2003; Hong et al.,
2016). Concentration of PFOS spiked on MPs and used in the present study was also several
orders of magnitudes higher than concentrations found in seawater, since the environmental

level of PFOS detected in seawater was in the range of ng/L (Ahrens et al., 2009).

Exposure to MPs spiked with PFOS induced the bioaccumulation of the compound into
zebrafish for both polymer types. On the contrary, neither BaP nor BP3 was detected in exposed
fish. In both cases, compounds are known to be metabolized (Bluthgen et al., 2012; Dévier et
al., 2013; Le Du0-Lacoste et al., 2013). Actual metabolization of both compounds has been
demonstrated in zebrafish (Vignet et al., 2014). In zebrafish, BP3 is partly converted in BP1 as
demonstrated by exposure to high concentration of BP3 (Bluthgen et al., 2012). BP1 was also
monitored but not detected in exposed fish, this may be related to the much lower concentration

used in the present experiment.
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Importance of MPs as vector for organic pollutants is still under discussion and proposed to be
negligible based on modeling (Bakir et al., 2016; Koelmans et al., 2016), however as discussed
by Hartmann et al (2017) it is likely that the actual occurrence of MPs in the environment is
currently underestimated due to sampling method used and that MPs are not evenly distributed
in the environment. It is therefore very likely that, at least in some situations, MPs may act as
actual vector for organic pollutants. In addition, many chemicals are used as additives and can
therefore be present in plastics since their productions; this is the case for PFOS and BP3.
Besides, actual transfer of organic pollutants from MPs to biota has been extensively
demonstrated (Batel et al., 2016; Galloway et al., 2017; Gonzalez-Soto et al., 2019; Koelmans,
2015; O'Donovan et al., 2018; Pittura et al., 2018; Rainieri et al., 2018; Rochman, Hoh, Kurobe
and Teh, 2013). Toxicity of MPs, either pristine or spiked has been studied in various
organisms. In fish, exposure to MPs has been shown to induce oxidative stress, modification of
the metabolism and cellular necrosis (Browne et al., 2013; Rochman, Hoh, Kurobe et al. 2013;
Rochman, Kurobe, et al., 2014) but not always (Beiras et al., 2018, Mazurais et al., 2015).
Studies reporting toxic effects at tissue level are scarce. Exposure to MPs has been shown to
produce intestinal lesions in European sea bass (Dicentrarchus labrax) or zebrafish (Lei et al.,
2018; Peda et al., 2016) while in other case no inflammation or tissue lesion were observed in
sea bass (Mazurais et al., 2015). Variability in biological response may be due, e.g. to the variety
of MPs, exposure routes used, concentrations or exposure durations. Regarding the later, it is
to note that concentrations are often high, poorly related to environmental situation, and
exposure short. In the study reported here, exposure lasted a minimum of 4.5 month and
included several developmental stages, from larvae to adult for PE and from juvenile to adult
for PVC. As far as we know this is the longest experimental exposure of fish to MPs. It is of
importance to note that growth defects appeared only in females and only after 4 months of
exposure which likely explained why this effect has not been observed in similar experiment
such as the exposure of Japanese medaka to polystyrene MPs at 0.2% in diet during 2.5 months
starting with juveniles even if they observed some disruption of digestive tract morphology
(Zhu et al., 2020). It is of interest to note that a similar exposure duration was necessary to
observe this phenotype whatever the polymer used indicating that for growth the duration rather
than the initiation of exposure is important. It is also noteworthy that the growth defect was
observed for all PE and all PVVC conditions suggesting that spiked chemicals did not modulate
this effect. The fact that growth defects were only observed in females may be due to female
specific disruption has this has been reported for some endocrine disruptors (Schneider et al.,
2014). Another explanation may be related to sexual dimorphism for energy budget. In several
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fish species, mature females have higher food consumption and/or metabolic costs compared
with males as this has been shown in e.g. northern pike, walleye, yellow perch, catfish or
zebrafish (Beaudouin et al., 2015; Diana, 1983; Rennie et al., 2008; Xie et al., 1998). Therefore
disruption of energy budget due to lowered food consumption or an increase in metabolic costs
reported for numerous organisms (Besseling et al., 2013; Green et al., 2016; Rist et al., 2016;
Sussarellu et al., 2016; Watts et al., 2015; Wright et al., 2013; Yin et al., 2018) and integrated
in a tentative adverse outcome pathway (AOP), would have larger consequences on females
(Zhu et al., 2020).

Long-term exposures of oyster or Japanese medaka to polystyrene microspheres resulted in
reproduction defects (Zhu et al., 2020). In the case of oyster, waterborne exposure lasted
2 months while in the case of Japanese medaka dietary exposure lasted 2.5 month. In the case
of oyster, exposure resulted in a decrease in oocyte number and diameter, as well as in a
decrease in sperm velocity. Reproduction output was also affected as revealed by a decrease in
both D-larval yield and further larval growth (Sussarellu et al., 2016). In the case of Japanese
medaka, reproduction output was slightly reduced (approximately -20%) for the highest dose
used but only during the last week of exposure (week 10) but not during the previous week
(Zhu et al., 2020). Other spawn parameters, i.e. fertilization rate or embryonic endpoints were
not modified whatever MPs concentration. In the present study, we monitored several spawn
and offspring endpoints. For spawns, in agreement with results obtained in Japanese medaka
exposed to polystyrene MPs, we observed no modification of fertilization rate whatever the
polymer of the spiked chemical. Regarding the two other variables we monitored they both
contribute to reproductive output. We observed no change in spawn size whatever the polymer
of the spiked chemical. However we observed an important decrease in spawning success in all
PVC conditions, including pristine PVC while for PE, decrease was only significant for PE-
BP3 condition. The total eggs number is integrative of both spawning success and spawn size;
our results are in agreement with what has been reported for Japanase medaka (Zhu et al., 2020).
The use of different polymers and spiked chemicals allowed going further in the analysis of the
effect. Firstly, PE did not produce disruption of reproduction and neither spiked PFOS nor BaP
was able to trigger additional effect. On the contrary, PE-BP3 was the only PE condition with
a slight reduction of spawning success. This suggests that what is seen here is due to BP3. In
the case of PVC, results suggest that PVC (or specific additives) itself is able to trigger a
decrease in reproduction output. Addition of BP3, in PVC-BP3 condition, was the most
reprotoxic condition with a 75% reduction of reproduction output. This is also in agreement
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with results obtained for PE-BP3. In order to fully describe consequence of exposure on
population recruitment of exposure, some offspring traits have been monitored. Some
disruptions have been observed in F1 from exposed fish but they were not major. The slight
reduction of time needed to reach 50% mortality, less than 2% for PVC-PFOS and PVC-BP3
and 4 to 5% for PE-PFOS and PVC, may be related to a decrease in the energy initially provided
to eggs. This was however not translated in early development since larval growth monitored
at 5 dpf was unaffected and larval behavior was not reduced. Regarding this latter trait, the
increase in response to LOFF period observed in F1 from PVC-BP3 exposed fish is quite
important with an increase of 24% compared to control larvae. Since this behavior during LOFF
is reminiscent of an escape behavior in case of passage of a fish, potentially a predator for
larvae, an excessive response may exposed larvae to this predator and be detrimental for its
survival. Disruption of behavior during LOFF has also been described as an indicator of

increased anxiety and/or neurotoxicity (Legradi et al., 2018).

If PE and PVC MPs (both pristine and spiked) were equally able to decrease growth after
approximately 4 months of exposure, it appeared that reprotoxicity of PVC was higher since
spawning was disrupted 1) for all PVC conditions versus only PE-BP3 and 2) after only
2.5 months of exposure versus 4.5 months for PE since reproduction was assessed at the same
age for both polymers type. Within each polymer conditions, we also observed differences for
reproduction traits between pristine MPs and spiked MPs and between chemicals spiked, with
PVC-BaP and PVC-BP3 being the most reprotoxic, while PE-BP3 was the only PE condition
producing reprotoxicity. PVC-BP3 was also the only condition promoting disruption in
offspring by inducing hyperactivity during LOFF. Altogether, this points out the fact that BP3
appeared to be the most toxic chemical used here. BP3 is known to act as an endocrine
disrupting chemical interfering with reproduction and sex hormone signaling, inducing
reproducing pathologies and altering the reproductive fitness (Bluthgen et al., 2012; Coronado
et al., 2008; Kunz et al., 2006).

In another experiment, we have used the same PE particles, pristine and spiked MPs, to evaluate
acute toxicity using a regulatory test, the fish embryotoxicity test (Cormier et al., 2019). This
test was performed according to TG236 framework (OECD, 2013) which means this was a
short (4 days) waterborne exposure using zebrafish embryos. No acute toxicity was revealed
even using irrelevant concentrations such as 10 or 100 mg/L and only observed effects were
slight induction of cypla expression upon exposure to PE-BaP and PE-BP3 at 10 mg/L (not
tested at higher concentration) and of EROD activity upon exposure to 100 mg/L of PE-BP3 or
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PE-BaP depending of the exposure timing. In any case, these results obtained using the same
particles as in the present study, revealed that regulatory tests are not suitable to monitor MPs
toxicity. In a similar experiment but using marine medaka rather in place of zebrafish embryos,
a weak but significant toxicity was obtained at the highest concentration tested, 10 mg/L for
PE-BP3 (Beiras et al., 2018). Beside exposure medium salinity which can change MPs
characteristics and/or chemical exchange, the major difference between two species is that
marine medaka hatch at approximately 10 days post fecundation versus 2.5 for zebrafish and
so that exposure lasted 12 days rather than 4 days (Beiras et al., 2018). This strongly suggests
that toxicity of MPs comes from chronic exposure and so that longer exposures are necessary

to properly asses their toxicity.

A reduction of growth for females and a decrease in reproduction output may have important
negative consequences on individual abilities to contribute to recruitment which may lead to
adverse effects at population level. Our results fit well with the tentative AOP proposed recently
to link exposure to MPs to population consequences (Galloway and Lewis, 2016). It is
important to note that these effects depends on polymers type (PVC being more toxic than PE),
the presence or not of chemicals (BP3 being more toxic than BaP or PFOS) and the duration of
exposure. Regarding this last point long-term, chronic, exposures are necessary to actually
report efficiently MPs toxicity for fish. More similar comparative studies like this one are

necessary to evaluate extent of generalization which could be made about these conclusions.

Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest.

Author Contributions

BC, FLB, MLB, SK, JC and XC designed the experiment; BC, FD, ML and LY performed the
chemical analysis; BC and SZ conducted the early life stages experiment; MC, MLB and XC
performed the long term exposure; BC, MC, MB, MLB, CC, FLB and XC performed all the

toxicological analyses. BC wrote the manuscript and all authors corrected the manuscript.

138



Funding

This work was developed under the EPHEMARE project (Ecotoxicological effects of
microplastics in marine ecosystems), supported by national funding agencies within the
framework of JPI Oceans (FCT JPIOCEANS/0005/2015; FORMAS, 2015-01865; ANR-15-
JOCE-0002-01; German BMBF 03F0735A). Bettie Cormier was directly supported by an IdEXx

grant from the University of Bordeaux.

Acknowledgment

PE and PVC were kindly provided within the JPI Oceans project EPHEMARE as a dry powder
by Marina Albentosa (Instituto Espafiol de Oceanografia, Centro Oceanografico de Murcia,

Spain) and Francesco Regoli (Universita Politecnica delle Marche, Ancona, Italy), respectively.

References

Ahrens L., Felizeter S., Ebinghaus R. (2009). Spatial distribution of polyfluoroalkyl compounds
in seawater of the German Bight. Chemosphere. 76, 179-184

Alfonso S., Blanc M., Joassard L., Keiter S. H., Munschy C., Loizeau V., Bégout M.-L., Cousin
X. (2019). Examining multi- and transgenerational behavioral and molecular alterations
resulting from parental exposure to an environmental PCB and PBDE mixture. Aquatic
Toxicology. 208, 29-38

Alomar C., Sureda A., Capé X., Guijarro B., Tejada S., Deudero S. (2017). Microplastic
ingestion by Mullus surmuletus Linnaeus, 1758 fish and its potential for causing oxidative
stress. Environmental Research. 159, 135-142

Anbumani S., Kakkar P. (2018). Ecotoxicological effects of microplastics on biota: a review.
Environmental Science and Pollution Research. 25, 14373-14396

Andrady A. L. (2011). Microplastics in the marine environment. Marine Pollution Bulletin. 62,
1596-1605

Antunes J. C., Frias J. G. L., Micaelo A. C., Sobral P. (2013). Resin pellets from beaches of the
Portuguese coast and adsorbed persistent organic pollutants. Estuarine, Coastal and Shelf
Science. 130, 62-69

Bakir A., O'Connor I. A., Rowland S. J., Hendriks A. J., Thompson R. C. (2016). Relative
importance of microplastics as a pathway for the transfer of hydrophobic organic chemicals to
marine life. Environmental Pollution. 219, 56-65

139



Barnes D. K. A., Galgani F., Thompson R. C., Barlaz M. (2009). Accumulation and
fragmentation of plastic debris in global environments. Philosophical Transactions of the Royal
Society B: Biological Sciences. 364, 1985-1998

Batel A., Borchert F., Reinwald H., Erdinger L., Braunbeck T. (2018). Microplastic
accumulation patterns and transfer of benzo[a]pyrene to adult zebrafish (Danio rerio) gills and
zebrafish embryos. Environmental Pollution. 235, 918-930

Batel A., Linti F., Scherer M., Erdinger L., Braunbeck T. (2016). Transfer of benzo[a]pyrene
from microplastics to Artemia nauplii and further to zebrafish via a trophic food web
experiment: CYP1A induction and visual tracking of persistent organic pollutants.
Environmental Toxicology and Chemistry. 35, 1656-1666

Beaudouin R., Goussen B., Piccini B., Augustine S., Devillers J., Brion F., Péry A. R. R. (2015).
An Individual-Based Model of Zebrafish Population Dynamics Accounting for Energy
Dynamics. PLOS ONE. 10, e0125841

Beiras R., Bellas J., Cachot J., Cormier B., Cousin X., Engwall M., Gambardella C., Garaventa
F., Keiter S., Le Bihanic F., et al. (2018). Ingestion and contact with polyethylene microplastics
does not cause acute toxicity on marine zooplankton. Journal of Hazardous Materials. 360, 452-
460

Bessa F., Barria P., Neto J. M., Frias J. P. G. L., Otero V., Sobral P., Marques J. C. (2018).
Occurrence of microplastics in commercial fish from a natural estuarine environment. Marine
Pollution Bulletin. 128, 575-584

Besseling E., Wegner A., Foekema E. M., van den Heuvel-Greve M. J., Koelmans A. A. (2013).
Effects of Microplastic on Fitness and PCB Bioaccumulation by the Lugworm Arenicola
marina (L.). Environmental Science & Technology. 47, 593-600

Blithgen N., Zucchi S., Fent K. (2012). Effects of the UV filter benzophenone-3 (oxybenzone)
at low concentrations in zebrafish (Danio rerio). Toxicology and Applied Pharmacology. 263,
184-194

Bogdal C., Scheringer M., Abad E., Abalos M., van Bavel B., Hagberg J., Fiedler H. (2013).
Worldwide distribution of persistent organic pollutants in air, including results of air monitoring
by passive air sampling in five continents. TrAC Trends in Analytical Chemistry. 46, 150-161

Bour A., Haarr A., Keiter S., Hylland K. (2018). Environmentally relevant microplastic
exposure affects sediment-dwelling bivalves. Environmental Pollution. 236, 652-660

Bradford M. M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical Biochemistry. 72,
248-254

Bratkovics S., Sapozhnikova Y. (2011). Determination of seven commonly used organic UV
filters in fresh and saline waters by liquid chromatography-tandem mass spectrometry.
Analytical Methods. 3, 2943-2950

Bratkovics S., Wirth E., Sapozhnikova Y., Pennington P., Sanger D. (2015). Baseline
monitoring of organic sunscreen compounds along South Carolina's coastal marine
environment. Marine Pollution Bulletin. 101, 370-377

Browne Mark A., Niven Stewart J., Galloway Tamara S., Rowland Steve J., Thompson
Richard C. (2013). Microplastic Moves Pollutants and Additives to Worms, Reducing
Functions Linked to Health and Biodiversity. Current Biology. 23, 2388-2392

140



Buege J. A., Aust S. D. 1978. [30] Microsomal lipid peroxidation. In: Methods in Enzymology.
Academic Press. p. 302-310.

