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Highlights:

-Metal(loid) adsorption on CNM depends on pH, contact time, temperature, CNM properties.

-Most studies demonstrate a change in metal transfer in organisms due to CNM presence.

-Most studies showed synergic and/or antagonist effect on the toxicity of the cocktail.

-Additive effect model for risk assessment is not appropriate in many cases.

-More integrative markers should be considered to properly evaluate ecosystem health. Cd(II), Cu(II), Ni(II) GO membrane 0.1 to 1 mmol.L -1 (Cd: 11 to 112 ; Cu: 6 to 64 ; Ni: 6 to 59 mg.L -1 ) 200 Cu>Cd>Ni 30 12 5.5 Tan et al. 72 Cd(II), Cu(II), Pb(II) O-MWCNT Cd: 3.3, Cu: 17.
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Chapitre 1 : Introduction générale

Depuis son apparition sur le globe terrestre, la curiosité de l'Homo sapiens l'a conduit à franchir d'innombrables obstacles afin de découvrir des terres qui restaient jusqu'ici inconnues. Au fil des siècles, cette curiosité s'est assouvie et d'autres désirs tels que la volonté d'agrandir les communautés existantes ont rendu l'espèce sédentaire principalement en raison de la découverte de l'agriculture.

Dès lors, l'Homo sapiens n'aura de cesse de façonner les écosystèmes afin de satisfaire ses besoins, toujours plus accrus et il faudra attendre le XX ème siècle pour que l'Homme s'interroge sur les impacts de la modification des écosystèmes par ses activités. Petit à petit, l'Homme moderne découvre que ses activités ont laissé des traces qui aujourd'hui sont à l'origine de nombreuses préoccupations environnementales et sanitaires pour les autorités publiques. En effet, un grand nombre de contaminants a été rejeté par le passé et d'autres contaminants émergents, issus des avancées techniques et technologiques, polluent à leur tour les écosystèmes. En parallèle, les pronostics démographiques mondiaux soulèvent des questions quant à la capacité à nourrir l'être humain. En effet, selon l'Organisation des Nations Unies (ONU), la population mondiale atteindrait 9,8 milliards de personnes à l'horizon 2050 1 . Dans ce contexte, le besoin de protéger la fertilité des écosystèmes modifiés par l'homme pour les utiliser à des fins de culture ou d'élevage intensif pour l'alimentation 2 , que l'on nomme agrosystèmes, mais aussi leur santé afin de garantir suffisamment de nourriture saine pour nourrir convenablement nos sociétés se révèle être une priorité et un défi majeur.

Parmi les premières préoccupations sanitaires et écotoxicologiques, qui aujourd'hui encore subsistent, figurent les éléments traces métalliques (ETM), qui montrent à certains endroits et notamment dans les agrosystèmes une présence anormalement élevée en raison de l'épandage continu d'engrais organiques et inorganiques 3,4 . Au lendemain du cri d'alarme lancé par le club de Rome sur les risques liés à la pollution des sols agricoles par l'abus de fertilisants 5 , la France décida de créer le ministère de l'Environnement afin de multiplier les actions de recherche autour de la capacité des sols à recevoir et à épurer de manière durable les déchets qui y étaient épandus, en particulier des boues de stations d'épuration (STEP) urbaines plus ou moins chargées en ETM potentiellement toxiques 5 .

A l'issue des innovations techniques et technologiques, d'autres contaminants émergents ont été découverts pour lesquels les préoccupations écotoxicologiques se sont immédiatement soulevées fort des exemples passés des contaminations historiques. Pour les agrosystèmes, les nanomatériaux carbonés (NMC) font partie des contaminants émergents qui suscitent des inquiétudes prononcées. Il s'agit d'une famille de matériaux dont la plupart ont une structure basée sur le graphène (graphène, oxyde de graphène et ses composés réduits, nanotubes de carbone), considérés comme un "matériau miracle du XXIe siècle" tant ses propriétés sont étonnantes 6 , lui valant même le prix Nobel de physique en 2010 7 . En effet, les propriétés remarquables de ces nanomatériaux offrent des possibilités dans l'agriculture afin d'augmenter la production de biomasse 8 mais aussi dans la dépollution des eaux 9 . De plus, ces matériaux sont connus pour s'accumuler dans les boues de STEP, comme les ETM ; elles pourraient donc être vecteurs de pollution conjointe des NMC et ETM. Soucieux des questions concernant la toxicité et l'écotoxicité des NMC, une unité de travail de recherche (WP4) est formée dans le cadre du projet européen H2020 FET Graphene Flagship afin de caractériser la toxicité et l'écotoxicité du graphène et de ses dérivés afin de réagir adéquatement dans le futur 10 .

Dès 1986, Dexler dans son ouvrage Engines of Creation évoque le possible revers de médaille que le monde pourrait connaître face à l'utilisation des nanomatériaux en raison de leur échelle et des incertitudes qu'ils soulèvent à l'époque. Il évoque l'idée que ces matériaux et les technologies qui en résultent pourrait devenir destructrices, pour la faune, la flore et même l'humanité, si elles ne sont pas entièrement maîtrisées 11 . L'échelle des nanomatériaux leur offre une réactivité de surface élevée 12 , leur permettant de fortement interagir avec leur environnement, incluant d'autres contaminants. En particulier, des études ont montré que les NMC étaient capables d'adsorber à leur surface des ETM 13- 17 , ce qui soulève des questions quant aux transferts et aux impacts toxicologiques de ces deux contaminants lorsqu'ils se retrouvent en mélange comme ce pourrait être le cas dans les agrosystèmes.

Aujourd'hui encore, l'évaluation des risques liés aux contaminants en mélange se réalise par additivité des effets des substances considérées individuellement. Or, les recherches de ces deux dernières décennies ont mis en évidence que les interactions entre contaminants pouvaient produire des effets toxicologiques plus ou moins prononcés que les effets obtenus en ajoutant ceux des contaminants pris individuellement 18 .

En raison de (1) la pression qui subsiste sur les agrosystèmes afin de nourrir la population, (2) des innovations créées afin d'augmenter la capacité de production des agrosystèmes, (3) de la pression en terme de pollution par des contaminants qui peuvent facilement être introduits dans les agrosystèmes par les boues de STEP comme les NMC et ETM et (4) des interactions qui existent entre certains contaminants comme c'est le cas pour les NMC et les ETM, il convient de mener des recherches afin de comprendre quelle est la nature de ses interactions, par quoi sont-elles régies et de quelles manière elles modifient ou non le transfert et la toxicité des NMC et ETM pour les organismes des agrosystèmes.