Burke M. D., Mayer R. T. (1974). Ethoxyresorufin: direct fluorimetric assay of a microsomal
O-dealkylation which is preferentially inducible by 3-methylcholanthrene. Drug Metabolism
and Disposition. 2, 583

Cole M., Lindeque P., Halsband C., Galloway T. S. (2011). Microplastics as contaminants in
the marine environment: A review. Marine Pollution Bulletin. 62, 2588-2597

Collins J. F., Brown J. P., Dawson S. V., Marty M. A. (1991). Risk assessment for
benzo[a]pyrene. Regulatory Toxicology and Pharmacology. 13, 170-184

Cormier B., Batel A., Cachot J., Bégout M.-L., Braunbeck T., Cousin X., Keiter S. H. (2019).
Multi-Laboratory Hazard Assessment of Contaminated Microplastic Particles by Means of
Enhanced Fish Embryo Test With the Zebrafish (Danio rerio). 7,

Coronado M., De Haro H., Deng X., Rempel M. A., Lavado R., Schlenk D. (2008). Estrogenic
activity and reproductive effects of the UV-filter oxybenzone (2-hydroxy-4-methoxyphenyl-
methanone) in fish. Aquatic Toxicology. 90, 182-187

Corsolini S. (2009). Industrial contaminants in Antarctic biota. Journal of Chromatography A.
1216, 598-612

de Sa L. C., Oliveira M., Ribeiro F., Rocha T. L., Futter M. N. (2018). Studies of the effects of
microplastics on aquatic organisms: What do we know and where should we focus our efforts
in the future? Science of The Total Environment. 645, 1029-1039

Derraik J. G. B. (2002). The pollution of the marine environment by plastic debris: a review.
Marine Pollution Bulletin. 44, 842-852

Dévier M.-H., Le Menach K., Viglino L., Di Gioia L., Lachassagne P., Budzinski H. (2013).
Ultra-trace analysis of hormones, pharmaceutical substances, alkylphenols and phthalates in
two French natural mineral waters. Science of The Total Environment. 443, 621-632

Diana J. S. (1983). An energy budget for northern pike (Esox lucius). Canadian Journal of
Zoology. 61, 1968-1975

Diaz-Cruz S. M., Llorca M., Barcelé D., Barcel6 D. (2008). Organic UV filters and their
photodegradates, metabolites and disinfection by-products in the aquatic environment. TrAC
Trends in Analytical Chemistry. 27, 873-887

El Nemr A., Abd-Allah A. M. A. (2003). Contamination of polycyclic aromatic hydrocarbons
(PAHSs) in microlayer and subsurface waters along Alexandria coast, Egypt. Chemosphere. 52,
1711-1716

Ellman G. L., Courtney K. D., Andres V., Featherstone R. M. (1961). A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochemical Pharmacology. 7, 88-
95

Farrell P., Nelson K. (2013). Trophic level transfer of microplastic: Mytilus edulis (L.) to
Carcinus maenas (L.). Environmental Pollution. 177, 1-3

Fent K., Kunz P. Y., Zenker A., Rapp M. (2010). A tentative environmental risk assessment of
the UV-filters 3-(4-methylbenzylidene-camphor), 2-ethyl-hexyl-4-trimethoxycinnamate,
benzophenone-3, benzophenone-4 and 3-benzylidene camphor. Marine Environmental
Research. 69, S4-S6

141



Gago-Ferrero P., Diaz-Cruz M. S., Barcel6 D. (2011). Occurrence of multiclass UV filters in
treated sewage sludge from wastewater treatment plants. Chemosphere. 84, 1158-1165

Galloway T. S., Cole M., Lewis C. (2017). Interactions of microplastic debris throughout the
marine ecosystem. Nature Ecology & Evolution. 1, 0116

Galloway T. S., Lewis C. N. (2016). Marine microplastics spell big problems for future
generations. Proceedings of the National Academy of Sciences. 113, 2331

Geyer R., Jambeck J. R., Law K. L. (2017). Production, use, and fate of all plastics ever made.
Science Advances. 3, e1700782

Giesy J. P., Kannan K. (2002). Peer Reviewed: Perfluorochemical Surfactants in the
Environment. Environmental Science & Technology. 36, 146A-152A

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

Green D. S., Boots B., Sigwart J., Jiang S., Rocha C. (2016). Effects of conventional and
biodegradable microplastics on a marine ecosystem engineer (Arenicola marina) and sediment
nutrient cycling. Environmental Pollution. 208, 426-434

Hartmann N. B., Rist S., Bodin J., Jensen L. H. S., Schmidt S. N., Mayer P., Meibom A., Baun
A. (2017). Microplastics as vectors for environmental contaminants: Exploring sorption,
desorption, and transfer to biota. Integrated Environmental Assessment and Management. 13,
488-493

Hong W.-J., JiaH., LiY.-F., SunY., Liu X., Wang L. (2016). Polycyclic aromatic hydrocarbons
(PAHSs) and alkylated PAHs in the coastal seawater, surface sediment and oyster from Dalian,
Northeast China. Ecotoxicology and Environmental Safety. 128, 11-20

Huang H., Huang C., Wang L., Ye X., Bai C., Simonich M. T., Tanguay R. L., Dong Q. (2010).
Toxicity, uptake kinetics and behavior assessment in zebrafish embryos following exposure to
perfluorooctanesulphonicacid (PFOS). Aquatic Toxicology. 98, 139-147

Jabeen K., Su L., LiJ.,, Yang D., Tong C., Mu J., Shi H. (2017). Microplastics and mesoplastics
in fish from coastal and fresh waters of China. Environmental Pollution. 221, 141-149

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

Jovanovi¢ B., Gokdag K., Giiven O., Emre Y., Whitley E. M., Kideys A. E. (2018). Virgin
microplastics are not causing imminent harm to fish after dietary exposure. Marine Pollution
Bulletin. 130, 123-131

Keiter S., Burkhardt-Medicke K., Wellner P., Kais B., Farber H., Skutlarek D., Engwall M.,
Braunbeck T., Keiter S. H., Luckenbach T. (2016). Does perfluorooctane sulfonate (PFOS) act
as chemosensitizer in zebrafish embryos? Science of The Total Environment. 548-549, 317-
324

Kim S., Choi K. (2014). Occurrences, toxicities, and ecological risks of benzophenone-3, a
common component of organic sunscreen products: A mini-review. Environment International.
70, 143-157

142



Koelmans A. A. (2015). Modeling the role of microplastics in bioaccumulation of organic
chemicals to marine aquatic organisms. A critical review. In: Marine Anthropogenic Litter. p.
309-324.

Koelmans A. A., Bakir A., Burton G. A., Janssen C. R. (2016). Microplastic as a Vector for
Chemicals in the Aquatic Environment: Critical Review and Model-Supported Reinterpretation
of Empirical Studies. Environmental Science and Technology. 50, 3315-3326

Koelmans A. A., Besseling E., Foekema E. M. (2014). Leaching of plastic additives to marine
organisms. Environmental Pollution. 187, 49-54

Kunisue T., Chen Z., Buck Louis G. M., Sundaram R., Hediger M. L., Sun L., Kannan K.
(2012). Urinary Concentrations of Benzophenone-type UV Filters in U.S. Women and Their
Association with Endometriosis. Environmental Science & Technology. 46, 4624-4632

Law K. L., Thompson R. C. (2014). Microplastics in the seas. Science. 345, 144

Le DO-Lacoste M., Akcha F., Dévier M.-H., Morin B., Burgeot T., Budzinski H. (2013).
Comparative study of different exposure routes on the biotransformation and genotoxicity of
PAHSs in the flatfish species, Scophthalmus maximus. Environmental Science and Pollution
Research. 20, 690-707

Lee H., Shim W. J., Kwon J.-H. (2014). Sorption capacity of plastic debris for hydrophobic
organic chemicals. Science of The Total Environment. 470-471, 1545-1552

Legradi J. B., Di Paolo C., Kraak M. H. S., van der Geest H. G., Schymanski E. L., Williams
A. J., Dingemans M. M. L., Massei R., Brack W., Cousin X., et al. (2018). An ecotoxicological
view on neurotoxicity assessment. Environmental Sciences Europe. 30, 46

Lei L., Wu S., Lu S., Liu M., Song Y., Fu Z., Shi H., Raley-Susman K. M., He D. (2018).
Microplastic particles cause intestinal damage and other adverse effects in zebrafish Danio rerio
and nematode Caenorhabditis elegans. Science of The Total Environment. 619-620, 1-8

LiJ., Liu H., Paul Chen J. (2018). Microplastics in freshwater systems: A review on occurrence,
environmental effects, and methods for microplastics detection. Water Research. 137, 362-374

Lithner D., Larsson A., Dave G. (2011). Environmental and health hazard ranking and
assessment of plastic polymers based on chemical composition. Science of The Total
Environment. 409, 3309-3324

Liu T., Pan L., Jin Q., Cai Y. (2015). Differential gene expression analysis of benzo(a)pyrene
toxicity in the clam, Ruditapes philippinarum. Ecotoxicology and Environmental Safety. 115,
126-136

Lohmann R. (2017). Microplastics are not important for the cycling and bioaccumulation of
organic pollutants in the oceans—but should microplastics be considered POPs themselves?
Integrated Environmental Assessment and Management. 13, 460-465

Mato Y., Isobe T., Takada H., Kanehiro H., Ohtake C., Kaminuma T. (2001). Plastic Resin
Pellets as a Transport Medium for Toxic Chemicals in the Marine Environment. Environmental
Science & Technology. 35, 318-324

Mazurais D., Ernande B., Quazuguel P., Severe A., Huelvan C., Madec L., Mouchel O.,
Soudant P., Robbens J., Huvet A., et al. (2015). Evaluation of the impact of polyethylene
microbeads ingestion in European sea bass (Dicentrarchus labrax) larvae. Marine
Environmental Research. 112, 78-85

143



Morgana S., Ghigliotti L., Estévez-Calvar N., Stifanese R., Wieckzorek A., Doyle T.,
Christiansen J. S., Faimali M., Garaventa F. (2018). Microplastics in the Arctic: A case study
with sub-surface water and fish samples off Northeast Greenland. Environmental Pollution.
242, 1078-1086

Ng K. L., Obbard J. P. (2006). Prevalence of microplastics in Singapore’s coastal marine
environment. Marine Pollution Bulletin. 52, 761-767

Nimrod A. C., Benson W. H. (1998). Reproduction and development of Japanese medaka
following an early life stage exposure to xenoestrogens (R823450). Aquatic Toxicology. 44,
141-156

O'Donovan S., Mestre N. C., Abel S., Fonseca T. G., Carteny C. C., Cormier B., Keiter S. H.,
Bebianno M. J. (2018). Ecotoxicological Effects of Chemical Contaminants Adsorbed to
Microplastics in the Clam Scrobicularia plana. 5,

OECD. 2013. Test No. 236: Fish Embryo Acute Toxicity (FET) Test.

Ogata Y., Takada H., Mizukawa K., Hirai H., lwasa S., Endo S., Mato Y., Saha M., Okuda K.,
Nakashima A., et al. (2009). International Pellet Watch: Global monitoring of persistent organic
pollutants (POPs) in coastal waters. 1. Initial phase data on PCBs, DDTs, and HCHs. Marine
Pollution Bulletin. 58, 1437-1446

Pannetier P., Morin B., Le Bihanic F., Dubreil L., Clérandeau C., Chouvellon F., Van Arkel K.,
Danion M., Cachot J. (2020). Environmental samples of microplastics induce significant toxic
effects in fish larvae. Environment International. 134, 105047

Paredes E., Perez S., Rodil R., Quintana J. B., Beiras R. (2014). Ecotoxicological evaluation of
four UV filters using marine organisms from different trophic levels Isochrysis galbana,
Mytilus galloprovincialis, Paracentrotus lividus, and Siriella armata. Chemosphere. 104, 44-50

Paul A. G., Jones K. C., Sweetman A. J. (2009). A First Global Production, Emission, And
Environmental Inventory For Perfluorooctane Sulfonate. Environmental Science &
Technology. 43, 386-392

Pazos R. S., Maiztegui T., Colautti D. C., Paracampo A. H., Gomez N. (2017). Microplastics
in gut contents of coastal freshwater fish from Rio de la Plata estuary. Marine Pollution Bulletin.
122, 85-90

Peda C., Caccamo L., Fossi M. C., Gai F., Andaloro F., Genovese L., Perdichizzi A., Romeo
T., Maricchiolo G. (2016). Intestinal alterations in European sea bass Dicentrarchus labrax
(Linnaeus, 1758) exposed to microplastics: Preliminary results. Environmental Pollution. 212,
251-256

Pittura L., Avio C. G., Giuliani M. E., dErrico G., Keiter S. H., Cormier B., Gorbi S., Regoli
F. (2018). Microplastics as Vehicles of Environmental PAHs to Marine Organisms: Combined
Chemical and Physical Hazards to the Mediterranean Mussels, Mytilus galloprovincialis. 5,

PlasticsEurope (2018). PlasticsEurope: Annual review _ The Facts 2017-2018.

Rainieri S., Conlledo N., Larsen B. K., Granby K., Barranco A. (2018). Combined effects of
microplastics and chemical contaminants on the organ toxicity of zebrafish (Danio rerio).
Environmental Research. 162, 135-143

144



Rennie M. D., Purchase C. F., Lester N., Collins N. C., Shuter B. J., Abrams P. A. (2008). Lazy
males? Bioenergetic differences in energy acquisition and metabolism help to explain sexual
size dimorphism in percids. Journal of Animal Ecology. 77, 916-926

Rigét F., Vorkamp K., Bossi R., Sonne C., Letcher R. J., Dietz R. (2016). Twenty years of
monitoring of persistent organic pollutants in Greenland biota. A review. Environmental
Pollution. 217, 114-123

Rios L. M., Moore C., Jones P. R. (2007). Persistent organic pollutants carried by synthetic
polymers in the ocean environment. Marine Pollution Bulletin. 54, 1230-1237

Rist S. E., Assidgi K., Zamani N. P., Appel D., Perschke M., Huhn M., Lenz M. (2016).
Suspended micro-sized PVC particles impair the performance and decrease survival in the
Asian green mussel Perna viridis. Marine Pollution Bulletin. 111, 213-220

Rochman C. M., Browne M. A., Halpern B. S., Hentschel B. T., Hoh E., Karapanagioti H. K.,
Rios-Mendoza L. M., Takada H., Teh S., Thompson R. C. (2013). Classify plastic waste as
hazardous. Nature. 494, 169-171

Rochman C. M., Hoh E., Hentschel B. T., Kaye S. (2013). Long-Term Field Measurement of
Sorption of Organic Contaminants to Five Types of Plastic Pellets: Implications for Plastic
Marine Debris. Environmental Science & Technology. 47, 1646-1654

Rochman C. M., Hoh E., Kurobe T., Teh S. J. (2013). Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Scientific Reports. 3, 3263

Rochman C. M., Kurobe T., Flores I., Teh S. J. (2014). Early warning signs of endocrine
disruption in adult fish from the ingestion of polyethylene with and without sorbed chemical
pollutants from the marine environment. Science of The Total Environment. 493, 656-661

Schneider J. E., Brozek J. M., Keen-Rhinehart E. (2014). Our stolen figures: The interface of
sexual differentiation, endocrine disruptors, maternal programming, and energy balance.
Hormones and Behavior. 66, 104-119

Schonlau C., Larsson M., Lam M. M., Engwall M., Giesy J. P., Rochman C., Karrman A.
(2019). Aryl hydrocarbon receptor-mediated potencies in field-deployed plastics vary by type
of polymer. Environmental Science and Pollution Research. 26, 9079-9088

Setéld O., Fleming-Lehtinen V., Lehtiniemi M. (2014). Ingestion and transfer of microplastics
in the planktonic food web. Environmental Pollution. 185, 77-83

So M. K., Taniyasu S., Lam P. K. S., Zheng G. J., Giesy J. P., Yamashita N. (2006). Alkaline
Digestion and Solid Phase Extraction Method for Perfluorinated Compounds in Mussels and
Oysters from South China and Japan. Archives of Environmental Contamination and
Toxicology. 50, 240-248

Sussarellu R., Suquet M., Thomas Y., Lambert C., Fabioux C., Pernet M. E. J., Le Goic N.,
Quillien V., Mingant C., Epelboin Y., et al. (2016). Oyster reproduction is affected by exposure
to polystyrene microplastics. Proceedings of the National Academy of Sciences. 113, 2430

Teuten E. L., Rowland S. J., Galloway T. S., Thompson R. C. (2007). Potential for Plastics to
Transport Hydrophobic Contaminants. Environmental Science & Technology. 41, 7759-7764

Thompson R. C., Moore C. J., vom Saal F. S., Swan S. H. (2009). Plastics, the environment and
human health: current consensus and future trends. Philos Trans R Soc Lond B Biol Sci. 364,
2153-2166

145



Thompson R. C., Olsen Y., Mitchell R. P., Davis A., Rowland S. J., John A. W. G., McGonigle
D., Russell A. E. (2004). Lost at Sea: Where Is All the Plastic? Science. 304, 838

Vignet C., Le Menach K., Mazurais D., Lucas J., Perrichon P., Le Bihanic F., Devier M.-H.,
Lyphout L., Frére L., Bégout M.-L., et al. (2014). Chronic dietary exposure to pyrolytic and
petrogenic mixtures of PAHs causes physiological disruption in zebrafish - part I: Survival and
growth. Environmental Science and Pollution Research. 21, 13804-13817

Wang F., Shih K. M., Li X. Y. (2015). The partition behavior of perfluorooctanesulfonate
(PFOS) and perfluorooctanesulfonamide (FOSA) on microplastics. Chemosphere. 119, 841-
847

Watts A. J. R., Urbina M. A., Corr S., Lewis C., Galloway T. S. (2015). Ingestion of Plastic
Microfibers by the Crab Carcinus maenas and Its Effect on Food Consumption and Energy
Balance. Environmental Science & Technology. 49, 14597-14604

Weeks-Santos S., Cachot J., Gourves P.-Y., Clérandeau C., Morin B., Gonzalez P. (2019). Sub-
lethal effects of waterborne copper in early developmental stages of rainbow trout
(Oncorhynchus mykiss). Ecotoxicology and Environmental Safety. 170, 778-788

Weigt S., Huebler N., Strecker R., Braunbeck T., Broschard T. H. (2011). Zebrafish (Danio
rerio) embryos as a model for testing proteratogens. Toxicology. 281, 25-36

Wright S. L., Rowe D., Thompson R. C., Galloway T. S. (2013). Microplastic ingestion
decreases energy reserves in marine worms. Current Biology. 23, R1031-R1033

Xie X., Long T., Zhang Y., Cao Z. (1998). Reproductive investment in the Silurus meridionalis.
Journal of Fish Biology. 53, 259-271

Yamashita N., Kannan K., Taniyasu S., Horii Y., Petrick G., Gamo T. (2005). A global survey
of perfluorinated acids in oceans. Marine Pollution Bulletin. 51, 658-668

Yin L., Chen B., Xia B., Shi X., Qu K. (2018). Polystyrene microplastics alter the behavior,
energy reserve and nutritional composition of marine jacopever (Sebastes schlegelii). Journal
of Hazardous Materials. 360, 97-105

Yoo H., Washington J. W., Jenkins T. M., Laurence Libelo E. (2009). Analysis of
perfluorinated chemicals in sludge: Method development and initial results. Journal of
Chromatography A. 1216, 7831-7839

Zhu M., Chernick M., Rittschof D., Hinton D. E. (2020). Chronic dietary exposure to
polystyrene microplastics in maturing Japanese medaka (Oryzias latipes). Aquatic Toxicology.
220, 105396

Ziccardi L. M., Edgington A., Hentz K., Kulacki K. J., Kane Driscoll S. (2016). Microplastics
as vectors for bioaccumulation of hydrophobic organic chemicals in the marine environment:
A state-of-the-science review. Environmental Toxicology and Chemistry. 35, 1667-1676

146



Chapter 4 — Conclusion

Results

@

Embryo-larval exposure
—i
:9 - Slight toxicity for PE-BaP and PE-BP3
. ’ EROD activity

. / cypla gene transcritpion

Dietary exposure

FO generation | F1 generation
* Growth delay » Decrease larvae survival
+ PE-BaP:PE-BP3 » All except MPs-BaP
* Decrease of the reproduction * Increase larval behavior
+ All tested PVC » PVC-BP3
« PE-BP3 :

PVC

-

R . > 3 & &
F F 3 ; g F & &
9 o b 5 & ; I !
| B,
W oree !
|
S
|
|
i
|
o F b af
! Jaall A an™aan
| A
! z
ey — — T T P ! ]
' LightON Light OFF LightON
|
i

Key points

I < ouirol
| PVE
B rvooPFoS
B o Bar
PVC BF3

Distance fravelled (cm/S min)

® Exposure of early life stages (ELS) of zebrafish to virgin PE MPs did not induce
toxicity

® Exposure to PE-MPs coated with BaP or BP3 induced a significant increase of cypla
transcription level and EROD activity

® BP3 combined with PE and PVC MPs induced significant effects on exposed adult and
also on unexposed offspring F1

PVC MPs tend to be more toxic than PE MPs in combination with model pollutants
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Chapter S — Presentation

Context

Artificial MPs are not representative of the contamination of aquatic ecosystems.
Environmental scenario needs to consider the cocktail of different polymer types and
absorbed contaminants and also, weathering of MPs. Thus, the use of environmental samples
are essential to understand the toxicity of MPs on the aquatic biota. Studies presented in the
chapter were used to characterize pollutants fingerprints of environmental MPs and to
investigate their toxicity on different biological functions by using different life stages of
zebrafish.