Nanomatériaux carbonés (NMC) 1.Définition

Les NMC sont des nano-objets essentiellement composés de carbone, possédant au moins une dimension externe à l'échelle nanométrique et dont les autres dimensions externes peuvent être significativement plus grandes. Beaucoup de NMC ont une structure basée sur le graphène, une feuille d'atomes de carbone réunis dans un réseau hexagonal de carbone hybridé sp², d'un atome d'épaisseur 6,[19][20][21] (Figure 1). La longueur de la liaison carbone-carbone est d'environ 0,142 nm. Au fil des années, l'intérêt des chercheurs pour le graphène n'a cessé de croître, conduisant à l'apparition progressive de matériaux dérivés utilisant le graphène comme précurseur 23 . Aujourd'hui, il est possible de distinguer le graphène monocouche du graphène multicouche, des NTC (Figure 2AB), des matériaux de graphène fonctionnalisés comme le graphène oxydé (GO) ou d'autres composites de graphène (Au, Ni, Cu, TiO2, ZnO, etc.), du fullerène (Figure 2C), etc. Cependant, le terme graphène est parfois utilisé de manière générique pour décrire certains NMC basés sur sa structure et cela peut conduire à des interprétations trompeuses par les parties prenantes (chercheurs, industries, gouvernements, régulateurs, médias, etc.) 6 . 

Origines, rejets dans l'environnement et devenir des NMC

Les NMC peuvent exister naturellement dans la biosphère. Par exemple, l'érosion naturelle du graphite peut conduire à du graphène multicouche et l'oxydation du graphite dans l'air (combustion, foudre) peut également conduire à l'oxyde de graphite 24 , qui est encore plus facile que le graphite à exfolier en oxyde de graphène. La formation de NTC a été décrite à de nombreuses reprises après combustion incomplète d'hydrocarbures 25 (bien que leur structure et leur morphologie soient relativement différentes de « l'idéal » représenté sur la Figure 2) ou encore la combustion du charbon 26 . Cependant, la plupart des NMC sont conçus (et donc synthétisés) pour des applications pratiques.

De nombreux produits de consommation courante contiennent des NMC tels que certains équipements sportifs et les produits aéronautiques, par exemple 27 . Ainsi, ils peuvent désormais être disséminés dans la biosphère via des sources de nature anthropique. Compte tenu de leurs propriétés exceptionnelles et de leurs applications potentielles dans différents secteurs d'activité, leurs concentrations dans les écosystèmes terrestres et aquatiques auront tendance à augmenter dans les années à venir 28 .

Les NMC peuvent être rejetés dans l'environnement tout au long de leur cycle de vie. Cela comprend leur production, leur transformation (incorporation dans des produits manufacturés, fonctionnalisation, etc.), leur utilisation, leur recyclage ou leur destruction 29 . De plus, c'est cette dernière phase, à savoir la destruction des matériaux contenant les NMC par incinération, qui est une étape clé pour leur relargage potentiel. En particulier, les NMC peuvent se retrouver dans les cendres en cas d'incinération insuffisante, qui sont normalement transférées vers des installations de stockage de déchets dangereux 30 . De plus, le rejet d'eaux usées et le rejet accidentel de NMC lors de la manipulation peuvent entraîner leur retour dans les écosystèmes.

La distribution géographique des NMC pourrait dépendre de leurs applications 31 et par conséquent, l'usure (par abrasion, dégradation, etc.) des matériaux contenant des NMC devrait être à l'origine d'une grande partie de la libération incontrôlée de NMC dans l'environnement. Enfin, les voies potentielles de pénétration des NMC dans l'environnement peuvent être liées à des sources ponctuelles (usine de production, zone d'enfouissement, effluents d'eaux usées) ou diffuses (dépôts atmosphériques, ruissellement des eaux pluviales, usure des produits contenant des NMC lors de leur utilisation) de contamination entraînant des expositions aiguës ou chroniques. Comme pour de nombreux autres contaminants particulaires, le vent et les dépôts atmosphériques, les précipitations, le ruissellement ou le lessivage peuvent affecter leur transport et leur distribution. Le comportement (transfert et interaction) des NMC au sein des écosystèmes repose sur : 1) leurs propriétés fondamentales et de leurs modifications qui peuvent évoluer lorsqu'ils se retrouvent dans l'environnement, 2) les propriétés physico-chimiques de l'environnement (texture, pH, matière organique (MO), etc.) et 3) les interactions avec les autres contaminants présents dans l'environnement (ETM, pesticides, etc.) 32 .

L'écotoxicité des NMC n'est pas, comme pour la majorité des contaminants, dose dépendante. Au contraire, nombreuses sont les études qui ont observé une toxicité aux plus faibles concentrations testées en raison du comportement d'agglomération des NMC qui limite l'exposition 33,34 . Pour les organismes majeurs des agrosystèmes (micro-organismes, invertébrés et cultures), de nombreux NMC présentent des propriétés antimicrobiennnes 35 , une toxicité faible pour les invertébrés en raison de leur capacité de dépuration et des effets contrastés sur les plantes allant d'une diminution à une augmentation des paramètres de croissance (système racinaire, production de biomasse, fleurs et fruits) 36,37 . L'un des marqueurs de toxicité les plus récurrents chez les organismes est une réponse inflammatoire produisant des espèces réactives à l'oxygène (ROS) suite aux contacts des NMC 38 et une réponse impliquant un stress oxydant 39 . L'écotoxicité des NMC sur les organismes des maillons trophiques supérieurs (oiseaux, reptiles, mammifères) est très peu étudiée puisque les NMC sont pour l'heure peu retrouvés dans l'environnement et que la quasi-totalité des recherches sur ce sujet se font en laboratoire, sur les organismes modèles autorisés.