In the present chapter, the first study was performed in collaboration with Vigo University
and CNR IAS Genova, but only experiments using zebrafish are part of the PhD thesis.

Method

To simulate the real contamination, MPs from different beaches of Guadeloupe were grinded
and non-targeted analyses were performed to characterize chemicals adsorbed at the surface,
as well as the polymer composition by FTIR. ELS of zebrafish were exposed either to organic
extracts using DMSO or with particles. Juveniles and adults zebrafish were exposed to
particles though food, starting at 1 month and lasted for 5 months. Toxicity was evaluated on
exposed adults and unexposed F1 offspring.
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Introduction

Plastic became a major concern since 60 years, attracting interest from public, media and
scientific (Law and Thompson, 2014). One of the main reasons behind this interest is the
abundance of plastics found in the aquatic environment. Mass production of plastics began in
the 1950s, with global production has rising continuously. In 2017, it was estimated that were
around 348 million tons of plastic worldwide (PlasticsEurope, 2018), with millions of tons of
plastic waste being accidently or intentionally discharged into aquatic ecosystems (Geyer et al.,
2017; Jambeck et al., 2015).

Plastics in the environment tend to degrade and fragment into smaller particles through
chemical, physical or biological processes (Barnes et al., 2009), leading to debris with a size
below 5 mm in diameter, defined as microplastics (MPs) (Arthur et al., 2009). The volume of
microplastics and plastic debris on the ocean surface has been estimated to be almost 270 000
tons (Eriksen et al., 2014). Due mainly to their slow rate of degradation (Cole et al., 2011),
plastic debris tend to accumulate in oceanic gyres but also in coastal areas (Eriksen, Lebreton,
Carson, Thiel, Moore, Borerro, Galgani, Ryan and Reisser, 2014; Law and Thompson, 2014;
Lebreton et al., 2018). Beaches are major hotspots for MPs and associated pollution (Andrady,
2011). The presence of MPs on beaches has been reported in various areas around the world,
including Caribbean Sea (Acosta-Coley et al., 2019; Acosta-Coley and Olivero-Verbel, 2015;
Bosker et al., 2017; Bosker et al., 2018).

In 2017, a worldwide sampling campaign was carried out (Race for Water Odyssey 2017-2021)
by the Race for Water Foundation, to collect MPs from the water column, subtidal sediments,
beaches and living organisms. The Guadeloupe archipelago in the Caribbean Sea was selected
for this study because of its location close to the North Atlantic gyre. This Caribbean
archipelago is made up of 5 main islands; of which two (Basse-Terre and Marie-Galante) were
considered in this study.

While plastic contamination in marine ecosystem has been widely reported (Law and
Thompson, 2014), few studies have investigated the deleterious effects of MPs on aquatic
organisms. The exposure of organisms to MPs can lead to both physical and chemical damage,
such as blockage of the digestive tract (Cole et al., 2011; Peda et al., 2016), false feeling of
fullness (Rochman, Hoh, Kurobe, et al., 2013), growth retardation and death of fish embryos
(Pannetier, Morin, et al., 2019) and impairment of development and swimming activity of
oyster larvae (Bringer et al., 2020). Toxicological effects induced by chemicals sorbed on MPs
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such as additives, e.g. bisphenol A, phthalates, UV stabilizer, etc. (Koelmans, 2015; Koelmans
et al., 2014; Rochman, 2015) or pollutants (Pannetier, Cachot, et al., 2019; Pannetier, Morin et
al., 2019) have also been documented. Chemicals adsorbed during the ageing of plastic are
mostly hydrophobic organic compounds, including polychlorinated biphenyls (PCBs),
polycyclic aromatic compounds (PAHS) and organochlorine pesticides (Derraik, 2002;
Karapanagioti and Klontza, 2008; Koelmans et al., 2016). They may also include trace metal
elements (Rochman, Hentschel, et al., 2014). Toxic effects of artificially spiked MPs have been
reported, including endocrine perturbation, hepatic damage, oxidative stress induction and
enzymatic activity modifications (Browne et al., 2013; Cormier et al., 2019; Mazurais et al.,
2015; Pittura et al., 2018; Teuten et al., 2009).

Exposure to pristine MPs particles and pellets frequently either has no effect or causes slight
alterations in exposed organisms (Beiras et al., 2018; Cormier, Batel, Cachot, Bégout,
Braunbeck, Cousin and Keiter, 2019). The toxicity of MPs requires much more in-depth
investigation, given that they since are widespread and easily ingested by wide variety of living
organisms. To that end, leachate protocols have been developed and used for ecotoxicological
assessment of MPs (Beiras et al., 2019; Bejgarn et al., 2015; Gandara e Silva et al., 2016;
Lithner et al., 2009; Lithner et al., 2011; Oliviero et al., 2019). Studies carried out to date have
investigated the toxicity of environmental samples of MPs are still scarce (Pannetier, Morin, et
al., 2019; Pannetier et al., 2020).

Early life stages of invertebrates and fish are increasingly used in ecotoxicology, mainly due to
their high sensitivity to diverse chemicals (Beiras et al., 2018; Embry et al., 2010; Lammer et
al., 2009; Oliviero et al., 2019). Planktonic larvae are a critical stage in life cycle completion,
as well as playing a key role in the recruitment and dissemination of populations. The
Paracentrotus lividus sea urchin is distributed in European waters and plays an important role
in coastal ecosystem maintenance. The larval stage has been reported as the most sensitive
stage, and is currently used as a biological model to evaluate toxic effects of contaminants
(Bellas et al., 2005; Oliviero et al., 2019; Rouchon and Phillips, 2017). The jellyfish Aurelia
aurita, has been reported to be an innovative model organism in ecotoxicology due to its high
sensitivity to pollutants, and its key position as basal metazoan (Costa et al., 2015; Faimali et
al., 2014). A. aurita is essential for the marine food web, both as prey (Cardona et al., 2012;
Titelman and Hansson, 2006) and as a consumer of zooplankton. Besides invertebrates, early
life stages of zebrafish (Danio rerio) have been shown to be as sensitive to chemical pollutants
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as adult fish (Belanger et al., 2013; Braunbeck et al., 2005; Braunbeck et al., 2015; Lammer et
al., 2009; Nagel, 2002).

The purpose of this study was firstly to characterize MPs collected from two island beaches in
the Guadeloupe archipelago (Basse-Terre and Marie-Galante) during the Race for Water
Odyssey mission in term of polymer composition and sorbed chemicals. The toxicity of these
environmental MPs samples was then investigated for the early life stages of three marine
organisms, sea urchin (Paracentrotus lividus), jellyfish (Aurelia aurita) and zebrafish (Danio

rerio), using leachates.

Materials and methods

Sample collection

Environmental MPs were collected from Guadeloupe archipelago (France), located in the
Caribbean (Figure 1), during the Race for Water Odyssey 2017-2021, in October 2017. This
study focused on environmental MPs samples collected on two different sandy beaches:
Capesterre in Marie-Galante Island (MG), and Petit Bourg (PB) in Guadeloupe Basse-Terre
island (Table 1). These sites were sampled using the standardized NOAA protocol (Lippiatt et
al., 2013) adapted for millimetric plastic debris. In short, debris between 1 and 5 mm were
collected along a 100 m the shoreline, at the surface of the beach. Sorting was based on a visual
assessment, followed up with Raman spectroscopy. Samples were stored in aluminium tray

with an aluminium lid at 4 °C.

Table 1: Characteristics and GPS coordinates of the sampled beaches in Guadeloupe (France).

Sample GPS Coordinates Place Date Description
) 7th October Beach in the South-east part of
) Capesterre beach in )
MG (Marie 15°53'28.6"N . 2017 the well preserved Marie-Galante
Marie-Galante ) )
Galante) 61°13'15.5"W Sand island near the city centre of
islan
Capesterre (3,300 inhabitants)
5t October Beach in the East coast of Basse-
Viard beach in 2017 Terre closed to the main industrial
. 16°09'59.6"N L
PB (Petit Bourg) Guadeloupe Basse- zone and harbour of Pointe-a-
61°35'06.2"W

Terre island

Pitre (315,000 inhabitants for the

all urban area)
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Figure 1: Map of Guadeloupe archipelago (Caribbean Island) with the two sampled beaches, Petit-Bourg (PB)
on the main island and Capesterre in Marie-Galante island (MG).

MPs composition and chemical characterization

Particles collected from each beach were counted, and then individually weighed and analyzed
using Fourrier-transform infrared spectroscopy (FT-IR) with a spectrum Vertex 70v (Bruker)
to identify polymer of each particles. Results are expressed in % mass. MPs were subsequently
grinded using a cryogenic mill (SPEX, 6770 Freezer-mill) for 8 minutes at 15 cycles per second.
Powders obtained were sieved for 12h at ambient temperature through 100 and 53 pm sieves.
The particle-size distribution was measured using a Malvern laser diffraction particle size

analyzer.

For the chemical analysis, due to the limited amount of ground MPs used for toxicological
analysis, mesoplastics (particles > 1 mm) from the same beaches and sampled with the same
protocol, were used. Chemical analysis of organic micropollutants was conducted using a non-

target analysis with gas chromatography (GC) coupled with an orbitrap.

Liquid/solid extractions were performed using 0.3 g of mesoplastics in hexane (> 98 %,
SupraSolv; Merck, Darmstadt, DE), followed by 30 min of sonication and centrifugation at
8000 revolutions per minute (rpm) for 10 min. Extracts were reduced to 1 mL, using nitrogen
flow (6.0) and filtrated through glasswhool with sodium sulfate, and finally reduced to 25 pL
for injection. Analysis was performed with a GC-orbitrap (Q-Exactive, ThermoFisher) with a
resolution of 60 000 at m/z 200 with a fullMS between 53.4 and 800 m/z (3.5 and 55 minutes),
and the maximum oven temperature was set-up to 350 °C. Plastic samples were analyzed using
mass defect-plot for chlorinated and brominated compounds (HaloSeeker), PAHs and
hydrocarbons (CH.). TraceFinder (ThermoFisher) was used for data processing, fold change
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and elemental composition analysis. Fold change values were sorted and the 50 highest fold
change features were analysed. Chromatogram peaks were checked and only symmetric peaks
with width below 0.5 min were kept. Finally, 26 features were selected for further analysis for
elemental composition analysis. Confidence levels were attributed to each identification
molecule following Schymanski et al. (2014). Levels 1, 2, 3, 4 and 5 relate to a confirmed
structure, a probable structure, tentative candidate(s), unequivocal molecular formula and exact

mass (m/z) of the compound, respectively (Schymanski et al., 2014).

Trace metals are going to be analysed by Inductively Coupled Plasm and Mass Spectrometry

(ICP-MS) on whole particles after total digestion of plastic matrix.

Preparation of leachates

Leachates were prepared according to Beiras et al. (2019), with modifications described below

for all organisms used.

Leachates protocol for sea urchin exposure

Sea urchin toxicity test followed the methodology reported in detail in Beiras et al. (2019).
Microplastic samples of PB, MG and a ‘virgin’ Polyethylene (PE) resin obtained from Rotogal,
Boiro (Spain) were tested. Stock solutions of 10 g/L of microplastic particles in artificial
seawater (ASW) (Lorenzo et al., 2002) were prepared in 50 mL glass bottles and filled with no
head space. The bottles were incubated during 24 h at 20 °C in darkness with rotational shaking
(1 rpm) provided by an overhead rotator (GFL 3040, Germany). After extraction, microplastic
particles were removed from leachates by means of vacuum filtration using glass microfiber
filters (Whatman, GF/F) that retain fine particles down to 0.7 um. Undiluted leachate (10,000
mg/L) and serial dilutions at 1/3 (3,333 mg/L), 1/10 (1,000 mg/L) and 1/30 (333 mg/L) in ASW
were introduced in 5 mL glass vials with Teflon lined airtight lids (4 replicates per dilution and
8 replicates for blanks of filtered ASW).

Leachate protocol for jellyfish exposure

Leachates for jellyfish exposure were obtained using rotary mixing at 20 °C for 24 h in the dark,
according to the method described by Beiras et al. (2019), adapted to a solid-to-liquid
proportion of 1,000 mg/L and rotation speed of 2 rpm. Leachate were then filtrated with GF/C

filters.
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Leachate protocol for zebrafish exposure

Leachates for zebrafish were prepared using mixing 400 mg of MPs to 4 mL of E3 medium (1-
5 mM NaCl, 0.17 mM KCI, 0.33 mM CaCl2, 0.33 mM MgS04, 10-5 % Methylene Blue).
Extraction was performed in the dark, with 16 h of shaking on a horizontal mixing table (KS
501 digital IKA-Werke) at 175 rpm. After that, extracts were centrifuged at 4000 rpm for 5
minutes. Then, 100 pL of the liquid fraction were sampled with extra-long sterile tip, and re-

centrifuged to remove particles. Extracts were kept in darkness at 4 °C for 7 days maximum.

Toxicological analysis using sea urchin

Sea urchin (Paracentrotus lividus) fertilized eggs were added to each vial at a density of 40 per
mL and vials were placed in an incubator (Velp FTC 90E) for 48 h in darkness at 20 °C. After
incubation, larvae were fixed with 40% formalin and larval length (maximum linear dimension
in n=35 per vial) was recorded using an inverted microscope (Leica DMI 4000B) and Leica
LAS v4.12 image analysis software. Acceptability criteria were the percentage of fertilized eggs

> 98% and size increase in controls > 253 um (Saco-Alvarez et al., 2010).

Statistical analyses were conducted using IBM SPSS statistics software (v. 24). Normal
distribution and homoscedasticity of the data was checked using Shapiro-Wilk’s and Levene’s
tests respectively. ANOVA with Dunnett’s post hoc test was applied to determine the no
observed effect concentration (NOEC) and the lowest observed effect concentration (LOEC).
Effective median concentrations (EC50) and their 95% confidence limits were calculated using
Probit and toxic units (TU) were calculated as TU =1 / EC50.

Toxicological analysis using ephyrae of jellyfish

Semi dynamic conditions

Jellyfish (Aurelia aurita) were exposed in semi-dynamic conditions, with an oxygen supply, to
undiluted leachate (10 mg/L) and 1:10 diluted leachate (1 mg/L), for 24 and 48 h. Two
endpoints were measured, the immobility of jellyfish as well as the behaviour, expressed by the

frequency of pulsations.

Experimental set-up: rotatory wheel

An experimental set-up was used to expose jellyfish to MPs leachates, by placing ephyrae on

glass vials in a rotatory wheel and by the evaluation of two endpoints: the immobility and
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frequency of pulsations after 24 and 48 h. For the specific set-up, undiluted leachate (1,000
mg/L, namely x1), 1/3 (333 mg/L, namely x1/3), 1/10 (100 mg/L, namely x1/10) and 1/30 (33

mg/L, namely x1/30) were used.

Toxicological analysis using zebrafish embryos

Husbandry and eqg production

Fish husbandry conditions fully complied with OECD TG 236 (OECD, 2013; Westerfield,
2000) regarding maintenance of adult zebrafish (Danio rerio). Zebrafish, TU strain were bred
in 10 L tanks at 27 + 1 °C with a day/night cycle of 14h/10h (7.8 £ 0.2, 480 + 130 uS, for pH
and conductivity, respectively). Fish were fed twice-daily ad libitum with Inicio + 0.5 mm
(BioMar, France) and freshly hatched brine shrimp Artemia nauplii. Constant filtering or
permanent flow-through conditions guaranteed that ammonia, nitrites, and nitrates were kept
below detection limits (5, 1 and 140 mg/L, respectively). Zebrafish eggs were collected
according to OECD TG 236 (OECD, 2013).

Zebrafish embryo acute toxicity test

Leachate exposure started after hatching (72 hours post fertilization, hpf). Zebrafish embryos
were exposed for 48 h to leachates in E3 medium until the end of the eleutheroembryo phase
(120 hpf). Embryos were exposed to two equivalent concentrations of plastics 50,000 and
10,000 mg/L. The control conditions consisted of embryos placed only in the E3 medium
supplemented with 0.35 mM of methylene blue as a fungicide. Positive control was added,
using 4 mM of 3,4-dichloroaniline (DCA) for the test validation (OECD, 2013). Glass petri
dishes (55 mm diameter) containing 20 mL of solution were used in semi-static conditions with
a daily renewal of exposure medium. Twenty embryos were used for each condition, and each
treatment condition was replicated 3 times. To maintain a temperature of 28 £ 1 °C, experiments
were performed in temperature-controlled chambers (Snijders Scientific, Tilburg, Nederlands)
with a photoperiod set up on 14:10, light:dark. Before hatching, embryos were kept in E3
medium, and then, transferred in glass beakers containing 20 mL of leachate. For the entire
exposure period, dissolved oxygen was checked daily (> 85 %) with a fiber-optic oxygen mini-
sensor Fibox 3 (PreSens Precision Sensor, Regensburg, Germany).
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Developmental toxicity

Individuals were examined following OECD 212 (OECD, 1998). Embryos were checked daily
for survival and dead embryos were counted and immediately removed to avoid modification
of the medium. Abnormalities and lesions were also recorded: edema; hemorragies, skelettal
axis (scoliosis, lordosis) and craniofacial deformations and cardiovascular anomalies (blood
circulation) following previously published protocols for Japanese Medaka (Le Bihanic,
Clérandeau, et al., 2014). Leica MZ7.5 stereomicroscope with Leica DFP420C CDD camera
and Leica Microsystems software v3.8 were used to perfom these measurements (Leica,

France).

Biometry

At 96 hpf, six to ten embryos per replicate were anestethized with 200 mg/L of benzocaine.
Total length and head length, were measured using a Leica MZ7.5 stereomicroscope with Leica
DFP420C CDD camera and Leica Microsystems software v3.8 (Leica, France), and the ratio of

head/total length was calculated.

In vivo EROD assay

In vivo EROD activity was analyzed according to published methods with modifications
(Jonsson et al., 2002; Le Bihanic et al., 2013). Measurements were conducted on 96 hpf
embryos. Five embryos per replicate were placed into individual wells of a 48-well microplate
containing 1 uM of 7-ethoxyresorufin (7-ER) in 0.5 mL of E3. After one hour of incubation in
the dark, the 7-ER solution was removed and replaced by freshly prepared 1 pM 7-ER.
Fluorescence of 100 pL of the incubation media was measured in duplicate in 96 white well
plate at time O and after 4 h incubation. Resorufin formed was measured with a BMG Labtech
fluorescent microplate reader (Germany) excitation and emission wavelength of 560 and 590
nm respectively. Solution of 7-ER was added to the resorufin standard used, for a final
concentration of 1 nM. A batch of five control embryos was exposed to benzo[a]pyrene

(70 nM) for 1h before incubation in 7-ER to obtain a positive control.
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Larval behavior

Swimming behavior was investigated following the protocol of Vignet et al. (2014) with a larval
photomotor response test (LPMR) to record fish behavioral responses following a light stimuli.
Embryos at 96 hpf were transferred into a 48-well plate filled with 500 pL of E3 medium
without methylene blue and acclimated for 20 min in the dark, followed by 5 min light, 5 min
dark and 5 min light. Swimming activity was recordered with a video tracking system
DanioVision (Noldus, Wageningen, The Netherlands). Swimming behavior of 10 to 12 random
embryos (96 hpf) per replicate was recorded at 28 £ 1 °C (DanioVision Temperature Control
Unit, Noldus). Videos were analyzed with Ethovision software 12.0 (Noldus, Wageningen, The
Netherlands).

Statistical analyses

Each set of exposure conditions was repeated three times. Normality of the data was checked
using the Shapiro-Wilk test. Analysis of variance was performed followed by Fisher’s test
compared to control. One-way ANOV A was used for data with normal distribution and for data
that did not fulfil normal distribution, the Kruskal-Wallis non-parametric test was performed.
All statistical analyzes were carried out at a 95% level of significance and values are represented

as mean + SD.

Results
Characterization of microplastics

The predominant shape of MPs collected was fragments (> 98%) for both sites. Pellets were
not found, and only a few particles were fibers, thin films and foams (< 2%). Polymer
composition was almost the same for the two beaches, with a majority of polyethylene (PE) and
polypropylene (PP), few particles of polystyrene (PS) and 2 particles polyvinyl acetate only at
Petit-Bourg beach (Table 2). Particle size was only measured on the MG site, due to the small
amount of PB particles available. Prior to granulometry analysis, MPs were sieved on 800 um,
and no particle was larger than 800 um. The median particle size was 33.74 um, and the mean

size particles was 87.1 pm.
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Table 2: Polymer composition of microplastics samples from two different beaches in Guadeloupe (% in mass)

Polymers Marie-Galante Petit-Bourg
Polyethylene 78.3 74.6
Polypropylene 21.2 24.8
Polystyrene 0.1 0.4
Polyvinyl acetate 0 0.2

Pollutant fingerprint on MPs

Organic pollutants

Non-target chemical analyses were performed on samples from both sites. Figure 2 shows the
two chromatograms obtained after GC analysis. Chromatograms superposition shows that the
two chromatograms contain peak similarities and dissimilarities. For the chemical analysis,
mass defect plot was used to detect chlorinated and brominated compounds (Error! Reference
source not found.). Some halogenated compounds were detected in both samples. Brominated
flame retardant as tribromophenol (CsH3Br:0) and its metabolite tribromoanisole (C7HsBrz0)
were found in both samples. Tri- and di-polychlorinated biphenyl were detected as C12H7Cl3
and Ci2HsCl.. Homologous series of pesticides from pentachlorobenzene (CsHCls) and
dichlorobenzene (Ce¢HsCl2) were detected but only one chlorinated polycyclic aromatic
compound (C12H-Cl), most probably chloroacenaphtylene. Analysis of PAHs was carried out
using a mass defect plot with a PAHSs scale, however no homologous series were detected for
either MG or PB.

Finally, fold change comparisons were made between MG and PB samples using TraceFinder,
26 features were selected. The results are presented in supplementary material (Table S1). The
concentrations of halogenated compounds as well as trichlorobenzene, bumetrizole and

octabenzone were higher at the MG site.
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Figure 2: GC chromatograms as relative abundance expressed as the total ion current intensity with the
retention time (RT, minute) for MG (red chromatogram) and PB (blue chromatogram).

Phthalates were identified in MG sample as diisobutylphtalate, dibutylphtalate, diethylphtalate,
ether di-(2-ethylhexyl) phthalate and di-n-octyl phthalate.

Using mass defect plot CH2, more hydrocarbons were detected in the PB sample than from MG,
qualitatively, these compounds are mainly CxHyO,. This could be explained by the location of
PB, close to a large industrial zone. Most PB-specific peaks identified, corresponded to alkanes.
The three principal peaks identified were CiiH1g03™ (confidence level 4), CaoH30™
(confidence level 4), seemed to correspond to a phenol C7HsO with an alkane chain and an

isomer of octadecanoic acid C1sH3s02" (Schymanski et al., 2014).

Leachate toxicity
Sea urchin

No toxicity was found in PE ‘virgin’ resin and in leachates of MG plastic sample up to a
concentration of 1/3. However the PB sample was highly toxic for P. lividus TU = 2.13 (1.82-
2.45) with a NOEC of 1/10 (Table 3 and figure 3).
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Table 3: Toxicity of leachates from microplastic samples (<250um) of a ‘virgin’ polyethylene resin obtained
from Rotogal (PE Rotogal), Petit-Bourg Viard (PB), Marie Galante Island (MG) assessed using the
Paracentrotus lividus embryo test.

MPs Sample NOEC LOEC Toxicity Units (TU=1/ECso)
PE Rotogal 1/3 1 <1
PB 1/10 1/3 2.13 (1.82-2.45)
MG 1/3 1 <1
12 1 [ PE Rotogal
= T - — 11
1.0 P
0.8
3 064
0.4 A
0.2
0.0 T T T T
1/30 1/10 13 1
Dilution

Figure 3: Larvae of Paracentrotus lividus length increase with control corrected (ALc) in serial dilutions of
leachates from microplastic samples. Virgin polyethylene resin obtained from Rotogal (PE Rotogal), Petit-Bourg
Viard (PB) and Marie-Galante Island (MG). Bars represent mean + SD, N=4. Asterisks refer to significant
differences to the control treatment ** p<0.01 and *** p<0.001.

Jellyfish

The first experiment performed with A. aurita in a semi-dynamic scenario showed no lethal
effects (immobility) after the two different exposure times (24 and 48 h) at both concentrations
tested (1 and 10 mg/L) and for both MPs samples. However, a significant diminution of the
frequency of pulsation (Afp) of 30 and 37 % was observed in ephyrae jellyfish after 48 h of
exposure to 10 mg/L MG and PB elutriates, respectively (Figure 4).

163



Afp48h

100

-60 *

(] 1 10 1 10
MG Guadalupe PB Guadalupe

% Alteration of Frequency pulsation
N
o

*p<0.05

Figure 4: Alteration of frequency of pulsation Afp, after 48 h of exposure in semi-dynamic conditions to MG
and PB samples at 1 and 10 mg/L, using ephyrae of Aurelia aurita. (*, p < 0.05).

The second experiment, using a rotary wheel to expose ephyrae jellyfish to environmental
samples did not induce immobility or afp at 24h for all tested concentrations. After 48 hours of
exposure, alterations of pulsation frequency were reported for all tested dilutions of PB, while
MG affected jellyfish behaviour only from 1/10x (Figure 5).
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Figure 5: Alteration of frequency of pulsation Afp, after 48 h of exposure in rotary wheel to MG and PB samples
from 1/30x to 1x (equivalent to 1000 mg/L), using ephyrae of Aurelia aurita. (*, p < 0.05).
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Zebrafish

Zebrafish just after hatching (at 72 hpf) were exposed for 48 hours to MPs leachates. Larval
survival was investigated, and no mortality was recorded, except for the positive control (40 +
6 %). No significant developmental anomalies (skeletal and cardiac deformities) were observed
except for the positive control (10 = 2.8 %) (Figure 6). Average length of negative control larvae
was 2.45 + 0.10 mm with head length of 0.49 + 0.01 mm. Larval size for individuals exposed
to MPs leachates from the two sites at both concentrations were not significantly different from
negative control larvae (Figure 7). Fish exposed to positive control were significantly smaller
compared to negative control (total length 1.54 + 0.2 mm; head length 0.23 £ 0.01 mm, Kruskall
Wallis, p < 0.05).

No significant induction of in vivo EROD activity was observed in larvae exposed to MPs
leachates when compared to negative control (0.021 + 0.003 pmole/min/larvae) (Figure 8),
while larvae exposed to 70 mM of BaP for 1 h showed a significant induction of EROD activity
(0.039 + 0.003 pmole/min/larvae).

The LPMR was performed at 5 dpf to monitor early behavioral disruption. There was no
difference in mean velocity of larvae between treatments for a single set of light conditions
(ANOVA, p > 0.05), (Figure 9).
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Figure 6: Number of deformed zebrafish larvae after 48h-exposure to MPs leachate from Marie-Galante and
Petit Bourg. E3 medium was used as negative control (NC) and DCA used as positive control (PC). Mean £ SD,
n=30, Kruskall Wallis test, (*, p < 0.05)
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Figure 7: Environmental MPs did not induce growth retardation in zebrafish early life stages. Zebrafish
embryos were exposed after hatching, for two days to E3 medium (control), MG and PB samples at 10 and 50 g/L
and positive control (PC). Total length and head length (mm) were measured. (Mean +/- SD, n=12), Kruskall
Wallis (*, p < 0.05).
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Figure 8: In vivo EROD activity in Zebrafish larvae exposed for 48 hours to MPs leachates. EROD Activity
(pmole per min and per larvae) was measured at 5 dpf zebrafish embryos exposed to negative control, MPs
leachates and positive control (PC). E3 medium was used as control. Mean + SD, n=15, one way ANOVA (p >
0.05).
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Figure 9: Larval photomotor response in 5 day-old zebrafish (Danio rerio) after exposure to negative control,
MG and PB samples at 10 and 50 g/L, from hatching time. Distance travelled over 5 min periods including two
light on periods (LON1 and LON2) with one light-off period (LOFF). Data are given as
mean = SD (n = 16 to 24 larvae per treatment). The letters at the top of the bars indicate no significant differences
between conditions for each light or black conditions (repeated—measure ANOVA).
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Discussion
Plastic characterization

MPs have been reported in the Caribbean Sea and beaches (Acosta-Coley et al., 2019; Acosta-
Coley and Olivero-Verbel, 2015; Bosker et al., 2017; Bosker et al., 2018). Plastic debris have
a tendency to accumulate in both oceanic gyres and coastal areas due to hydrodynamics and
human activities (Eriksen et al., 2014; Law and Thompson, 2014; Lebreton et al., 2018).
Beaches are known to be standing sites for marine litter, and hotspots for plastic fragmentation
(Andrady, 2011; Pannetier et al., 2020). In the present study, MPs (1 to 5 mm) from both study
beaches were mostly fragments (> 98 %) composed of polyethylene (PE) and polypropylene,
representing more than 70 % and 20 % of the particles, respectively. Indeed, PE is the most
abundant polymer found in plastic litter (Cheang et al., 2018; Fossi et al., 2017; Hidalgo-Ruz
etal., 2012; Karthik et al., 2018), followed by PP and PS. The density of plastic has an influence
on the location of MPs in the water column, and MPs with a density below 1 (e.g., PE, PP),
tend to float (Hidalgo-Ruz et al., 2012), and are the predominant polymer reported in MPs
collected on beaches. Predominance of PE and PP has previously been reported in MPs

collected from several beaches across the world (Frias et al., 2010; Pannetier et al., 2020).

The chemical contamination profile of plastics collected on the two sites demonstrated
similarities and dissimilarities. Halogenated compounds including brominated flame retardant,
PCBs, chlorinated pesticides and chlorinated PAH (chloroacenatphthylene) were found on both
sites, while unsubstituted PAHs were not detected. The major differences between the two sites
consisted of higher concentrations of halogenated compounds in MG than in PB, along with the
detection of phthalates (diisobutylphtalate, dibutylphtalate, diethylphtalate, ether di-(2-
ethylhexyl) phthalate and di-n-octyl phthalate). MPs from PB site was characterized by the
important number of hydrocarbons. This result could be explained by the proximity of the
industrial area and harbour of Point-a-Pitre. Environmental samples of MPs often contained
PAHSs, PCBs and pesticides (Pannetier, Cachot, et al., 2019; Schonlau et al., 2019). The profile
and concentration of hydrophobic organic chemicals (HOCs) are linked to the chemical
exposure of particles throughout their drift history (Rochman, 2015). Koelmans et al. (2016)
estimated that plastics need 2 to 4 years to reach the sorption equilibrium for all hydrophobic
organic compounds (HOCs) in the marine environment, including additives and plasticizers
(Koelmans et al., 2016). However, the sampling period used in this particular study was just
after Hurricane Maria (October 2017) and some of the plastic debris collected on beaches came
directly from inland. Indeed, it is impossible to estimate the residence time of MPs in the water,
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thus making it equally impossible to evaluate the sorption equilibrium of HOCs. Sorption and
desorption processes depend on multiple factors, including plastic composition and properties,
plastic ageing and degradation, molecular interactions between polymer and chemicals,

temperature, pH, water and biofouling (Endo and Koelmans, 2016).

Toxicity assessment using early life stages of zebrafish

Embryos and larvae of fish and invertebrates play a fundamental role in the structure and
functioning of marine ecosystems. The long-term sustainability of healthy populations depends
on the good health and survival of larvae (Steer et al., 2017). In addition, early life stages are

particularly sensitive to pollutants (Embry et al., 2010; Lammer et al., 2009).

In the present study, the toxicity of MPs leachates produced from environmental samples of
MPs have been tested on early life stages of sea urchin (Paracentrotus lividus), jellyfish
(Aurelia aurita) and fish (Danio rerio). The main purpose of the present study was to assess the
toxicity of pollutants sorbed at the surface of MPs. Results obtained demonstrated that the PB
sample was highly toxic for P.lividus from a concentration of 1/10. Similarly, diminished
pulsation of A.aurita was observed in organisms exposed for all tested dilutions of PB, while
jellyfish exposed to the MG sample showed an alteration of afp only from 1/10. These results
highlighted that toxicity seemed to be linked to the samples of MPs. However, in both samples,
MPs were mainly fragments and the polymer composition was similar (> 70 % of PE and > 20
% of PP). The major differences were in chemical contamination. Indeed, in the present study,
environmental MPs were contaminated with different pollutants and the PB sample was
characterized by an important amount of hydrocarbons in comparison with MG sample.
However, metal analyses are on-going, and their potential presence may explain differences in
toxicity. In fact, previous leachate analyses have highlighted the chemical contamination at the
surface of MPs with the presence of phthalates and metals, used as plasticizers, stabilizers or
coloring agents (Oliviero et al., 2019; Omolaoye et al., 2010). Metal stabilizers and heavy-metal
pigments are not chemically bound to the polymers, meaning that they can easily leak out and

cause damage (Guney and Zagury, 2012; Omolaoye et al., 2010).

A study using leachates of pristine PVVC in parallel with MPs obtained from plastic toys made
of PVC showed that the toys had the higher level of toxicity for P. lividus embryo-larval
(Oliviero et al., 2019). Zebrafish larvae exposed to leachates of MPs from both environmental
samples in the present study dit no exhibit either lethal or sub-lethal effects. The toxicity of

168



industrial MPs using early life stages of zebrafish demonstrated the absence of deleterious
effects on several aquatic species (Beiras et al., 2018; Cormier et al., 2019). However, leachates
of environmental microplastics such as fishing nets, fishing cages and packaging collected at
sea had toxic effects on the size of Paracentrotus lividus larvae (Beiras et al., 2018). Toxic
effects were observed on sea urchin embryos exposed at high concentrations for 48 hours
(Beiras et al., 2018), while in the present study, zebrafish were exposed at the larval stage. The
stage of exposure and the duration of exposure is important. For example, Japanese medaka
(Oryzias latipes) exposed for 14 or 30 days to different environmental MPs collected on beaches
demonstrated a difference of sensitivity. Indeed, at 14 days, slight effects were observed while,
after 30 days, toxic effects were more important (Pannetier et al., 2020). Furthermore, a recent
study has shown the direct impact of HDPE microparticles on development and swimming

behaviour of oyster larvae (Bringer et al, 2020).
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Supplementary material

Table 1, SM: Fold change comparison between PB and MG samples. Confidence level were selected according

to Schymanski et al., 2014.
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Abstract

Microplastics (MPs) are widely present in aquatic ecosystems, and can be ingested by several
organisms. However, toxicity assessments focusing on thephysical and chemical effects of
environmental MPs on aquatic organisms are relatively rare. The present study aims to
investigate the toxicity of environmental microplastics over different life stages of zebrafish
(Danio rerio). MP samples were collected from two beaches in the Guadeloupe archipelago,
Marie Galante (MG) and Petit-Bourg (PB) located near the North Atlantic gyre. Both MPs
samples had the same polymer composition, mainly polyethylene (> 70 %) and polypropylene
(> 20 %), but different micropolluant profiles. First, early life stages of zebrafish were exposed
either to organic extracts (1, 10 and 100 mg/L) or particles (1 and 10 mg/L). Toxicity assessment
involved monitoring of mortality, developmental toxicity, EROD activity and larval swimming
behavior. Juvenile and adult zebrafish were then exposed to MPs over 4.5 months, via 1 % of
MPs being added to their food. The exposure of early life stages to particles did not induce toxic
effects, while high concentrations of organic extracts induced EROD activity for PB samples
and larval swimming hyperactivity for both MG and PB samples. Chronic dietary exposure led
to an alteration of growth in females both MG and PB samples compared to controls, along
with a decrease in the reproductive success for PB sample. A decrease in survival rate was
observed for the F1 offspring generation from zebrafish exposed to MG sample compared to
controls. Larval swimming activity was increased for the offspring of PB sample exposed fish.
This study highlights the ecotoxicological consequences of both short and long-term exposure
to environmental microplastics relevant to coastal marine areas, which represent essential

habitats for a wide range of aquatic organisms, including teleost.
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Introduction

Over the last 60 years, plastics have become an environmental concern, attracting interest from
public, media and scientists (Law and Thompson, 2014). Total plastic production reached up
almost 350 million tons in 2017, fueled by an ever more intense use of plastic products
(PlasticsEurope, 2018). These huge quantities of plastic being produced have led to millions of
tons of plastic waste accidently or intentionally being discharged into aquatic environment
(Geyer et al., 2017; Jambeck et al., 2015). Plastics in the environment tend to degrade and
fragment into smaller particles via chemical, physical or biological processes (Barnes et al.,
2009). Manufactured plastic debris typically ends up in oceans, and will eventually show up as
macroplastics (> 5 mm) or microplastics (MPs), i.e. particles between 1 um and 5 mm in size
(Arthur et al., 2009; Jambeck et al., 2015; Thompson et al., 2009). MPs consist of either plastic
particles designed for the purposes of plastic production (de Sa et al., 2018; Ogata et al., 2009)
or small plastic fragments derived from the breakdown of larger pieces (Anbumani and Kakkar,
2018; Derraik, 2002; Li et al., 2018; Thompson et al., 2004). MPs are now considered as a
potential threat for aquatic ecosystems (Cole et al., 2011; Pannetier, Morin, et al., 2019;
Pannetier et al., 2020).