Les écosystèmes terrestres sont l'un des puits importants pour les nanomatériaux après leur rejet dans l'environnement 40 . Les nanomatériaux, qui présentent une grande mobilité, peuvent pénétrer dans diverses strates du sol et, à terme, via les systèmes d'eaux souterraines et les bassins versants, se retrouver dans des écosystèmes aquatiques reconnus comme le réceptacle ultime des NMC 41 . Ces transferts d'un écosystème à un autre présentent des risques car ils peuvent ensuite s'intégrer dans les réseaux trophiques de ces ecosystèmes [42][43][44] . Compte tenu du verrou actuel concernant la détection/quantification des NMC, aucune étude à ce jour n'a su quantifier les flux de NMC au sein des réseaux trophiques, des écosystèmes et des grands compartiments de la biosphère. Toutefois, à l'aide de modélisation, Keller et al (2013) 31 ont estimé que près de 63 à 91 % des nanoparticules manufacturées produites en 2010 finissaient dans les décharges, 8 à 28 % dans les sols, 0,4 à 7 % dans l'eau et 0,1 à 1,5 % dans l'atmosphère. Parmi ces particules, 83 à 98 % des NTC se retrouveraient dans les décharges, 2,2 à 14,8 % dans le sol, 0,1 à 1,4 % dans l'air et 0,01 à 0,6 % dans l'eau. Selon la modélisation de Sun et al. 45 la concentration de NTC dans les sols agricoles serait de 11 µg.kg -1 de sol 45 .

De plus, leur concentration dans les sols agricoles amendés avec des boues d'épuration devrait augmenter annuellement de 74 ng.kg -146 . Il est à noter que ces estimations se font sur la base d'hypothèses limitées à une zone géographique précise à savoir ici le territoire Suisse et ne sont pas nécessairement représentatives pour toutes les zones géographiques.

Eléments traces métalliques (ETM)

Définition

Les ETM sont des éléments présents à l'état naturel dans un biotope à des concentrations inférieures à 100 ppm 2 . Ils ont été largement étudiés au cours des dernières décennies, notamment le cuivre (Cu), le zinc (Zn), le fer (Fe), le manganèse (Mn), le molybdène (Mo), le bore (B), le cobalt (Co), le nickel (Ni), le plomb (Pb), le cadmium (Cd), le chrome (Cr), l'arsenic (As) et le sélénium (Se). Cu, Zn, Fe, Mn, Mo et B sont essentiels à la croissance normale des plantes ; Cu, Zn, Fe, Mn, Mo, Co et Se sont essentiels à la croissance et à la santé des animaux et des êtres humains ; et Cu, Zn, Pb et Cd sont les éléments les plus préoccupants pour l'environnement qui ont souvent été signalés comme étant à l'origine de la contamination du sol, de l'eau et des réseaux trophiques 47 . Au-delà d'une certaine concentration propre à chaque ETM, ce dernier peut avoir des effets délétères sur les organismes ainsi que des conséquences en termes de sécurité alimentaire.

Origines, rejets dans l'environnement et devenir des ETM

À l'origine, les ETM présents dans les sols résultent de processus naturels tels que la dégradation du matériau géologique d'origine (roche-mère), qui est le processus prédominant, et les émissions volcaniques issues des éruptions 48,4 . Ces processus établissent le fond géochimique naturel des éléments du sol. Cependant, ces substances présentent, à certains endroits, une concentration anormalement élevée par rapport aux fonds géochimiques locaux en raison des activités anthropiques.

Les principales sources anthropiques d'ETM dans l'environnement terrestre, et dans les sols agricoles en particulier, sont les dépôts atmosphériques, l'épandage de fumier de bétail, l'irrigation avec des eaux usées ou polluées, les métallo-pesticides ou herbicides, les engrais à base de phosphate et les amendements à base de boues de STEP 4,49 .

Devant le manque de données sur les teneurs naturelles en ETM dans les sols français, l'INRA a lancé en 1994 un programme de recherche intitulé "Apports d'une Stratification Pédologique pour l'Interprétation des Teneurs en Éléments Traces" afin d'acquérir des références sur les concentrations en éléments traces dans les sols 50 . Aujourd'hui encore, la contamination des sols par les ETM est l'une des préoccupations les plus pressantes dans le débat sur la sécurité sanitaire en Europe 51 et dans le monde 52 . En conséquence, les pouvoirs publics ont décidé de réglementer les concentrations d'ETM en fixant des seuils maximaux admissibles dans les sols agricoles et les engrais appliqués aux agrosystèmes (Tableau 1). L'ingestion de légumes contaminés par des ETM provoque de graves problèmes de santé humaine, tels que des cancers gastro-intestinaux, la fragilisation des mécanismes immunologiques, des retards de développement mental et de la malnutrition [54][55][56][57][58][59][60] . De plus, les ETM peuvent s'accumuler dans les os ou les tissus adipeux humains par l'apport alimentaire, entraînant ainsi l'épuisement des nutriments essentiels et l'affaiblissement des défenses immunitaires. Certains ETM (Al, Cd, Mn et Pb) sont, en outre, suspectés de provoquer un retard de croissance intra-utérine 49,54,55,57 .

Pour les organismes principaux des agrosystèmes (micro-organismes, invertébrés et cultures), l'excès d'ETM peut être délétère pour leur maintien et leurs fonctions écosystémiques (minéralisation et séquestration du carbone, par exemple) 48,4,61,62 . La plupart des ETM présents dans le sol peuvent s'accumuler dans les cultures ou être transférés vers d'autres milieux tels que les eaux souterraines ou les eaux de surface 63 et des écosystèmes connexes contaminés. De plus, avec l'accumulation d'ETM dans les organismes des agrosystèmes, tous les autres organismes dépendant de cet écosystème comme les eu-arthropodes, les amphibiens, les oiseaux et les micro-mammifères peuvent bioaccumuler les ETM 64 . Cependant, il semble que la bioaccumulation d'ETM dépende du métal et des taxons considérés 64 .

Notion de spéciation et de biodisponibilité

Dans le contexte de l'évaluation du risque environnemental, les concepts de biodisponibilité et de spéciation chimique revêtent une importance capitale pour la compréhension et l'interprétation de la toxicité des contaminants 65 . D'un point de vue environnemental, la spéciation désigne la répartition des différentes espèces chimiques d'un élément au sein d'un système 66 . Cette approche englobe l'identification, la séparation et la détermination de toutes les formes physico-chimiques d'un élément dans un échantillon, qui, une fois combinées, constituent la concentration totale de cet élément 67 . La mobilité, la biodisponibilité et la toxicité des ETM dépendent de leurs formes chimiques spécifiques et de leur état de liaison (précipités avec des minéraux primaires ou secondaires, complexés par des ligands organiques, par exemple) contrôlés par les variations des conditions physico-chimiques du milieu (pH, température, force ionique, etc.) 68 . Des techniques ont été mises en place afin de différencier des fractions susceptibles d'être affectées par diverses conditions environnementales et qui renseignent sur la biodisponibilité des ETM 69 . Ainsi, Maiz et al. 70 De la même façon, les NMC peuvent subir des transformations dans l'environnement comme par exemple des réductions en raison des conditions abiotiques et biotiques (notamment pour le GO) 41 .