Due to their slow degradation rate (Cole et al., 2011), plastic debris tend to accumulate in
oceanic gyres but also in coastal areas (Eriksen et al., 2014; Lebreton et al., 2018). Beaches are
hotspots for MPs and, more generally, from plastic pollution caused by the fragmentation of
macro debris (Andrady, 2011). The presence of MPs on beaches has been reported in various
areas around the world, including the Caribbean Sea (Acosta-Coley et al., 2019; Acosta-Coley
and Olivero-Verbel, 2015; Bosker et al., 2017; Bosker et al., 2018).

Plastic production uses additives to improve specific characteristics. It has been demonstrated
that these additives can be toxic (Barnes et al., 2009; Lithner et al., 2011). In addition, given
their persistence in aquatic environments, MPs are globally distributed in various environments
worldwide including some far from source areas (Bogdal et al., 2013; Corsolini, 2009; Rigét et
al., 2016). Besides additives, MPs particles have been shown to sorb significant amounts of
persistent organic pollutants from the surrounding environment (Barnes et al., 2009; Koelmans
et al., 2016; Mato et al., 2001; Rios et al., 2007). Weathering processes, combined with
fragmentation, can lead to an increase of the reactive specific surface area of particles and
further facilitate the sorption of pollutants (Teuten et al., 2007). Chemicals adsorbed during the
ageing of plastic are mostly hydrophobic organic compounds, including polychlorinated
biphenyls (PCBs), polycyclic aromatic compounds (PAHs) and organochlorine pesticides
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(Derraik, 2002; Karapanagioti and Klontza, 2008; Koelmans et al., 2016), but can also include
trace metal elements (Rochman, Kurobe, et al., 2014). MPs are believed to act as a “Trojan
Horse’, transporting a wide range of pollutants into the marine environment (Andrady, 2011;
Koelmans et al., 2014).

Plastic contamination of marine ecosystem has been widely reported (Law and Thompson,
2014), but only a few studies have investigated deleterious effects of MPs on aquatic organisms.
Toxicological effects induced by chemicals sorbed on MPs or included in MPs such as
additives, e.g. bisphenol A, phthalates, UV stabilizer, etc. (Koelmans, 2015; Koelmans,
Besseling and Foekema, 2014; Rochman, 2015) or pollutants (Pannetier, Cachot, et al., 2019;

Pannetier, Morin, et al. 2019) have been documented.

Early life stages of fish are currently used in ecotoxicology, mainly due to their high sensitivity
to diverse chemicals (Beiras et al., 2018; Embry et al., 2010; Lammer et al., 2009; Oliviero et
al., 2019). Early life stages of zebrafish (Danio rerio) have been demonstrated to be as sensitive
to chemical pollutants as adult fish (Belanger et al., 2013; Braunbeck et al., 2005; Braunbeck
et al.,, 2015; Lammer et al., 2009; Nagel, 2002). The zebrafish model has been used to
investigate dietary exposure to various pollutants (Alfonso et al., 2019; Horri et al.,
2018). Indeed the different routes of exposure are direct waterbone exposure and trophic
exposure via food. MPs sizes favor ingestion by organisms, and their transfer into food webs
has been reported in laboratory studies (Farrell and Nelson, 2013; Pannetier et al., 2020; Setéla
et al., 2014).

After ingestion, MPs can cause a variety of toxic effects to aquatic organisms, such as physical
effects or chemical effects. Clogging of the digestive tract (Cole et al., 2011), ulcerative lesions
or gastric rupture (Law and Thompson, 2014) or intestinal alterations (Peda et al., 2016) are
some of the physical alterations observed after MPs exposure. The ingestion of MPs may cause
endocrine disruption and hepatic stress including CYP1A expression, oxidative stress, changes
in metabolic parameters, decrease in enzyme activity, and cellular necrosis (Browne et al.,
2013; Law and Thompson, 2014; Mazurais et al., 2015; Oliveira et al., 2013; Rochman, Hoh,
Kurobe, et al., 2013; Rochman, Kurobe, et al., 2014; Teuten et al., 2009). The ingestion of MPs
has been shown to induce other toxic effects, and may compromise growth and organism
development, reproduction dynamics and the survival of a population. However, to date, studies
investigating the toxicity of environmental MPs samples are scarce (Pannetier, Cachot et al.,
2019; Pannetier, Morin, et al., 2019).
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In 2017, a sampling campaign was carried out across all oceans (Race for Water Odyssey 2017-
2021) by the Race for Water Foundation, to collect MPs from the water column, sediments,
living organisms and beaches. Sampling sites were selected in the North Atlantic gyre, with a
stopover in the Caribbean Islands, including two beaches in Basse-Terre and Marie-Galante
located in the Guadeloupe archipelago. The purpose of this study was to investigate the toxicity
of those environmental MPs samples on different life stages of zebrafish (Danio rerio) such as
embryo-larval, juveniles and adults stages. Embryos were exposed to either organic extracts or
MPs particles, and juveniles/adults were fed with food supplemented with environmental MPs

as 100 pum particles for 4.5 months.

Materials and methods

Composition and chemical characterization of environmental MPs

MPs were collected as described in the previous article (Cormier et al., in-prep. 2020). During
the Race for Water Odyssey 2017-2021, environmental samples of plastics were collected from
two sandy beaches in the Guadeloupe archipelago (France); Capesterre in Marie-Galante Island
(MG), and Viard-Petit Bourg (PB) in Basse-Terre islands; situated in the Caribbean (Table 1
and Figure 1), in October 2017. Samples were collected following the standardized NOAA
protocol (Lippiatt et al., 2013).

Table 1: Characteristics and GPS coordinates of the sampled beaches in Guadeloupe (France).

Sample GPS Coordinates Place Description
) 15°53'28.6"N Capesterre Marie-Galante | Beach opposite side of main
MG (Marie Galante) ] ) )
61°13'15.5"W beach island, in the city center
) ) Beach close to the main
) 16°09'59.6"N Viard beach (Petit Bourg) ) )
PB (Petit Bourg) ) industrial zone of

61°35'06.2"W in Basse Terre

Guadeloupe

Polymer composition was determined using Fourrier-transform infrared spectroscopy (FT-IR)
with a spectrum Vertex 70v (Bruker), results are expressed in % mass. MPs were ground using
a cryogenic mill (SPEX, 6770 Freezer-mill), and sieved for 12 hours through 100 and 53 um
sieves. The particle-size distribution was measured using a Malvern laser diffraction particle
size analyzer. Chemical analysis of environmental samples were previously described (Cormier

et al., in-prep. 2020) and summarized below. Chemical analysis was non-target, using a

181



liquid/solid extraction. Analysis was performed on gas chromatography (GC) coupled with an
orbitrap (Q-Exactive, ThermoFisher). PAHSs, hydrocarbons, and chlorinated and brominated
compounds were analyzed in both MPs samples. Confidence levels were attributed to each
identification molecule following Schymanski et al. (2014). Levels 1, 2, 3, 4 and 5 relate to a
confirmed structure, a probable structure, tentative candidate(s), unequivocal molecular

formula and exact mass (m/z) of the compound, respectively (Schymanski et al., 2014).

|
® B

Figure 1: Map of Guadeloupe (Caribbean Island) with the two sampled beaches, Petit-Bourg (PB) on the main
island and Marie-Galante (MG) on a secondary island

Organic extracts

Organic extracts were prepared according to Pannetier, Morin, et al. (2019), with modifications
described below. MPs samples were sieved to obtain particles below 250 um. Organic extracts
were prepared by adding 400 mg of MPs to 4 mL of dimethyl sulfoxide (DMSO) in the dark,
shaken for 16 h on an horizontal mixing table at 175 rpm (KS 501 Digital, IKA-Werke). After
the shaking, extracts were centrifuged at 4000 rpm for 5 minutes. Then, 100 pL of the liquid
fraction were sampled with extra-long sterile tip, and re-centrifuged to remove particles.

Extracts were kept at 4 °C for 7 days maximum.

Husbandry and egg production

Zebrafish (Danio rerio), TU strain were bred in 10 L tanks at 27 £ 1 °C with a photoperiod of
14/10 day/night (7.8 £ 0.2, 480 = 130 pS, for pH and conductivity, respectively). Fish were fed
daily, morning and evening, ad libitum with SDS100-300 uM diet (Special Diet Services, SDS
France) or InicioPlus (500 pum, Biomar SAS, France), supplemented with MPs. A third meal
was given at mid-day and consisted of freshly hatched brine shrimp Artemia nauplii. Permanent
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flow-through conditions and water aeration guaranteed that ammonia, nitrite, and nitrate were
kept below detection limits (5, 0.1 and 140 mg/L, respectively). Zebrafish eggs were collected

within hours following spawning induction by light on in the fish room.

Toxicological analysis using zebrafish (Danio rerio) embryos

Zebrafish embryo acute toxicity test

Both exposures, with particles or organic extracts, started at 3 hpf (hours post fertilization).
Zebrafish embryos were exposed to samples for 4 days until the end of the eleutheroembryo
phase (96 hpf). Embryos (N= 30 per replicate) were exposed to different equivalent
concentrations of plastics of 1 and 10 mg/L, and a supplementary concentration of 100 mg/L
was added for organic extracts only. The control condition for particles exposition consisted of
embryos cultivated in E3 medium supplemented with 0.35 mM of methylene, while for organic
extracts, 1% of DMSO was added. Positive control consisted of embryos cultivated in 4 mM of
3,4-dichloroaniline (DCA), for the test validation (OECD 236). Glass petri dishes (55 mm
diameter) containing 20 mL of solution and 20 embryos were used in semi-static conditions
with a daily renewal of exposure medium. Each treatment condition was replicated 3 times. To
maintain a temperature of 26 £ 1 °C, experiments were performed in temperature-controlled
chambers (Snijders Scientific, Tilburg, Nederlands) with a photoperiod set up on 14:10,
light:dark. For the entire exposure period, dissolved oxygen was daily controlled (> 85 %) with
a fiber-optic oxygen mini-sensor Fibox 3 (PreSens Precision Sensor, Regensburg, Germany).

Developmental toxicity

Individuals were examined following OECD 236 (OECD, 2013), and four apical endpoints
were recorded as indicators of lethality: coagulation of fertilized eggs, lack of somite formation,
lack of detachment of the tail-bud from the yolk sac and lack of heartbeat. Embryos were
checked daily for survival. Dead embryos were counted and immediately removed to avoid
contamination and modification of the medium. Developmental abnormalities and lesions were
also recorded: edema; body (scoliosis, lordosis); craniofacial abnormalities and cardiovascular
system malformation (blood circulation) following previously published protocols (Le Bihanic,
Clérandeau, et al., 2014). Leica MZ7.5 stereomicroscope with Leica DFP420C CDD camera
and Leica Microsystems software v3.8 were used to perform these measurements (Leica,

France).
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Biometry

At 96 hpf, six to ten embryos per replicate were anesthetized with 200 mg/L of benzocaine.
Total length and head length, were measured using a Leica MZ7.5 stereomicroscope with Leica
DFP420C CDD camera and Leica Microsystems software v3.8 (Leica, France), and the ratio of

head/total length was calculated.

In vivo EROD assay

In vivo EROD activity was analyzed according to published methods with modifications
(Jonsson et al., 2002; Le Bihanic et al., 2013). Measurements were conducted on 96 hpf
embryos. Five embryos per replicate were placed into individual wells of a 48-well microplate
containing 1 puM of 7-ethoxyresorufin (7-ER), and triplicates were analyzed. After 1 hour of
incubation in the dark, the 7-ER solution was removed and replaced by freshly prepared 1 uM
7-ER. Fluorescence of 100 pL of the incubation media was measured at time 0 and after 4 hours
of incubation in duplicate in 96 white well plates. Resorufin formed was measured with a BMG
Labtech plate reader (Germany) excitation and emission wavelength of 560 and 590 nm
respectively. Solution of 7-ER was added to the resorufin standard used to reach a final
concentration of 1 nM. A batch of five embryos was exposed to benzo[a]pyrene (70 nM) for 1h

before incubation in 7-ER to obtain a positive control.

Larval swimming behavior

The swimming behavior was investigated following published protocol (Le Bihanic,
Clérandeau, et al., 2014) using the larval photomotor response test (LPMR) to record fish
behavioral responses after a light stimuli. 96 hpf embryos were transferred into a 48-well plate
filled with 500 pL of E3 medium without methylene blue and acclimated for 20 min in the dark.
The LPMR consisted of 5 min light, 5 min dark and 5 min light. Swimming activity (velocity
and position in the well) was recorded with a video tracking system in a Daniovision chamber
(Noldus, Wageningen, The Netherlands). LPMR was recorded for of 10 to 12 randomly chosen
embryos per replicate at 28 °C. Videos were analyzed with Ethovision software 12.0 (Noldus,
Wageningen, The Netherlands).
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Statistical analyses

Normality of data was checked using the Shapiro-Wilk test. Analysis of variance was performed
followed by Fisher’s test compared to control. ANOVA was used for normal data, and for data
that did not fulfill normal distribution, the Kruskal-Wallis non-parametric test was performed.
All statistical analyzes were carried out at a 95 % level of significance and values are

represented as mean + SD.
Trophic exposure of zebrafish to food supplemented with environmental MPs

Preparation of food supplemented with MPs for trophic exposure

Pellet food adapted to the size of fish, SDS 100-300 pum was purchased from DIETEX (France)
and Inicio 500 pum from BioMar (France). To obtain a homogenous distribution of MPs in the
food, MPs were put with food pellet at a final ratio of 1% ww in glass tubes and mixed with a
4 mm bottlebrush fixed on a drill for 3 minutes. Afterwards, to reinforce binding of MPs to

pellets, flaxseed oil was added (5uL per gram of food) and mixed for additional 3 minutes.

Experimental design

Rearing and exposure were performed at the laboratory facilities at Ifremer Research Centre,
L'Houmeau which have the authorization to use and breed laboratory animals (EEA 171901)
and the project was performed under the approval of the Animal Care Committee of Poitou-
Charentes # 84 COMETHEA (France) with project authorization number APAFIS 10883 and
followed the recommendations of Directive 2010/63/EU. Rearing was performed as described
previously (Alfonso 2019; Vignet 2014).

A total of 450 zebrafish embryos were placed into 9 Petri dishes (10 cm, with 20 mL of E3
medium), following an equal distribution of eggs from at least 5 different spawn to avoid
parental bias. At 5 days post fertilization (dpf), larvae were transferred from Petri dishes to 1 L
tanks and were randomly assigned to each treatment including 3 replicates. At 21 dpf, they were
transferred from 1 L tanks to 3 L tubes located in 10 L tanks in the rearing system. At 26 dpf,
tubes were gently poured in 10 L tanks (Figure 2). Embryos and larvae were monitored daily
for any mortality. Fish at 30 dpf were exposed for 5 months (until 6 months age) to three
different treatment diets: control (CTRL): food supplemented with Marie-Galante MPs (MG)
or Petit-Bourg MPs (PB). At the end of the exposure, the offspring generation F1 was reared

with plain pellets, i.e. no further exposure. During the exposure, fish were monitored for any
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possible signs of impaired health status (i.e. fish condition, external lesions, modification of

feeding behavior).

d0, fertilized eggs
'y b

;‘ ':i" ";’ CONTAMINATION Breeding
: 1L tank | Tube } 10 L tank
100 pm 200 pm 300 pm S00 pm
s l d26 430 l d70 Feeding
dlé d40 d6o

Figure 2: Experimental design for the feeding of zebrafish. The 1% contamination started at 30 days post
fertilization, until the end of the exposure. Pellets size from 100 to 300 um were SDS and 500 pm were
InicioPlus.

Biomarkers of toxicity in the FO generation

Survival and growth

Throughout the exposure, dead larvae or fish were monitored daily. Individual standard length
(mm) and body weight (g) were measured at 2, 4 and 6 months of age (Vignet et al., 2014). At
2 and 4 months, fish were sampled and anesthetized, and euthanized at 6 months of age with

50 and 500 mg/L of benzocaine (MS222, Sigma Aldrich, France), respectively.
Reproduction

Reproduction was evaluated according to Alfonso et al., (2019). To monitor reproduction, at
90 dpf, one female and one male were placed in a spawning box (AquaSchwarz, Germany) in

early evening; five pairs were set up per attempt, to reach up to 60 attempts.