Cette réduction pourrait se produire à long terme dans les écosystèmes et être accélérée en présence de rayonnement UV 71,72 , d'agents réducteurs inorganiques tels que les métaux ou certains composés soufrés (NaHSO3, Na2SO3, Na2S2O3, Na2S, SOCl2 et SO2) 73 , de réducteurs organiques tels que les polyphénols et les vitamines 74,75 ou d'autres composés organiques tels que les acides aminés (glycine) 76 , les saccharides et polysaccharides (glucose, fructose et saccharose, cellulose naturelle) 77,78 et les protéines 79 . Récemment, certaines recherches ont révélé que des micro-organismes comme Escherichia coli et Shewanella pourraient réduire le GO [80][81][82] . En ce qui concerne l'oxydation des NMC dans l'environnement, celle-ci semble peu probable par le biote mais peut se produire par des facteurs abiotiques tels que les UV et les ROS 83 . Enfin, le vieillissement des NMC dans l'environnement peut mener à des modifications de leur spéciation et biodisponibilité et ainsi modifier le impacts écotoxicologiques associés.

Interaction NMC et ETM: article de revue

Il est démontré dans cette article de revue de la littérature que l'adsorption des ETM sur les NMC dépend de paramètres du milieu comme le pH, la température et le rapport de concentrations NMC/ETM, des paramètres de l'expérience (par exemple le temps de contact), des propriétés et Abstract: The use of carbon based nanomaterials (CNM) is diversifying and is being considered in so many sectors that their release into the environment is inevitable. Terrestrial ecosystems and particularly agrosystems are considered a major sink for CNM due to their accumulation in sewage sludge widely used for crop production. These ecosystems already accumulated other contaminants such as metals and metalloids which are more closely monitored to date. Although reviews about these contaminants considered individually have already been published, no review focused on their interactions and the impact of these interactions on their respective transfer and impacts on dwelling organisms (bacteria, earthworms and plants). Indeed, CNM and metal(loid)s can interact together as metal(loid)s are able to adsorb on the surface of CNM under the influence of diverse parameters such as pH, organic matter content or intrinsic CNM properties, among others. In ecotoxicity studies, interactive mechanisms (synergy and antagonism) were most of the time highlighted even though the underlying mechanisms are not yet fully understood. This work questions the current paradigm in use for risk assessment related to the additivity of the risks in presence of a cocktail of contaminants and in fine on the strategies to be applied in order to guarantee food safety.
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Carbon based nanomaterial interactions with metals and metalloids in terrestrial environment: a review

Introduction

Scientific and industrial interest in carbon-based nanomaterials (CNM) continues to grow because of their remarkable properties and the applications they make possible 1 . A CNM is a nanomaterial essentially composed of carbon with any external dimension in the nanoscale or having internal structure or surface structure in the nanoscale (i.e. nanometric scale particles aggregated together) 1 .

Among CNM, most have a structure based on graphene, a sheet of carbon atoms joined together in a hexagonal lattice, one atom thick, sp 2 bonded [2][3][4] . Over the years, the number of derived materials using graphene as a precursor grew up 5 . Examples include multilayer graphene, functionalized graphene materials such as graphene oxide (GO), carbon nanotubes (CNT), fullerene, and many metal-CNT composite

The potential applications of CNM are such that models already predict the evolution of their concentrations in natural ecosystems after release at the end of life of commercial goods in which they are included, or expected during their life cycle. For example, Sun al. 6 predicted that agricultural soils treated with sewage sludge are the main sink for CNT with an annual increase of 74 ng.kg -16 .

Furthermore, the use of CNM as nanofertilizers 7 , nanopesticides 8 and as decontamination agents 9 is also increasingly being considered.

Indeed, CNM are capable of adsorbing different compounds on their surface. Among these many compounds are metal(loid)s, which are elements present in natural conditions in biotope at concentrations below 100 mg.kg -1 including copper (Cu), zinc (Zn), iron (Fe), manganese (Mn), molybdenum (Mo), boron (B), cobalt (Co), nickel (Ni), lead (Pb), cadmium (Cd), chromium (Cr), arsenic (As), and selenium (Se) 10 . Cu, Zn, Fe, Mn, Mo, and B are essential for plant growth, and Cu, Zn, Fe, Mn, Mo, Co and Se are essential to the growth and health of animals including human beings 11 while others are toxic (Ni, Pb, Cd, As). For example, it has been largely reported that CNT can adsorbed metal(loid)s in aqueous solution [12][13][14][15][16][17] and this ability raises questions about its influence on heavy metal transfer and subsequent impacts along food webs.

Agrosystems seems to be particularly suitable for the coexistence of both CNM and metal(loid)s (among others) due to cultural practices. Indeed, the continuous spreading of organic and inorganic fertilizers and the application of sludge from wastewater treatment plants have progressively led to the accumulation of both CNM and metal(loid)s in agrosystems [18][19][20] .

Toxicological risk assessment of contaminants is usually carried out using additive models that do not take into account the interactions between contaminants and their underlying toxicological effects.

For several years, metal(loid)s are submitted to a close monitoring in sludge and food to ensure safety for populations, but the emerging contaminants such as CNM are not yet regulated. Studies report that interactions (both synergy and/or antagonism) between contaminants can modify their transfer and toxicity to different organisms [21][22][23][24][25][26][27][28][29][30] (Figure 3). Tools have been developed to reveal possible interactions between stressors such as mixture of substances [31][32][33] . A meta-analysis by Vijver et al. aimed at predicting the response of organisms exposed to mixtures of metals (Cd, Cu and Zn) and showed that the frequency of occurrence of antagonism was 51%, and a synergistic response was detected in 28% of cases 31 . Thus, in nearly 80% of the cases, interactive and non-additive patterns were demonstrated. This finding may lead to a profound questioning of the current risk assessment performed by the authorities.