Reproductive success was calculated according to the percentage of total number of spawning
events obtained relative to the number of attempts (equal to the number of inspected rearing
tanks per treatment). Eggs were collected the next morning and sorted to count the total number
of eggs obtained per attempt and the fertilization rate was assessed after the collection. Eggs
were kept and placed in Petri dishes filled with 30 mL of the isotonic mixture E3 (1 L: 17.2 g
NaCl, 0.76 g HCI, 2.9 g CaCl,.2H20, 4.9 MgS04.7 H20) and methylene blue (250 puL/L). The
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hatching rate and survival of F1 generation without feeding were monitored to evaluate their

available energy ressources, with a daily medium exchange.
EROD

Zebrafish liver tissue were homogenized in 0.1 M phosphate buffer (pH =7.7; 0.1 M KCI). The
homogenate was then centrifuged at 9000 g at 4 °C for 20 min. The supernatant (fraction S9)
was then collected in a clean microtube and stored at —80 °C before being used for all enzymatic
activity measurements. The protein concentration in the S9 fraction was measured using
Bradford's (1976) method with bovine serum albumin (BSA) as standard. Spectrophotometric
measurements were performed in a Biotek Synergy HT microplate reader, and expressed as
mg/mL. EROD activity was determined using the Burke and Mayer method (1974). The
reaction mixture consisted of a NaH2PO4/K>HPO4 buffer (0.1 M, pH 7.5), 7-ethoxyresorufin
(0.15 mM) and NADPH (5.57 mM). The change in fluorescence was recorded (excitation
wavelength 530 nm, emission wavelength 585 nm) and enzyme activity was calculated as
pmol/min/mg protein using a resorufin standard. In total, 6 fish per treatment were analyzed,

composed of 3 males and 3 females.
TBARS

The amount of reactive oxygen species (ROS) to evaluate the oxidative stress is difficult to
measure due to a short half-life, so the measure of thiobarbituric acid reactive substances
(TBARS), an oxidative product (Buege and Aust, 1978), was studied. TBARSs were measured
in zebrafish muscles sampled after 4.5 months of exposure, and following the colorimetric
protocol developed by Buege and Aust (1978) and adapted to a microplate reader as described
in Weeks Santos et al. (2019). Results are expressed as nM of TBARs equivalents per mg of

protein. Pools of 3 males or 3 females were used to obtain 3 measures per treatment.
AChE

AChE was performed on S9 fraction of zebrafish brain (4.5 months), following Ellman et al.
(1961), adapted to a microplate reader. Extraction was performed following Lowry et al. (1951),
modified as in Weeks Santos et al., 2019. Each well contained 10 pL of S9, 180 uL of 5,5’-
dithiobis 0.5 mM in 0.05 M of Tris Buffer (pH 7.4) and 10 uL of acetylcholine iodide. The rate
of increase of optical density was measured using a spectrophotometer (Synergy HT, BioTek)
at 412 nm. Results are expressed as nmol/min/mg protein. Per condition, pooled of 3 males or

3 females have been used to obtain 3 measures per treatment.
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Biomarkers of toxicity on the F1 generation

Larval behavior

Larval behavior was monitored at 120 hpf using the larval photomotor response (LPMR) test
as described in Vignet et al. (2014). Larvae were individually transferred into one well of a 24-
well plate (Krystal 24, opaque wall and clear bottom microplate, Dutscher) and plates were
transferred to an enlighten incubator at 28°C in the behavior room. Plates were then
successively placed into DanioVisionTM (Noldus, NL) in the dark for 10 minutes of
acclimation before the LPMR test which included the following 5-min steps: Light on-1
(LONZ1, 70 lux), Light off (LOFF, <1 lux) and Light on-2 (LONZ2, 70 lux) with constant infra-
red light maintained during video recording. Distance travelled (cm) over the 5 min of each
period were then calculated using Ethovision (Noldus, NL). Larvae with tracking issues were

removed resulting in 16 to 24 larvae analyzed per treatment.
Larval survival

For the F1 generation, a survival experiment was performed using unfed offspring from exposed
fish. This aimed to determined whether the exposure of parents to MPs could alter the survival
of their offspring larvae (F1). The monitoring of F1 larvae survival has been performed using
eggs collected along the 60 attempts, from spawns above 60 % of fertilized eggs. Thirty eggs
were collected from each clutch. They were kept in a Petri dishes in 30 mL of E3 medium at 28

°C, dead embryos were daily counted and removed for 14 days.
Statistical analyses

Each exposure treatment was repeated three times, with approximately 50 fish per replicate.
Normality of the data was checked using the Shapiro-Wilk test. Analysis of variance was
performed, followed by Fisher’s test compared to control. ANOVA was used for normal data,
and for data that did not fulfill normal distribution, the Kruskal-Wallis non-parametric test was
performed. All statistical analyzes were carried out at a 95 % level of significance and values

are represented as mean = SD.
Results
Characterization of environmental samples

The predominant shape of MPs grinded macroplastic collected was fragments (> 98 %) for both
sites, composed primarly of polyethylene (PE) and polypropylene (PP) (Table 2). The
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granulometry analysis of MG sample demonstrated that the median particle size was 33.74 pm

and the mean particle size was 87.1 pum.

Table 2: Polymer composition of MPs samples from two different locations in Guadeloupe, % based on the
mass.

Polymers Marie-Galante Petit-Bourg
Polyethylene 78.3 74.6
Polypropylene 21.2 24.8
Polystyrene 0.1 0.4
Polyvinyl acetate 0 0.2
Other 0.4 0

Chromatogram superposition showed that the two sites contained peaks similarities and
dissimilarities (Figure 3). Non-target chemical analyses revealed some halogenated compounds
in both samples. For example, brominated flame retardant such as tribromophenol (CsH3zBr30)
and its metabolite tribromoanisole (C7HsBr30) were found in both samples. There was also a
homologous series of pesticides from pentachlorobenzene (CsHCls) and dichlorobenzene
(CeH4CLy).
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Figure 3: GC chromatograms expressed as relative abundance with the retention time (RT, minute) for MG
(red chromatogram) and PB (blue chromatogram).

189



Overall, MG sample was characterized by higher concentrations of halogenated compounds, as
well as trichlorobenzene, bumetrizole and octabenzone. The presence of phthalates was
investigated, and some were only identified in MG sample as diisobutylphtalate,
dibutylphtalate, diethylphtalate, ether di-(2-ethylhexyl) phthalate and di-n-octyl phthalate.
However, the PB sample was contaminated with more hydrocarbons than in MG MPs. These
compounds are mainly CxHyO-. Peaks specific to PB have been identified and corresponded
mainly to alkanes, corresponding to Ci1:H180s™ (confidence level 4), C20Hs:O" (confidence
level 4) which seemed to correspond to a phenol C7HgO with an alkane chain and an isomer of
octadecanoic acid CigH3sO->" (Schymanski et al., 2014). All compounds presented have a
confidence level of 4, corresponding to an unequivocal molecular formula. More detailed

results are presented in Cormier et al., (in-prep. 2020).

Early life stages of zebrafish

Exposure to MPs particles

In parallel to the organic extract exposures, embryos were exposed to particles at 1 and 10 mg/L.
Direct exposure of zebrafish embryos to MG and PB MPs at both concentrations did not induce
any embryonic toxicity compared to the controls. Survival was not altered by exposure to
particles, nor was there any modification of hatching time and growth alteration. EROD activity

as well as the swimming activity, were not significantly altered compared to control larvae.

Organic extracts

The embryo-larval survival rate in DMSO control was 96.7 £ 0.0 %. Hatching rate was 97.78
+ 1.6 %. Average head length of control larvae at 96 hpf was 0.70 + 0.04 mm, total length was
3.82 £ 0.04 mm, ratio head/total lengths was 0.20 + 0.01. Exposure to organic extracts of
environmental MPs up to 100 mg/L equivalent MPs did not induce lethal toxicity, nor

developmental toxicity (data not shown).

Larvae exposed to the equivalent of 10 mg/L of PB MPs extract exhibited a significant but
moderate induction of EROD activity (p=0.0078). However, no significant in vivo EROD
activity induction compared to control was observed in larvae exposed to 1 and 100 mg/L of
PB MPs extracts and 1, 10 and 100 mg/L of MG MPs extracts. EROD activity induced by BaP

positive control was twice that in control larvae (Figure 4).
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Figure 4: EROD activity in zebrafish larvae exposed to the equivalent of 1, 10 or 100 mg/L of MPs from MG
or PB location. EROD activity is given relative to the control. Mean = SD; n=3; ANOVA, p<0.05. Different
lowercase letters indicate a significant difference between treatments.

Exposure to DMSO extracts of MG and PB MPs, at 1 and 10 mg/L did not significantly alter
swimming activity in fish larvae in the LPMR test, compared to control larvae for all light
periods (LON1, LOFF and LONZ2). However, at the highest concentrations tested, (100 mg/L
equivalent MPs), MG and PB MPs extracts induced a significant reduction in swimming speed
during LOFF (Figure 5), without any significant differences observed in the position of larvae

in the well.
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Figure 5: Larval photomotor response in 5 days-old zebrafishafter exposure to organic extracts of MG or PB
MPs at an equivalent concentration of 1, 10 or 100 mg/L of MPs. Distance travelled over 5 min periods
including two light-on periods (LONZ1, LON2) and one light off period (LOFF). Data are given as means + SD
(n = 20 larvae per treatment; repeated—-measure ANOVA). Different letters indicate significant differences
between treatments within the same light condition(p<0.05).

Dietary exposure to environmental MPs

FO generation

Some sporadic mortality was observed, but there was no significant difference between

conditions including control.

Fish growth was recorded firstly at 2 months of age, then at 4.5 months of age with the
distinction of male and female phenotypic sex. At 2 months, no significant differences between
fish exposed to MPs and controls were observed, neither on total length nor on weight. Fish
total length at 4.5 months was identical across all treatments. However, significant reductions
were observed for female weight exposed both to either MG or PB MPs compared to controls
(ANOVA F,130=28.3, p<0.01). Male weight did not differ between treatments (Figure 6).

192



Female Male

600 2 600 -
g 400 b 400{ c € C
5
g 200 - 200 4
0 T - 0-
> €] . G

Figure 6: Zebrafish body weight (mg) after feeding for 4.5 months with diet containing 1% of MG or PB MPs.
Treatments correspond to plain diet (ctrl), MG and PB MPs spiked diet at a ratio of 1%. (Mean +/- SD, n=18),
Kruskall Wallis test. Different letters indicate significant differences between treatments (p<0.05).

Reproduction was evaluated based on three criteria. In comparison with the control, MG MPs
exposure did not modify reproductive success (p=0.275), while PB MPs exposure induced a
decrease in reproductive success (-70%; p<0.0001) (Figure 7). On the contrary no difference
was observed for spawn characteristics, including the total number of eggs collected, as well as
the number of fertilized eggs or the fertilization rate (Figure 8).
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Figure 7: Zebrafish reproductive success after feeding for 4.5 months with diet containing 1% of MG or PB
MPs. The reproductive success is the total number of spawning events obtained, relative to attempts number.
In red are represented the failure ratio against success (green). Fisher test.
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Figure 8: Characteristics of spawns obtained after feeding for 4.5 months with diet containing 1% of MG or
PB MPs. (Mean +/- SD, n=63 attempts), Kruskall Wallis. Different letters indicate significant differences
between treatments (p=0.05).

Biomarkers monitored in the present study e.g. EROD activity, AChE and TBARs, did not

reveal any significant differences between treatments (results are not presented).

F1 generation

The analysis of individual larval standard length, measured at 5 dpf, did not reveal any
significant differences between treatments (ANOVA (F12, 135) =16.47, p=0.170). In comparison
with controls, MG MPs parental exposure induced significant premature mortality in F1 larvae
(Chi? value=5.823, p=0.016; Figure 9). The decrease in the age at which 50% of mortality was
approximately of 14h and reached at 10.78 days [95% Cl: 10.52-11.12] compared to the Control
larvae [11.37, 95% CI:11.35-11.39]. On the contrary, no difference was observed for PB MPs
for larvae survival (Chi? value=0.966, p=0.3257).
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Figure 9: Larval survival (%) of the F1 generation, monitored for 14 days following feeding of parents for 4.5
months with diet containing 1% of MG or PB MPs MG.

The LPMR test was performed at 5 dpf to monitor early behavioral disruption. Independent of
the treatment, LPMR showed a clear increase in the distance travelled during the light-off
(LOFF) period compared to light-on (LON) periods (ANOVA, p < 0.001). Parental PB MPs
resulted in exposure altered the swimming behavior of F1 larvae by inducing hyperactivity
(repeated—measure ANOVA, F,438=2.9, p < 0.01) during both LOFF et LONZ periods (Figure
10).
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Figure 10: Larval photomotor response in F1 generation, 5 d old zebrafish (Danio rerio) after exposure of FO
generation to control (Ctrl) and MPs treatments (MG and PB). Distance travelled over 5 min periods including
two light-on periods (LONZ1, LON2) and one light off period (LOFF). Data are given as means = SD (n =50 to
60 larvae per treatment; (repeated—-measure ANOVA, F, 43=2.9). * indicates significant differences between
treatments within the same observation period (p<0.01).
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Discussion

MPs collected from beaches in Guadeloupe shared common characteristics with MPs collected
from other beaches (Pannetier, Cachot et al., 2019) which are a major proportion of PE and
presence of HOCs. Detailed characteristics have already been discussed (Cormier et al., in-prep
2020).

Due to their high sensitivity to a wide range of chemical substances, fish early life stages (ELS)
are currently used in ecotoxicology and as screening tests (Embry et al., 2010; Lammer et al.,
2009). In the present study, organic extracts and particle toxicity were tested on fish ELS. As
reported in a previous study (Beiras et al 2018, Cormier 2019), particle exposure did not induce
toxic effects. That being said, organic extracts of PB MPs revealed a moderate induction of
EROD activity at the equivalent concentration of 10 mg/L. While chorion can limit the
penetration of chemical compounds into the embryo and may protect against external
contamination, due to its limited permeability (Stréhle et al., 2012). It has been shown that some
PAHSs can be transferred across the chorion of fish (Gonzalez-Doncel et al., 2008; Le Bihanic,
Clérandeau, et al., 2014; Le Bihanic, Morin, et al., 2014; Perrichon et al., 2014).

The presence of PAHs in PB MPs may be responsible for the induction of EROD activity
(Carlson et al., 2004; Wessel et al., 2007). However, many other organic compounds are known
to activate AhR pathway, inducing modified EROD activity in fish, including alkylated PAHs,
PCBs, dioxin like compounds, PFOS and PBDE (Cormier et al., 2019; Koenig and Solé, 2012;
Lyons et al., 2011; Wessel et al., 2010). Because some of these compounds have been detected

in PB MPs, we cannot assign with certainty the EROD activity to PAHs exposure only.

At the highest concentration tested, both MG and PB MPs induced hypo-activity in zebrafish
larvae. It has been recently reported that environmental MPs sampled from different islands
situated in oceanic gyres can impact the swimming behavior after light/dark stimulation of
Japanese medaka larvae (Pannetier, Morin et al., 2019). Some PAHs mixtures, including pyrene
or BaP have also been shown to modify fish swimming behavior (Le Bihanic, Clérandeau, et
al., 2014; Le Bihanic, Morin, et al., 2014; Oliveira et al., 2013; Vignet et al., 2014). Reduced
swimming activity was reported after fish embryo exposures to a wide range of organic
pollutants, including PAHSs, pesticides and psychotropic drugs (Chiffre et al., 2016; Faria et al.,
2014; Le Bihanic, Clérandeau, et al., 2014).

Exposure to environmental MPs samples from two Guadeloupe beaches led to significant
growth alteration in zebrafish revealed after 3.5 months of chronic exposure. In particular, a
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significant decrease in the weight of female exposed to both MG and PB MPs samples appeared,
compared to the control. Previous long term dietary exposure to organic pollutants have been
shown to produce growth alterations: either a decrease in length and weight after exposure to
PAHs mixtures (Vignet et al., 2014) or an increase after exposure to a mixture of PCBs and
PBDEs (Horri et al., 2018). A decrease in weight without changes in fish length has been
observed in dietary exposure of zebrafish to environmentally realistic freshwater mixtures of
POPs, including PCBs and PBDEs as part of the major contaminants identified (Nourizadeh-
Lillabadi et al., 2009). Such growth deregulation can be linked, at least in part, to a disruption
of endogenous hormone functions, demonstrated by analysis of gene expression (Lyche et al.,
2010; Lyche et al., 2011; Nourizadeh-Lillabadi et al., 2009). Previous studies have suggested
that chemicals can increase or decrease growth, depending on make-up of chemical mixtures.
Environmental MPs are potential vectors of mixtures of pollutants with various physico-
chemical properties and modes of action, leading to complex molecular interactions and toxic
effects. Because decreases in weight occurred for females exposed to both samples, this
suggests the involvement of similar chemicals or chemicals with similar mode of action in both
MPs. It is noteworthy that of the chemicals found in both MPs, tribromophenol and its
metabolite tribromoanisole, as well as pentachlorobenzene, have been shown to adversely affect
fish physiology. However, tribromophenol seemed to promote weight, and increase the
condition factor of zebrafish of both sex (Deng et al., 2010) while pentachlorobenzene
decreased growth without indication on sex (Chaisuksant et al., 1998). Another explanation
may be related to the disruption of energy budget due to decreased food consumption or an
increase in metabolic costs reported for numerous organisms upon exposure to MPs (Besseling
et al., 2013; Green et al., 2016; Rist et al., 2016; Sussarellu et al., 2016; Watts et al., 2015; Yin
et al., 2018). In several fish species, mature females have higher food consumption and/or
metabolic costs compared with males as this has been shown in e.g. northern pike, walleye,
yellow perch, catfish or zebrafish (Beaudouin et al., 2015; Diana, 1983; Rennie et al., 2008;

Xie et al., 1998), a disruption in energy budget would have greater consequences for females.

Different aspects of reproduction were evaluated in the present study, and the reproductive
success decreased for zebrafish exposed to PB MPs. Various studies have demonstrated that
chemicals may act as endocrine disruptors by altering hormone pathways responsible for the
regulation of reproductive functions (Horri et al., 2018; Mills and Chichester, 2005). Chemicals
such as PBDEs have been shown to induce significant reduction in mature sperm in fathead

minnows (Muirhead et al., 2006). Delays in follicle maturation have also been identified after
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exposure to PCBs or PAHs (Vignet et al., 2016). In addition to chemicals, pristine microplastics
can affect the reproduction of aquatic organisms. For examples, polystyrene MPs have been
shown to induce alterations in marine medaka reproduction in a sex-dependent manner (\Wang
et al., 2019; Zhu et al., 2020) as well as in the reproduction of the bivalve Crassostrea gigas
(Sussarellu et al., 2016).

Parental transfer of chemicals, e.g. heavy metals, pesticides, PAHS, PCBS, to offspring has
been documented in numerous species, including birds (Ackerman et al., 2016; Bargar et al.,
2001), amphibians (Metts et al., 2013), and reptiles (Rauschenberger et al., 2007). Over
generations, persistency of chemicals can differ according to the mechanisms involved. In fish,
different studies have demonstrated the maternal transfer of pollutants to eggs (Miller, 1993;
Niimi, 1983; Nyholm et al., 2008; Yu et al., 2011). However, to date, no previous study has
investigated the parental transfer of chemicals linked to environmental MPs exposure to the
offspring. In the present study, exposure to MG sample led to a significant premature mortality
of unfed larvae offspring. Exposures to different POPs induced elevated mortality among unfed
larvae progeny (Foekema et al., 2012; Foekema et al., 2014; Horri et al., 2018; Wang et al.,
2019; Yu et al., 2011). Besides changes to larvae survival, swimming activity was increased for
the offspring of fish exposed to PB, without any changes to the behavior of FO generation. The
MG sample induced embryotoxicity that can be linked to the presence of phthalates, while PB
tends to alter the swimming activity of larvae perhaps due to the presence of PAHs inducing
neurotoxicity. To date, the investigation of the toxicity of environmental MPs on the F1
generation has never been studied. However, environmental MPs from island beaches increased
the swimming activity of Japanese medaka (Oryzias latipes) (Pannetier et al., 2020). The
presence of PAHSs in PB sample may explain the hyperactivity of offspring larvae as PAHs are
known to alter fish behavior in response to light stimulation (Le Bihanic, Clérandeau, et al.,
2014; Vignet et al., 2014).

Conclusions

This study demonstrates that chronic dietary exposure of zebrafish to environmental
microplastics has significant deleterious effects on adult zebrafish, as well as on their unfed F1
offspring (survival, behavior). For both MPs samples, growth was decreased in adult females,
and reproduction was altered. Deleterious effects observed on F1 offspring larvae could be
induced by either the parental transfer of chemicals desorbed from MPs and/or as an indirect
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effect of the parental physiological status leading to poorer egg quality. In addition, direct
exposure of fish larvae to organic extracts of MPs led a reduction in their swimming speed.
This can be linked to the presence of plastic additives and/or sorbed pollutants in organic
extracts. The present study revealed that acute regulatory tests are not efficient in predicting
MPs toxicity. Polymer compositions were similar between the two sampled sites, however, the
adsorbed chemical composition was different and may explain the different toxicity effects
observed. This study raises the question of the environmental risk of environmental
microplastics, weathered at sea, on aquatic organisms and in particular after ingestion and on

progeny of fish.
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Polymer composition of both samples were similar and composed of PE (>70 %) and
PP (> 20%).

Chemical composition of both samples were analyzed and dissimilarities were observed
as the presence of phthalates in MG MPs samples while PB MPs were mainly
contaminated with hydrocarbons, probably due to the location of PB close to an
important industrial zone.

Particles and leachates of MG and PB MPs did not induce toxicity to ELS of zebrafish
However, DMSO-extracts of MPs revealed an induction of EROD activity for fish
exposed to 10 mg/L of PB, and at the highest concentration (100 mg/L), both samples
induced hyperactivity of the larvae

Chronic dietary exposure revealed that the exposure to PB MPs sample decreased the
reproductive success of zebrafish and induced hyperactivity of unexposed F1.

Chemical contamination and ageing might explain the different toxicities of both
MPs samples.
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All results presented in the present PhD manuscript were already discussed; consequently, this
chapter will provide a brief recap of the main results obtained, in view of the initial objectives
of this thesis and present knowledge on microplastics. As a reminder, the objectives were: (1)
to develop and implement protocols to artificially sorb model pollutants, PFOS, BaP and BP3
to different size ranges of HDPE and PVC MPs as well as the study of sorption processes of
PFOS onto HDPE, (2) to investigate the ability of MPs to act as a vector of pollutants by using
industrial particles spiked with model pollutants (PFOS, BaP and BP3) using early life stages,
juveniles and adults of zebrafish and (3) to study the toxicity of environmental MPs (sandy

beaches, Guadeloupe, France) on different life stages of zebrafish.

The ability of MPs to sorb pollutants will be discussed, followed by the capacity of MPs to act
as a threat to aquatic organisms by playing a role of vector for pollutants, either using ELS or

adult zebrafish. Furthermore, some perspectives will be mentioned in the present chapter.

1) Sorption of organic pollutants on plastics

Acrtificial microplastics have been used since the 90’s as passive sampler in semipermeable
polymeric membrane devices, made of PE tubing containing lipids (Huckins et al., 1990). Since
then, passive samplers have been modified and implemented, but sheets made of PE and pristine
PE remain widely used (Adams et al., 2007; Lohmann, 2017). The use of PE for passive
samplers led to the interest for the study of PE as one of the reference polymers to investigate
chemical sorption to MPs (Huffer and Hofmann, 2016; Lee et al., 2014; Li et al., 2018; Xu et
al., 2018b). MPs provide a surface onto which many waterborne pollutants can be adsorbed,
including aqueous metals (Rochman, Hentschel, et al., 2014) and POPs (Rios et al., 2007;
Rochman, Hoh, Hentschel et al., 2013). In the aquatic environment such chemicals are
commonly found at their highest concentrations in the surface microlayer, where low-density
MPs, such as PE are most abundant as well (Ng and Obbard, 2006; Rios et al., 2007; Teuten et
al., 2007). As a consequence, MPs have been hypothesized to act as vectors and carriers for a
wide range of pollutants in the marine environment (Andrady, 2011; Barnes et al., 2009;
Hammer et al., 2012; Koelmans et al., 2014; Rios et al., 2010; Thompson et al., 2004).

The processes of sorption and desorption of organic pollutants onto MPs are complex and
poorly understood. The equilibrium Kinetics of contaminants on MPs depends on the inherent
properties of the chemicals, but also the size, density, polymer type, aging of plastic particles
and quality of the MPs (Wang, Shih, et al., 2015; Wang et al., 2019). The present study
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investigated the artificial sorption of model pollutants (PFOS, BaP and BP3) onto industrial
MPs, as well as the chemical characterization of environmental samples of MPs. We
demonstrated that artificial MPs are able to adsorb chemicals at different sorption rates. For
PFAAs, it is assumed that hydrophobic and/or electrostatic interactions are the two main
sorption processes onto organic material (Higgins and Luthy, 2006). Differences in sorption
efficiency can be attributed to differences in functional groups. For example, the sulfonate
group of PFOS bears a stronger polarity than the carboxylic group of PFOA. Therefore, the
resulting stronger electrostatic repulsion suggests a lower sorption affinity of PFOS to PE
compared to PFOA (Bakir et al., 2014). PFASs are amphiphilic substances and might therefore
show a highly substance-specific sorption behavior. The sorption Kinetics are also a relevant
insight into the mechanisms involved in the vectorization of chemicals by sorbents (Azizian,
2004). In general, sorption kinetics using MPs are performed on a small scale for a limited
number of hours (Zhan et al., 2016; Zhang, Wang, Shih, et al., 2018; Zhang, Zheng, et al.,
2018). However, in the present study, sorption kinetics were investigated over 180 days and the
linear sorption observed is in accordance with a previous study on PFOS sorption conducted by
Wang, Shih, et al. (2015), on PE, PS and PVC. The limited sorption of PFOS onto PE could be
due to physical properties of the compound. Nevertheless, sorption rates increased over time,
and after 180 days, significant variability was observed between replicates. The high variation
of sorption after 180 days could be due to the aging of particles remaining in solution for 6
months and leading to a degradation of MPs surfaces resulting in the modification of the

sorption sites.

The properties of plastics can modify the sorption of pollutants, such as surface charge, surface
area, functional groups present (Fotopoulou and Karapanagioti, 2015). For example, the
measurement of the surface area of polymers used by Seidensticker et al. (2018), demonstrated
that PE is non-porous while PS is mesoporous. This difference resulted in a higher sorption rate
of contaminants to PS than PE, which is confirmed by non-linear sorption isotherms in the
study. In equal conditions, PVC particles demonstrated higher adsorption capacity compared to
PE for different synthetic musk (Dong et al., 2019). However, other studies reported that PE
microplastics had higher sorption capacities for HOCs than PS and PVC particles (Wang and
Wang, 2018a; Zuo et al., 2019), attributed to the arrangement of the molecular chain of plastic.
Sorption efficiency also depends on the molecular structure and composition of MPs and
pollutants (Wang, Shih, et al., 2015). Lee et al. (2014), observed that the concentrations of PCBs
and PAHSs as well as the partitioning coefficients between the different types of MPs followed
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the order of PS > PE > PP. The high sorption capacity of PS has been already demonstrated by
using PAHSs, and PS had 8-200 times order of magnitude sorption than PET, PVC, PE and PP
(Rochman, Hoh, Hentschel et al., 2013). The sorption capacity of PS was related to its
amorphous structure, in comparison with other polymer types. In fact, sorption processes are

linked to the contaminant as well as the polymer types.

The aging of MPs may play a role in the sorption/desorption processes of chemicals. Aged MPs
were characterized with rough surfaces and large surface areas, which enhanced the sorption of
pollutants (Liu, Zhu, et al., 2019). Environmental MPs are subjected to aging by UV radiation,
oxidation and thermal radiation, resulting in the properties changes of MPs (Celina, 2013). It
has previously been demonstrated that the sorption of aged MPs differs from non-aged primary
MPs (Kokalj et al., 2019). To investigate the aging of MPs, artificial aging of plastic was
studied. For example, the artificial aging of polystyrene significantly modified the adsorption
mechanisms of pharmaceuticals onto PS particles (Liu et al., 2020). Specifically, artificially
aged MPs using UV radiation demonstrated that aged MPs had a higher adsorption capacity for
heavy metals than virgin MPs (Wang et al., 2020). Changes to the surface properties of MPs
may change their adsorption properties (Liu, Qian, et al., 2019). The aging of MPs influences
not only the sorption of chemicals but also their polymer properties, with changes in density,

leading to modification of sinking properties (Kokalj et al., 2019).

In the present study, a decrease of the amount of BaP adsorbed on MPs was observed, whereas
for a similar compound, pyrene, sorption was achieved after 48 hours of exposure to either
polyethylene, polystyrene and polyvinyl chloride microparticles (Wang and Wang, 2018a). The
decrease in BaP adsorbed onto PE over time can be due to the degradation of the compound,
e.g. photodegradation or biodegradation in the water (Akyuz and Cabuk 2010). To avoid
biodegradation, another kinetic experiment was carried out with the addition of azide (NaN3).
Unfortunately, due to technical problems linked to PhD mobility, all samples of water and MPs
were analyzed, but no BaP contamination was identified. The absence of BaP in all samples
could be due to failure to observe the cold chain while the samples were in transit. In the present
study we cannot conclude on the potential degradation of BaP during its sorption. In fact,
degradation of BaP is enhanced by different degradation processes in natural water, and half-
lives can vary from 27.5 to 266.6 days, in pond water and seawater, respectively (Kot-Wasik et
al., 2004). Degradation is not the only process that can modify the sorption of BaP; according

to the literature, around 30 to 40% of BaP can be adsorbed on glassware (Bowman et al., 2002).
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Sorption of PAHs onto MPs has been studied very little under laboratory conditions.
Inconsistent data, or a general lack of reliable data from laboratory studies (Llorca et al., 2018;
Wang, Shih, et al., 2015) would appear to highlight the need for further research on the
interaction behavior between chemicals and MPs particles. However, on environmental
samples of MPs, PAHs are commonly detected and quantified (Pannetier et al., 2020; Schonlau
et al., 2019).

In the environment, MPs have a tendency to accumulate in oceanic gyres but also in coastal
areas due to hydrodynamics and human activities (Eriksen et al., 2014; Law and Thompson,
2014; Lebreton et al., 2018). Beaches are known to be common sites for marine litter and a
hotspot for plastic fragmentation because of shallow water and exposure to UV (Andrady,
2011). MPs have already been widely reported in the sea and on beaches in the Caribbean
(Acosta-Coley et al., 2019; Acosta-Coley and Olivero-Verbel, 2015; Bosker et al., 2017; Bosker
et al., 2018). In the present study, MPs collected from Guadeloupe’s beaches were mainly
composed of PE and PP, representing more than 70 % and 20 % of the particles, respectively.
This is consistent with the fact that PE is the most abundant polymer found in plastic litter
(Cheang et al., 2018; Fossi et al., 2017; Hidalgo-Ruz et al., 2012; Karthik et al., 2018), followed
by PP and PS.

The present thesis evaluated the sorption and toxicity of PE particles, both for primary
microplastics and environmental samples. Low-density MPs are the predominant polymers
reported in MPs collected on beaches. A predominance of PE and PP has previously been
reported in MPs collected from several beaches around the world (Frias et al., 2010; Pannetier
et al., 2020). Also, accumulation of biofilm at the surface of MPs tends to increase the sinking
behavior of MPs (Kaiser et al., 2017; Kooi et al., 2017; Kowalski et al., 2016).

Chemical analysis of environmental samples from beaches on the island of Guadeloupe
revealed multi-contamination of MPs with diverse organic pollutants, demonstrating the ability
of MPs to sorb pollutants into the aquatic environment. Halogenated compounds including
brominated flame retardant, PCBs, chlorinated pesticides and chlorinated PAHS
(chloroacenatphthylene) were found on both sites, while no unsubstituted PAHs were detected.
Phthalates (diisobutylphtalate, dibutylphtalate, diethylphtalate, ether di-(2-ethylhexyl)
phthalate and di-n-octyl phthalate) were only detected in MPs from Marie-Galante Island. On
the other hand, MPs from the Petit-Bourg site (Basse-Terre island) contained a high number of
hydrocarbons. This could be explained by the proximity of industrial areas and harbor of Pointe-
a-Pitre. Environmental samples of MPs often contained PAHs, PCBs and pesticides (Pannetier,
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Cachot, et al., 2019, Schonlau et al., 2019). The profile and concentration of hydrophobic
organic chemicals (HOCs) are linked to the chemical exposure of particles throughout their
drift history (Rochman et al., 2015). Koelmans et al. (2016) estimated that plastics need 2 to 4
years to reach the sorption equilibrium for all HOCs in the marine environment, including
additives and plasticizers. However, this sampling period took place in the aftermath of
Hurricane Maria (October 2017) and some of the plastic debris collected on beaches may have
come from further inland. It is impossible to estimate the residence time of MPs in the water,

thus making it equally difficult to evaluate the sorption equilibrium for HOCs.

Trace metals were found in plastic debris from the North Atlantic subtropical gyre (Prunier et
al., 2019) and it was demonstrated that plastics debris are able to bind and accumulate metals
(Acosta-Coley, Mendez-Cuadro, Rodriguez-Cavallo, de la Rosa and Olivero-Verbel, 2019;
Davranche et al., 2019). To complete the present PhD thesis, chemical analysis are still in

progress to characterize the metallic contamination of environmental MPs.

2) Toxicity of microplastics using early life stages of zebrafish

In the present study, different life stages of zebrafish were exposed to industrial or

environmental MPs. Embryo-larval exposure involved direct contact with different MPs.

Embryos, along with the larvae of fish and invertebrates play a fundamental role in the marine
structure and functioning of marine ecosystems. The long-term sustainability of healthy
populations depends on the good health and survival of larvae (Steer et al., 2017). In addition,
early life stages are particularly sensitive to pollutants (Embry et al., 2010; Lammer et al.,
2009). A wide array of bioassays has been developed to assess the toxicity of chemicals or
environmental samples. ELS of vertebrates that depend on the use of yolk are not protected by
the current European legislation on the protection of animals used for scientific purposes (EU,
2010; Strahle et al., 2012). The FET test has been recommended as an alternative to
conventional fish acute toxicity testing (e.g. OECD TG 203) (OECD, 1992) and is approved as
Test Guideline 236 (OECD, 2013). Based on this guideline, FET has successfully been applied
to a wide range of substances exhibiting diverse modes of action, solubilities, volatilities, and
hydrophobicities. However, given the particulate nature of MPs, the question arises as to
whether the FET is suited to the assessment of MP toxicity. Indeed, there are major differences
between soluble pollutants and discrete objects such as MPs including, e.g., dispersion,
homogeneity, localized desorption events of additives or adsorbed pollutants. Since Batel et al.
(2018) already documented that the transfer of BaP was not sufficient to cause acute embryo
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toxicity, additional endpoints to reveal sublethal effects were incorporated into the FET
protocol (OECD 2013) to enhance its sensitivity. The purposes of the present work presented
in this thesis was therefore to evaluate the suitability of FET for MP toxicity assessment and
further document the release of pollutants from MPs, their transfer across the zebrafish chorion

and their effects.

Primary virgin PE particles did not induce acute toxicity on zebrafish early life stages, and
similar results were observed after exposure of embryos and larvae of marine medaka (Oryzias
melastigma) to the same PE particles (Beiras et al., 2018). On the contrary, PE particles
artificially contaminated with model pollutants (PFOS, BaP and BP3) led to moderate but
significant induction of cypla transcription and/or EROD activity, involved in phase | of
xenobiotic metabolism and often used as a biomarker of exposure. Albeit with some differences
in response due to chemical used with respect to exposure duration — which may reflect the
need for translation or enzyme accumulation — an overall triggering of CYP1A (either as EROD
activities and/or as cypla transcription) was observed after exposure to MPs spiked with
pollutants, whereas virgin MPs failed to do so. Results indicate that pollutants spiked on MPs
are able to desorb and reach concentrations sufficient to activate AhR pathway and induce

CYP1A protein synthesis.

An increasing number of studies uses behavioral responses to monitor sublethal effects of
pollutants such as PFOS, BaP or BP3 on aquatic organisms (Huang et al., 2010; Le Bihanic,
Morin, et al., 2014; Le Bihanic, Clérandeau, et al., 2014; Le Bihanic et al., 2015; Wang, Wang,
et al., 2015), and changes in, e.g., the photomotor response are commonly interpreted as
evidence of potential neurotoxicity (Legradi et al., 2018). Larvae exposed to industrial MPs did
not reveal any change in swimming behavior using LPMR. However, previous studies have
shown that MPs may reduce other behavioral parameters, such as predatory performance of fish
depending on the shape of plastic particles (Choi et al., 2018; de Sa et al., 2015). To complement
the present study, different behavioral experiments might be used on exposed adults, such as
the anxiety or the learning ability analyses. For example, the learning ability of zebrafish was
altered after an exposure to copper (Pilehvar et al., 2020). Additional behavioral parameters
should be investigated with the aim of being able to identify with greater certainty the presence

or absence of toxic effects of MPs on fish behavior.

Beyond the different parameters studied, the particular species of fish is important. Indeed, the
same experiments were carried out using Marine medaka, and demonstrated acute toxicity for

embryos and larvae (Beiras et al., 2018). The difference of sensitivity between these two fish
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species could be explained by direct contact of MPs with villi at the surface of the marine
medaka chorion, which may facilitate the uptake of toxicants. While villi or similar structures
do not exist on the zebrafish chorion, Batel et al. (2018) showed that small MPs (1 - 5 um) were
able to adhere to the outer surface of the zebrafish chorion and transfer BaP to embryos across
the chorion. Besides the difference in egg surface (Hart and Donovan, 1983; Hart et al., 1984)
which may interfere with MP contact, additional factors, such as exposure time, may also
account for the different responses observed between marine medaka and zebrafish. Indeed,
different sensitivities for lethal and sublethal endpoints have been demonstrated between early
life stages of Japanese medaka and zebrafish exposed to sediments spiked with two model
PAHSs (Perrichon et al., 2014). For the FET test, one major difference between these two species
is the duration of the embryonic stage. For Japanese medaka, the embryonic stage lasts until
days 10 to 11 dpfat 26 °C (Padilla et al., 2009), whereas this period is restricted to 48 to 72 hpf
in zebrafish reared at 26-28 °C (Kimmel et al., 1995). Similar to Japanese medaka, mean
hatching time for marine medaka is 11 dpf at 28 °C (Beiras et al., 2018). Future investigations
into MP effects on zebrafish could consider prolonged exposure, using direct exposure via the
water medium, or the use of different fish species, such as the Japanese medaka or the marine

medaka.