The main goal of this work was to extensively review articles related to 1) CNM-metal(loid) interactions in aqueous medium to better understand implied mechanisms and the influencing parameters and 2) ecotoxicological studies related to simultaneous CNM-metal(loid) contamination and their consequences on the transfer and impacts on agrosystem organisms to reveal the extent of the interactive phenomenon.

Interaction CNM -metal(loid)s

Mechanisms of interactions between CNM and metal(loid)s

Several interaction mechanisms have been described between CNM and metal(loid)s and their predominance depends on the material considered. Interactions can be related to physical adsorption, chemical interaction, electrostatic attraction and sorption-precipitation [34][35][36] .

For CNM with surface functional groups, the chemical interactions between CNM and metal cations is the most observed mechanism 16 . Metal cations are adsorbed onto the surface of CNM via oxygenated functional groups (e.g., -COOH, -OH, or C=O) and then release a H + ion from the surface of the CNM (Figure 4, example for GO and CNT). The release of H + causes a decrease in the pH of the medium. The adsorption mechanism of divalent metal ions on CNM is illustrated according to the following equations (where CNM stands for carbon-based nanomaterials, and M for metal(loid)): Metal ion adsorption can also result from the combined effects of electrostatic attraction and sorptionprecipitation processes 38,39 . Liang et al. 39 observed that Cd 2+ ions were adsorbed on the surface of modified Al2O3-CNT via physical interactions as electrostatic interactions and van der Waals interactions occurred between Cd 2+ ions and carbon atoms in the CNT 39 . On another study, following an increase in the pH value of the medium, Zn 2+ ions were adsorbed more on the surface of the CNT due to the prevalence of carboxylate functions on their surface. The authors attributed this observation to the electrostatic interactions between the surface and divalent Zn 2+ ions 40 .

CNM -COOH + M 2+ → CNM -COOM + + H + CNM -OH + M 2+ → CNM -OM + + H + CNM -2COOH + M 2+ → CNM -COOMOOC + 2H +
In addition, CNM have also been explored for the removal of anionic pollutants, such as phosphates (PO4 3-), perchlorates (ClO4 -) and fluorides (F -), from aqueous solutions [41][42][43] . In contrast to the immobilization of cationic metal species, the mechanism of anion adsorption was previously attributed to electronic interactions with π electrons of the carbon sp² network 43 . This anion -π association is based on the interaction between the negatively charged anion with an electron-deficient aromatic ring on a graphene layer 43 .

Finally, new adsorbents have also been prepared by modifying CNM with organic molecules that have a natural ability to complex metal ions. For instance, intrinsic functional groups on GO present a large variety and thus the specificity of interaction with given species of interest may be limited. To counteract this, the number of adsorption sites may be increased by grafting compounds such as ethylenediaminetetraacetic acid (EDTA) 44 and chitosan 45 .

Factors influencing the CNM -metal(loid) interactions in simplified media

CNM intrinsic properties

Due to the predominance of the adsorption mechanism by chemical interaction, it is obvious that the oxidation state of CNM influences the sorption of metal(loid)s on their surface. The greater the oxidation of the CNM, the more it provides oxygenated functional groups capable of interacting with the surrounding metal ions, regardless of CNM shape and size 9,46,47 . Similarly, following the same idea, the degree of reduction of the CNM acts on their adsorption capacity. The maximum adsorption capacity of rGO (12.6% of O) was much lower than that of GO (51.6% of O) due to the decrease in available oxygenated functional groups 48 . If the oxidation state can be tuned upon synthesis, it is very unlikely that it evolves in the natural environment (with the exception of fullerenes). Their reduction may however be easier to occur in environmental conditions. There are many examples of partial reduction of GO by natural molecules extracted from plant leaves 49 . However, enzymatic transformations of CNM are unfortunately often investigated using only pure enzymes and under laboratory conditions and they are consequently not very representative of enzymatic transformations in the natural environment 50 The specific surface area (SSA, m².g -1 ) strongly influences the adsorption of metals. In the case of graphene, most interaction sites with pollutants are present at the top and bottom faces 51,52 , even if sites located at the edge may also play some role. While all the surface of monolayer graphene is available for the adsorption, multilayer graphene and CNT have internal layers respectively little or not accessible by adsorbates 51 . Similarly, it has been observed that single walled CNT are good adsorbents, which can be attributed to their high SSA. Practically, the measured SSA of graphene-based CNM is generally very disappointing (often below a few tens of m².g -1 ) when compared to the expected theoretical values (> 2600 m².g -1 for graphene) 53 due to their significant agglomeration.

Environmental parameters

The relative concentrations of CNM and metal ions in the medium is an important parameter controlling adsorption phenomenon. To better understand these interactions, some theoretical model isotherms were developed, the most common being the Langmuir and the Freundlich models 54 according to the following equations:

𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 ∶ 𝑞 𝑒 = 𝑘 𝐿 𝑞 𝑚 𝐶 𝑒 / (1 + 𝑘 𝐿 𝐶 𝑒 ) 𝐹𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ ∶ 𝑞 𝑒 = 𝑘 𝐹 𝐶 𝑒 1/𝑛
where qe and qm (mg.g -1 ) represent equilibrium and maximum adsorption capacities, respectively; Ce (mg.L -1 ) is the equilibrium aqueous concentration; kL (L.mg -1 ) the equilibrium constant and kF and n the Freundlich constant.

These two models differ in particular by the fact that Langmuir model is considering the adsorption of a monolayer of atoms on a homogeneous surface and is empirical while Freundlich considers the adsorption of a multilayer of atoms on a heterogeneous surface and is a theoretical model.

Adsorption kinetics are generally described by diffusion models such as the pseudo-first-order and pseudo-second-order following the equations 54 :

𝑃𝑠𝑒𝑢𝑑𝑜 𝑓𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 ∶ log(𝑞 𝑒 -𝑞 𝑡 ) = log 𝑞 𝑒 -𝑘 1 𝑡/2.303 𝑃𝑠𝑒𝑢𝑑𝑜 𝑠𝑒𝑐𝑜𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 ∶ 𝑞 𝑡 = 𝑘 2 𝑞 𝑒 2 𝑡 (𝑡𝑘 2 𝑞 𝑒 + ⁄ 1)
where qt and qe are the adsorption capacities (mg.g -1 ) at time t and equilibrium, k1 (min -1 ) and k2 (min - Results extracted from these models show that the main environmental factors affecting the adsorption of metal ions on the surface of CNM include the initial metal(loid) ion and CNM concentrations, pH, contact time, temperature, ionic strength and competition with other molecules.