In addition, for all biomarkers studied, DNA damage can also be used to evaluate the potential
toxic of MPs associated with chemicals. Genotoxicity was observed in medaka larvae exposed
to extracts of environmental MPs (Pannetier, Morin, et al., 2019). The presence of oxidized
bases in DNA can be identified using the comet assay, supplemented with the Fpg enzyme
(Kienzler et al., 2012). Oxidative damage has previously been reported in marine lugworms
Arenicola marina exposed to MPs (Browne et al., 2013). In the present study, genotoxicity was
investigated on entire zebrafish larvae, yet negative control levels were similar to positive
control. Average tail length was around 50 %. The method was improved by optimizing some
parameters such as cell dissociation, lysis solution, and duration of the lysis and electrophoresis.
However, negative controls were still around 30 % of DNA breaks. The method still needs to
be improved to obtain a percentage of DNA breaks lower than 10% for the negative control. In
view of this not all results were suitable for presentation in the present study.

To conclude, toxicity of environmental samples was investigated by exposing zebrafish
embryos to either particles, organic extracts or leachates. Contact with particles and leachates
did not reveal toxic effects, while organic extracts at the same concentration induced EROD
activity and hyperactivity of larvae. Previous studies have demonstrated toxic effects caused by
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the exposure of Japanese medaka to MP extracts (Pannetier, Morin, et al., 2019). Organic
extraction of MPs facilitates the desorption of contaminants and additives adsorbed at the
surface of the particles, meaning that organisms are directly exposed to contaminants
(Pannetier, Morin, et al., 2019). The results observed highlighted the fact that toxicity of MPs
in the environment without ingestion of particles could be explained by the desorption of
contaminants or leakage of additives more than by the particles themselves.

3) Toxicity following ingestion of microplastics

The ingestion of MPs can lead to the desorption of environmental contaminants, additives or
pollutants, as demonstrated in numerous previous studies (Fossi et al., 2012; Mato et al., 2001;
Oliveira et al., 2013; Teuten et al., 2007, 2009). We first, we investigated the artificial
desorption of PFOS from industrial MPs particles. For all quantities of exposed PFOS-spiked
particles, desorption ranged between 70 and 80 %. The high desorption rate (between 70 and
80 %) is most likely down to molecular properties and chemical interactions between the bile
salt sodium taurocholate and PFOS, both composed of a hydrophobic and a polar functional
group. The bioavailability of PFOS may be enhanced by their inclusion in bile salt micelles or
into their micellar layer, has been shown for lecithin (Mazer et al., 1980). Enhanced desorbing
effects mitigated through bile have been already demonstrated in previous studies for different
compounds and matrices. For example, a mixture of PCBs and lindane was desorbed from soil
after in vitro digestion with chicken bile (Oomen et al., 2000). Another study investigated the
digestion of soil contaminated with PAHs and PCBs, revealing a mobilization of these
substances after gastro-intestinal digestion up to two times higher than that without bile (Hack
and Selenka 1996). This emphasizes the important role played by bile in the assimilation of

toxicants at the same time as nutrients.

However, there are only a few investigations into the desorption behavior of MPs sorbed to
chemicals under physiological conditions, and these are mainly focused on common HOCs
(Teuten et al., 2009; Ziccardi et al., 2016). Despite differences in particular affinities between
different HOCs and MPs, Bakir et al. (2014) demonstrated a significant increase in desorption
rates in the presence of gut surfactant between 2 to 20 times higher compared to sea water.
Similar results were presented by Teuten et al. (2007) for phenanthrene (Phe) in combination
with PE and PP. While desorption rate constants of Phe from natural sediment were
significantly higher than those determined from PE and PP, the sediment’s sorption capacities

were remarkably lower. It is proposed that even though contaminants desorb more slowly from
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plastics than from sediment, the relative amount desorbing from plastics under physiological
conditions might exceed the quantities desorbing from natural sediment particles (Bakir et al.,
2014). Among teleost fish, approximately 60 % of species produce only C24 bile salts for their
digestive juices (Hofmann et al., 2010). In addition, taurine conjugates, such as sodium
taurocholate, are the most dominant C24 bile salts among carnivore species (Moschetta and
Kliewer, 2005). This promotes sodium taurocholate as a suitable model bile salt to assess the

desorption behavior of MPs toxicants in a broad range of species.

This lends weight to the hypothesis that MPs may deliver HOCs in biota. In that sense, chronic
dietary exposures were performed with a variety of MPs as virgin MPs, MPs artificially spiked
with model pollutants and environmental MPs. The range of MPs used was designed to better
understand the mechanisms involved in the toxicity of MPs after ingestion, and to apply the

investigation to environmental MPs.

Exposure to pristine MPs for 5 months induced slight effects on the FO generation, with a
decrease of weight in females exposed to PE and PVC, while PVC tends to alter the
reproduction with an increase of the failure ratio of the reproductive success. Pristine MPs can
affect the reproduction of aquatic organisms. For example, polystyrene MPs in contact with
aquatic organisms induced an alteration in marine medaka reproduction in a sex-dependent
manner (Wang et al., 2019) as well as the reproduction of the bivalve Crassostrea gigas
(Sussarellu et al., 2016). The fact that the F1 generation, corresponding to unfed larvae, was
affected by the parents exposure to pristine MPs, with an alteration of the larval survival, may
indicate that toxic effects could be linked to chemical components of MPs, such as additives.
Indeed, plastics are made of polymers containing numerous additives used to improve specific
characteristics, and it has been demonstrated that additives can be toxic (Barnes et al., 2009;
Lithner et al., 2011) and can negatively alter the health of living organisms (Koelmans et al,
2015; Lusher et al, 2015; Oehlmann et al., 2009; Rochman et al., 2015). Results showed that
MPs made of PVC induced higher toxicity compared to PE particles. The production of PVC
includes numerous additives (Fred-Ahmadu et al., 2020) which may cause the higher toxicity

observed after ingestion compared to PE.

The potential contribution of MPs to act as vector of organic pollutants to biota has for long
been subject to controversy (Bakir et al., 2016; Koelmans et al., 2016; Lohmann, 2017).
However, in our study we confirmed that MPs can play an important role in the potential
toxicity of MPs (Batel et al., 2016; O’Donovan et al., 2018, Rainieri et al., 2018). To better
understand the role of MPs as vector of pollutants, zebrafish were fed with PE or PVC spiked
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with model pollutants such as PFOS, BaP and BP3. These artificial situations allow a clearer
understanding of toxicity relating to polymers, chemicals and combinations of both. In parallel,
environmental samples of MPs were added to food to simulate realistic environmental
contamination, including a mixture of pollutants and polymers. Exposures to the different
model pollutants spiked to either PE or PVC induced diverse effects, such as alteration of
female growth and decrease in weight (all MPs tested). Similar results were observed for
zebrafish exposed to both environmental samples of MPs collected on beaches, MG and PB.
Previous long-term dietary exposure to POPs produced growth alteration, either a decrease in
length and weight (PAHS, Vignet et al., 2014). Decreased weight without changes in fish length
was observed in a dietary exposure of zebrafish to environmentally realistic freshwater mixtures
of POPs, including PCBs and PBDEs as part of the major contaminants identified (Nourizadeh-
Lillabadi et al., 2009). This kind of growth regulation can be linked to a disruption of
endogenous hormone synthesis or functioning, demonstrated by analysis of gene expression
(Lyche et al., 2011, Lyche et al., 2010, Nourizadeh-Lillabadi et al., 2009). In the present study,
growth alteration was not linked to a specific contaminant. Had that been the case, it would
have been interesting to investigate genes involved in the growth. It is noteworthy that growth
decrease occurred after at least 4 months of exposure and only in females. This would tend to
suggest a modification of the energy balance between growth and reproduction which is
expensive in terms of energy budget for females. It would have been interesting to monitor

energy reserves in females of all conditions.

Different aspects of reproduction were evaluated in the present study. Reproductive success
decreased for zebrafish exposed to PE-BP3 and PVC-BP3. BP3 is a UV-filter commonly used
in cosmetics such as sunscreens but also as an additive in plastics, to protect against UV
degradation. BP3 is known to act as an endocrine disrupting chemical interfering with
reproduction and sex hormone signaling, inducing reproductive pathologies and altering
reproductive fitness (Bluthgen et al., 2012; Coronado et al., 2008; Kunz et al., 2006). At higher
concentrations, reduced egg production and hatching have been demonstrated, along with an
increase of the vitellogenin level in males, causing gender shifts (Coronado et al., 2008; Nimrod
and Benson, 1998). It is noteworthy that the effects of PVC-BP3 appeared to be much higher
than PE-BP3. PB particles also altered the reproductive success and decreased female condition.
This may be an explanation for defects in sexual maturation, thus leading to a decrease in
spawning probability in fish (Grift et al., 2007; Mollet et al., 2007; Whiteley et al., 2011; Wright

et al., 2013). Various studies have demonstrated that chemicals may act as endocrine disruptors
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by altering hormone pathways responsible for the regulation of reproductive functions (Horri
et al., 2018; Mills and Chichester, 2005). Chemicals such as PBDEs have been demonstrated to
induce significant reduction in mature sperm in fathead minnows (Muirhead et al., 2006). Delay

in follicle maturations were shown after exposure to PCBs or PAHs (Vignet et al., 2016).

Parental transfer of chemicals, e.g. heavy metals, pesticides, PAHs, PCBs, to offspring has been
documented in numerous species, including birds (Ackerman et al., 2016; Bargar et al., 2001),
amphibians (Metts et al., 2013), and reptiles (Rauschenberger et al., 2007). In fish, different
studies have demonstrated the maternal transfer of pollutants to eggs (Alfonso et al., 2019;
Miller, 1993; Niimi, 1983; Nyholm et al., 2008). However, no study has yet investigated the
transfer of effects from parents to the offspring of MPs contaminated with model pollutants or
environmental MPs. In the present study, besides the effects observed on FO generation, F1
larvae from FO exposed to PVC-BP3 and PB exhibited increased swimming activity.
Hyperactivity was observed in offspring of fish exposed either to PVC spiked with BP3 or to
environmental samples from PB site. To date, the investigation of the toxicity of environmental
MPs on F1 has never been studied in fish. However, the chemical contamination of PB sample,
such as aliphatic hydrocarbons, could explained the hyperactivity of offspring larvae as
hydrocarbons are known to alter fish behavior in response to light stimulation (Le Bihanic,
Clérandeau, et al., 2014; Vignet et al., 2014). Effects on F1 generation revealed a transfer of
effects, either from the alteration of physiology of parents, leading to the production of defective
eggs or from the transfer of chemicals causing direct effects. In the present study, the detection
and quantification of chemicals in F1 larvae was not performed, but it may have added
information on a potential transgenerational transfer. Only the condition of MPs-PFOS resulted
in the bioaccumulation of the compound in adult fish. In the present study, we decided that
chemical analyses of F1 generation will not be investigated due to the quantity of larvae

required and the larvae available.

While all biomarkers were investigated, physical damages was not studied in the present thesis.
Physical effects have been demonstrated, leading to a blockage of the digestive tract or a feeling
of fullness (Cole et al., 2011; Rochman, Hoh, Kurobe et al., 2013) along with ulceration or
perforation of the digestive tract wall or the gill epithelium (Peda et al., 2016). These physical
alterations could be linked to toxic effects observed, such as changes in swimming activity.
Specific toxicological effects induced by plastic components such as plastic monomers or
plastic additives e.g. phthalates, bisphenol A, flame retardant, UV stabilizer and dyes were

demonstrated (Koelmans, 2015; Koelmans et al., 2014; Rochman et al., 2015), but in the present
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study the effects of additives were not separated from those of other chemicals. Further studies
should focus on the toxic effects of additives on zebrafish.

The PhD studies investigated the sorption and toxic effects of MPs on zebrafish, however,
fragmentation of MPs can lead to nano-sized plastic particles (NPs). Although the theoretical
formation mechanism of MPs and NPs has been explained in previous works (Cooper and
Corcoran, 2010) only one experiment has demonstrated the formation of NPs from MPs
fragmentation (Enfrin et al., 2020). However, the accumulation of NPs was demonstrated in
different tissues of zebrafish (Chen, Yin, et al., 2017). Instead of MPs, beads of PS NPs were
detected inside the gut and have been demonstrated to migrate outside the intestinal epithelium
(Parenti et al., 2019). Besides accumulation of NPs via direct exposure, passive diffusion of
NPs through the skin was reported in zebrafish exposed to MPs fragmented into NPs (Enfrin et
al., 2020). Also, the diffusion of NPs in zebrafish tissues was showed by the accumulation of
NPs in adult zebrafish livers after ingestion (Lu et al., 2016). In zebrafish embryos, NPs crossed
the chorion and accumulated in the yolk sac and migrated to other tissues: gastrointestinal tract,
gallbladder, liver, pancreas, heart and brain, throughout embryos development (Pitt, Kozal, et
al., 2018). These exposures to NPs induced oxidative stress, inhibition of larvae locomotion,
reduction of larvae body length, modification of AChE activity and decreased heart rate (Chen,
Gundlach, et al., 2017; Parenti et al., 2019; Pitt, Kozal, et al., 2018). Dietary exposure of
zebrafish to PS NPs led to a maternal transfer of PS NPs to the F1 generation with the presence
of NPs in the yolk sac, the gastrointestinal tract, the liver, and the pancreas (Pitt, Trevisan, et
al., 2018). Exposure to PS NPs modified the antioxidant system responses in tissues of exposed
adults and in unexposed F1 larvae (Pitt, Trevisan, et al., 2018). The scientific community should
therefore focus not only on MPs toxicity but also on NPs, since it has been shown that NPs are

able to migrate into tissues of organisms through passive diffusion.
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Chapter 7: Conclusion and

Perspectives
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The present work aimed to study the potential role of MPs as vectors of pollutants for aquatic
organisms. It investigates the kinetics of sorption of model pollutants onto PE MPs, as well as

their toxicity for zebrafish, and the chemical impregnation and toxicity of environmental MPs.

Model pollutants were successfully sorbed to industrial PE and PVC MPs, with the observation
of different sorption patterns linked to the chemical used and the polymer. However, due to a
lack of time, long-term sorption experiments were limited, and the kinetics sorption kinetics of
BaP and BP3 were not investigated. These should however be studied in order to evaluate
generalization or not of sorption mechanisms. We demonstrated that over a long time period of
180 days, PFOS concentration continuously increasing for MP particles. Simulated desorption
was carried out using PFOS spiked on PE, and we showed that the bile salt desorbs PFOS from
PE within 4 days during artificial digestion. Desorption accounted for 70 to 80 %. Sodium
taurocholate enhanced the bioavailability of PFOS associated to PE MPs. To further investigate
the desorption efficiency of sodium taurocholate, desorbed quantities of PFOS should be
measured at more time points to determine desorption Kinetics. The method developed could
be used as an approach to better understand desorption of toxicants from MPs during digestion.
This study is limited in using one single polymer type, with irrelevant environmental
concentration of MPs and relatively high contaminant concentrations. Further studies should be
conducted by using different types of polymers (e.g. PS, PP) and environmentally relevant
concentrations of MPs as well as relevant mixture and concentrations of contaminants.
Investigations on emerging pollutants and further PFASs, in combination with other plastic
types are needed since adsorption and desorption behavior depends both on the plastic type and
the considered pollutant. Future projects should also make use of higher tier studies to evaluate
the burden of MPs as vectors for toxic substances as well as the reliability of artificial digestion

experiments.

To investigate the toxicity of MPs, early life stages of zebrafish were exposed to industrial MPs
spiked with model pollutants or to environmental MPs. The present work demonstrated that
exposures to HDPE particles from different size ranges did not induce acute toxic or sublethal
effects in zebrafish embryos, following the standardized protocol of OECD TG 236 (fish
embryo test). However, additional endpoints may be used to record further sublethal effects
such as biotransformation at the molecular and biochemical levels. Therefore, the FET
demonstrated that there is no acute toxicity associated with MPs. LPMR was not altered under
any artificial MPs tested, while organic extracts of environmental samples revealed

hypoactivity in larvae. The chemical composition of MPs seems to explain the toxicity
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observed, since PB samples were characterized by numerous hydrocarbons detected. Results
indicate that sublethal toxic effects observed using early life stages of zebrafish exposed to
leachates are most likely caused by pollutants associated with MPs rather than by the MPs
themselves. Overall, for the identification of adverse effects using embryos and larvae due to
exposures to MPs and potentially associated pollutants, more sensitive biomarkers are needed.
Inaddition, the use of another fish model with a longer embryonic stage (i.e. Japanese or Marine

medaka) might be necessary to better characterize developmental toxicity of MPs.

Finally, chronic dietary exposure of zebrafish to MPs had significant deleterious effects on adult
zebrafish as well as on their unfed F1 offspring (survival, behavior). Growth decreased in adult
females and reproductive success was also altered. This can be linked to some plastic additives
and/or sorbed pollutants, directly bioavailable to the fish after ingestion of MPs. Deleterious
effects observed on the F1 offspring larvae could be induced by either the parental transfer of
chemicals desorbed from MPs and/or be an indirect effect on the parental physiological state
leading to poorer egg quality. The chemical composition of MPs might explain the different
toxicity effects observed. This study raises the question of the environmental risk of

environmental MPs, on aquatic organisms and in particular on fish recruitment.

In general, the objectives presented in the introduction were fulfilled, even if some aspects were
not been fully solved. In fact, the artificial sorption of model pollutants onto MPs demonstrated
that MPs are able to sorb pollutants at high concentrations. The use of zebrafish ELS seems
insufficient in term of sensitivity to conclude on the toxicity of different MPs, however, results
obtained from exposure of ELS to organic extracts of MPs tended to confirm the fact that MPs
might play a role in the vectorization of pollutants. Finally, chronic dietary exposure of adults
to MPs induced deleterious effects in exposed fish and their progeny and confirmed the role of
MPs as vector for pollutants. In conclusion, the standardized protocol using zebrafish embryos
(OECD TG236) might not be suitable to detect the potential effects of MP exposure. More
sensitive endpoints, such as swimming activity of larvae or biochemical biomarkers including
EROD activity for example should be investigated to test the toxicity of MPs using fish ELS.
Chronic dietary exposure provided clear indications for existing or non-existing MPs specific

effects on aquatic organisms.
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