Table S1 summarizes the data found in the literature regarding CNM interactions with different metal(loid)s.

Regarding the intrinsic properties of the CNM and the properties of the experimental medium, which both influence the adsorption of metal(loid)s, a criticism can be raised related to the lack of reported experimental details in the literature. Indeed, out of the 102 CNM tested, the SSA was reported for only 48 of them. Furthermore, as the Freundlich and Langmuir models are thermodynamic processes, it is unfortunate that the study temperature was provided only in 56 cases out of 102. This lack of reporting makes the intercomparability of the studies impossible and thus weakens the conclusions and slows down the scientific progress, especially for the safer-by-design and nanoecotoxicity fields.

The average adsorption values from the Langmuir model for CNT, oxidized CNT and graphene oxide have been extracted from related articles for different metal(loid)s (Cd, Cr, Cu, Hg, Ni, Pb and Zn; Table 2). 

(n=1)

The adsorption of each metal(loid) appears to be always higher for GO than for CNT and oxidized CNT.

Similarly, the oxidation of CNT promotes the adsorption of metal(loid)s since the average adsorption of metal(loid)s on the surface of oxidized CNT is higher for each metal (except Zn, probably related to the high variability for Zn adsorption onto oxidized CNT) than on the surface of raw CNT. On the basis of the data in Table 2, the sequence of adsorption affinities in mono-elemental conditions can be drawn up:

-for CNT: Zn≥Pb>Hg≥Cu>Cd≥Ni>Cr -for CNT oxidized: Pb>Ni>Cu≥Cd>Hg≥Cr≥Zn.

It is also important to note that these adsorption experiments were carried out in mono-elemental conditions (one adsorbent + one ionic species) thus not considering potential ionic repulsions possibly induced if several ionic species would be present in the solution.

pH

The pH is a parameter that greatly influences the interactions between CNM and metal cations because it determines not only metal speciation but also surface charge of CNM and complexation behavior of functional groups 55,56 . Most of the studies in Table S1 evidenced that the adsorption capacity of CNM was affected by variations in the pH of the solution 34,37,57,58 . Adsorption of the metal(loid) is partly related to the point of zero charge (pHPZC) of a given CNM; when pH > pHPZC, cation adsorption is higher due to the electrostatic interactions between the cations and the negative surface charge of CNM. On the other hand, the adsorption of cations is lower when pH  pHPZC due to the neutralization of the surface charge of CNM, or even the presence of repulsive positive charges. A change in pH also affects competing complexing reactions and metal ion species 36 . Generally, the state of the divalent metal ions in solution depends on the pH. The most common species would be present in the form of M 2+ , M(OH) + , M(OH)2 et M(OH) 3 -depending on the pH of the medium due to hydrolysis 16,34,36 . It is important to note that precipitation of metal cations may occur when the pH increases, which also affects the removal of metal ions 59 .

CNM concentration

Increasing the concentration of CNM up to a certain point, increases the overall surface available for reactions and thus increases the sorption of metal(loid)s. For instance, adsorption of Ni 2+ , Cd 2+ , Cu 2+ and Pb 2+ increased with increasing CNT concentration in different experiments 35,37,38,60 . Similar results were also observed for GO 61 . However, beyond a threshold mass (specific to the CNM studied), the adsorption capacity reaches saturation and then decreases 15,61,62 . For a exposition of 50 mg.L -1 of oxidized SWCNT, Moradi et al. 15 observed a maximum adsorption capacity up to 55, 68 and 90 mg.g -1

for Cd, Cu and Pb respectively, while this adsorption decreased at 45, 58 and 82 mg.g -1 with a exposition to 100 mg.L -1 . Indeed, beyond the threshold, an increase in the concentration of adsorbent could reduce the available sites because the effective surface area is likely to decrease due to homoagglomeration, entanglement and/or folding of the CNM (depending on its morphology) 15,63 . In addition, metal ions can induce CNM agglomeration due to their interactions with carboxylic groups 64 .

Ionic strength

Increasing the ionic strength of the solution can be achieved by increasing the concentration of an ion or in multi-elemental conditions by having several types of metal ions in the medium. However, this last experimental set-up even though more relevant in environmental context has been much less studied. The adsorption capacities of ions by CNM decreased with increasing ionic strength for two reasons : (i) the formation of double-layer electrical complexes between cations and CNM and (ii) the influence of the ionic strength on the activity coefficients of ions, which limit their transfer to the CNM surfaces 38 . In multi-elemental conditions, the increase in number of ions present in the media decreases the part of metal ions adsorbed onto CNM. Affinity sequences of metal ions for adsorption sites could be deduced from these multi-elemental adsorption experiments (Table 3). For instance, Salam et al. 65 showed that ion binding affinity followed the order of Cu(II) > Zn(II) > Pb(II) > Cd(II) for MWCNT (initial metal concentrations = 1 mg.L -1 , pH = 7, contact time = 2h). For GO, Sitko et al. 66 observed another ranking of affinity: Pb(II)> Cu(II) > Cd(II) > Zn(II) (initial concentration = 1 mg.L -1 , GO = 0.1 g.L -1 , pH = 5, contact time = 2h). Metal precipitation related to the pH of the solution could explain differences observed on affinity sequences 67 . Furthermore, the addition of metals in the medium could increase the co-precipitation 68 and could modified the fitting of experimental adsorption measured with Langmuir and/or Freundlich modelling. To date, very little studies dealing with competitive adsorptions are available and more work needs to be carried out to understand the underlying mechanisms responsible for the establishment of these adsorption affinity sequences. As the contact time increases, the percentage of metal removal increases until an equilibrium is established 16,36 . The equilibrium depends on all the experimental parameters of the medium, including the initial concentration of metal ions. However, the two most important parameters on the adsorption kinetics of metals is the number of adsorption sites available for a given metal concentration and contact time 16,36 .

Temperature

The most common observation is that sorption capacity increases with rising temperature 16,36 . For example, the sorption of Pb 2+ , Cu 2+ and Zn 2+ on CNT is an endothermic process and increases with increasing temperature 14,74 . Similar results were observed for the same metals for GO 66 . Authors explained that the increase in temperature could lead to an increase in the rate of diffusion of ions through the outer boundary layer and into the pores of CNM due to a temperature-induced decrease in the viscosity of the solution 36,66 .

Metal(loid) adsorption by CNM in complex media

Due to the increasing use of CNM, their potential in the agricultural and environmental fields and their interactions with metal(loid)s in simplified environments (aqueous solution), it is important to investigate how interactions investigated in simplified medium can be transposed in more complex environments. Various studies have thus recently been carried out (i) to characterize interactions of CNM with compounds that are widely found in ecosystems, such as organic matter (OM) and sedimentary matrices and (ii) to investigate the role of some key parameters.

Organic Matter

Humic substances generally represent a predominant part of the natural OM distributed in soils, sediments and water 75 . It has been reported that 3 to 28% of the OM dissolved in wastewater treatment plant effluents are humic substances 76 . They are hydrophobic organic acids mainly derived from soil humus and plants. These humic substances are often encountered in agrosystems especially due to the use of wastewater treatment plant effluents for fertilizing agricultural soils. Humic acid (HA)

and fulvic acid (FA) are the two most important components of humic substances. It is expected that HA/FA will have a significant influence on the sorption of metal ions by CNM because the hydrophobic parts as well as the aromatic monomers of HA/FA have a strong affinity for CNM via hydrophobic and π -π interactions. At the same time, the hydrophilic fractions of HA/FA contain various functional groups (carboxyl, phenol, hydroxyl, amine and quinine) which can bind to metal(loid)s 77 . For instance, Lin et al. 77 observed that HA bound to the surface of MWCNT significantly favoured Pb(II) sorption (pH = 5.0 ) (Figure 3A). Similar results were also observed for the sorption of Cd(II) (pH = 6.0) on HA-coated MWCNT 78 . Additionally, OM can also increase the stability of CNM in suspension as the OM polymeric chains adsorbed to their surface tend to avoid each other in solution so as not to constrain the conformational space available to each of them inducing repulsive forces and thus decreasing the chances of homo-agglomeration 79,80 (and in turn increasing the potential available sites for metal(loid) adsorption) (Figure 3B and3C). These interactions also depend on both pH and OM composition.

Indeed, Sheng et al. reported an increase in the adsorption of Cu(II) on MWCNT due to dissolved HA/FA at pH < 7.5 (up to 90%), while a decrease was found at pH > 7.5 (to 80%) 81 . In parallel, Sun et al. 82 found that there was a higher binding affinity between Cu(II) and FA compared to HA, due to more oxygenated functional groups present in FA that could also complex with Cu(II) (pH = 6). Thus, it seems that there are different OM-metal(loid)-CNM interaction processes. 

Soil

First of all, it should be reminded that due to the complexity of both soil and sediment, very few studies have been conducted to understand (i) what are the properties of these matrices that influence the mobility and/or agglomeration of CNM and (ii) the related mechanisms.

However, as in simplified conditions, CNM influence the fate of metal(loid)s in soil. For instance, a study revealed that Pb and Cu immobilization in soil increased with increasing MWCNT concentration correlated with the increased adsorption sites on the surface of CNT available for Pb and Cu ion adsorption 83 .

These interactions between CNM and metal(loid)s in soil vary according to CNM intrinsic properties such as their morphology (diameter, length) and their surface chemistry (surface charge and functionalization) [START_REF] Jaisi | Single-Walled Carbon Nanotubes Exhibit Limited Transport in Soil Columns[END_REF][START_REF] Kasel | Limited Transport of Functionalized Multi-Walled Carbon Nanotubes in Two Natural Soils[END_REF][START_REF] Lu | Transport of Surfactant-Facilitated Multiwalled Carbon Nanotube Suspensions in Columns Packed with Sized Soil Particles[END_REF] . While it can be expected that the smaller the CNM, the higher their mobility in soils, it remains difficult to support this assumption from available data in the literature.

In addition, properties such as soil texture, structure, porosity, permeability, or type of clay contribute to the actual flow of CNM through the soil [START_REF] Jaisi | Single-Walled Carbon Nanotubes Exhibit Limited Transport in Soil Columns[END_REF] . It appears that MWCNT [START_REF] Zhang | Effect of Clay Minerals on Transport of Surfactants Dispersed Multi-walled Carbon Nanotubes in Porous Media[END_REF][START_REF] Han | Transport of Multi-Walled Carbon Nanotubes Stabilized by Carboxymethyl Cellulose and Starch in Saturated Porous Media: Influences of Electrolyte, Clay and Humic Acid[END_REF] and GO 89 generally tend to have higher retention (low transport) in clay than in sandy soils. For example, the retention profile indicated that retention was higher in soil with smaller size sand particles (240 μm) than soil with higher size sand particles (607 μm) [START_REF] Kasel | Transport and Retention of Multi-Walled Carbon Nanotubes in Saturated Porous Media: Effects of Input Concentration and Grain Size[END_REF] . Lu et al. showed that the type of clay influenced CNM transport because the addition of 5% of kaolinite inhibited more graphene transport in soil column than montmorillonite and illite which presented the same particle size (Kaolinite: 28.0 µm, montmorillonite: 20.0 µm and illite: 23.9 µm) due to greater amounts of positively charged edge sites. Furthermore, the ionic strength of the soil solution is also a key parameter to consider. Indeed, Qi et al. demonstrated that the addition of 0.5 mM of Ca 2+ significantly inhibited GO transport in clay soil in contrast to sandy soil by complexing with the surface oxygen of GO and soil components leading to enhance GO agglomeration and link GO with soil grains [START_REF] Qi | Transport of Graphene Oxide Nanoparticles in Saturated Sandy Soil[END_REF] .

Several studies using Toxicity Characteristic Leaching Procedures (TCLP) determined the leachability of metal(loid)s in CNT-amended soils. For instance, Yang et al. [START_REF] Vithanage | Effects of Carbon Nanotube and Biochar on Bioavailability of Pb, Cu and Sb in Multi-Metal Contaminated Soil[END_REF] observed that the bioaccessible Sb content in a loamy soil was significantly reduced (20.7%) with the addition of 0.9 wt.% MWCNT compared to control (without CNT addition). In sandy soil, Vithanage et al. [START_REF] Yang | Effect of Multi-Walled Carbon Nanotubes on Extractability of Sb and Cd in Contaminated Soil[END_REF] did not observe any significant difference in extractable Sb at the tested MWCNT concentrations (0.5, 1 and 2.5 wt.%). The immobilisation and, consequently, the bioavailability of Sb differed between the two studies, which could be related to different texture and other related parameters (cation exchange capacity, structure, water holding capacity).

As in simplified medium, the interaction of CNM and metal(loid)s is metal dependent. Indeed, a study using 0.2, 1 and 5 wt.% GO in a historically polluted soil showed that the availability of Pb and Cu followed a dose-dependent relationship so that at the highest concentration of GO, their availabilities relative to the controls were found to be reduced by 2.5% and 5.6% respectively. This decrease was much smaller for Zn and Cd (ca. 1%) and As availability was increased by 191% [START_REF] Baragaño | Nanoremediation of As and Metals Polluted Soils by Means of Graphene Oxide Nanoparticles[END_REF] . Regarding the kinetics, it seems that reaching the equilibrium takes much longer in more complex environments than in simplified medium. For example, Song et al. [START_REF] Song | Effect of Multi-Walled Carbon Nanotubes on Phytotoxicity of Sediments Contaminated by Phenanthrene and Cadmium[END_REF] observed that in soil solution the adsorption of Cd 2+ on MWCNT reached 65% after 7 days and up to 87% and 88% after 30 and 60 days, respectively. To compare with aqueous media, the time to reach equilibrium does not exceed 12 hours (Table S1).

Overall, more studies involving solid matrices under environmentally relevant conditions need to be carried out as the risk of CNM release into the environment is increasing. It is important to understand all the physico-chemical characteristics of soils affecting the interactions among contaminants in order to better predict their transfer and toxicity in the environment and along trophic chains.

3.3.

Metal(loid)s, CNM and CNM-metal(loid) complex uptake and impacts on agrosystem organisms

Uptake and impacts of metal(loid)s and CNM as single contaminant

The toxicological impacts of metal(loid)s and CNM and their potential consequences on agrosystems have been widely studied. Thus, the scientific corpus available is abundant and compiled in several scientific articles for microorganisms [START_REF] Liné | Carbon Nanotubes: Impacts and Behaviour in the Terrestrial Ecosystem -A Review[END_REF][START_REF] Baath | Effects of Heavy Metals in Soil on Microbial Processes and Populations (a Review)[END_REF][START_REF] Giller | Toxicity of Heavy Metals to Microorganisms and Microbial Processes in Agricultural Soils: A Review[END_REF][START_REF] Giller | Heavy Metals and Soil Microbes[END_REF][100][101] , invertebrates [START_REF] Liné | Carbon Nanotubes: Impacts and Behaviour in the Terrestrial Ecosystem -A Review[END_REF][102][103][104][105][106] and crop plants 19,[START_REF] Liné | Carbon Nanotubes: Impacts and Behaviour in the Terrestrial Ecosystem -A Review[END_REF]101,102,[107][108][109][110] which are the major organisms of agrosystems due to their functions and interactions. This corpus is regularly updated according to the technical advances, offering a step further on the scientific knowledge in these fields of research especially for metal(loid)s due to older knowledge.

Microorganisms are essential for many agrosystem services like mineralization, C, N and P biogeochemical cycles and because of their interactions with plants like mycorrhizal association 111 .

Microorganisms are capable of accumulating metal(loid)s, this accumulation is generally governed by the sorptivity of the cell envelope and the ability to absorb metal(loid)s into the cytosol 112 . The metal membrane transporters are not highly selective and thus metal(loid)s can be taken up through this pathway 112,113 leading to alterations in the microorganisms at different scales. Metal(loid) toxicity could occur through displacement of essential metals from their original binding sites or through ligand interactions and conformational structure alterations with oxidative phosphorylation and osmotic balance 114 . Damage to the DNA structure, the cell membrane and the activity of some enzymes was also reported [START_REF] Baath | Effects of Heavy Metals in Soil on Microbial Processes and Populations (a Review)[END_REF][START_REF] Giller | Toxicity of Heavy Metals to Microorganisms and Microbial Processes in Agricultural Soils: A Review[END_REF][115][116][117] . Thus, metal(loid)s can affect the microbial population by decreasing their growth/proliferation, and altering their morphology and biochemical activities 100,118 . Due to these alterations, the functions performed by microorganisms such as the decomposition of organic matter [START_REF] Baath | Effects of Heavy Metals in Soil on Microbial Processes and Populations (a Review)[END_REF][START_REF] Giller | Toxicity of Heavy Metals to Microorganisms and Microbial Processes in Agricultural Soils: A Review[END_REF] , C sequestration or N fixation could be negatively impacted [START_REF] Giller | Toxicity of Heavy Metals to Microorganisms and Microbial Processes in Agricultural Soils: A Review[END_REF][START_REF] Giller | Heavy Metals and Soil Microbes[END_REF]119 . According to a study that compiled the lowest metal(loid) amount added that resulted in a decrease in the rate of basal respiration (LOAED), the mean LOAED for Hg, C, Cu, Pb, Ni, Cd, Zn was 257, 411, 500, 506, 576, 594 and 697 mg.kg -1 , respectively (Table S2) [START_REF] Giller | Toxicity of Heavy Metals to Microorganisms and Microbial Processes in Agricultural Soils: A Review[END_REF] .

In parallel, for CNM, transmission electron microscopy observations have evidenced that they may interact strongly with bacterial cell membranes. These interactions may disrupt the integrity of the membrane structure by oxidative stress and/or physical damage, allowing CNM to be internalized in bacteria [120][121][122] . In addition, a majority of studies has observed a decrease in soil microbial activity following exposure to CNM [122][123][124][125][126][127] . CNM would present an antimicrobial potential since a whole set of studies reported a loss of viability following exposure 123,124,[128][129][130] . Changes in microbial community structure have also been reported 123,126,131,132 . Finally, microbial functions such as mineralization, N and CO2 fixation could be decreased 133 . The effect of CNM on microbial activity 122 and biomass appeared at 85 mg.L -1 and 1-5 mg.g -1 , respectively 124,126,127 .

Oligochaetes are considered as soil engineers because of their involvement in physical and chemical processes such as litter mixing, soil porosity, active soil water transport, OM mineralization and nutrient mobilization and cycles [134][135][136] . These organisms present two pathways of contamination: the oral pathway by ingestion of soil and the tegumentary pathway by contact with soil. After absorption, metal(loid)s can accumulate in the posterior alimentary canal 137 . Metal(loid)s may decrease the growth of earthworms through delayed biomass gain [138][139][140][141] and act on energy reserves by decreasing the production of lipid reserves 142,143 and modifying the gut microbiota 144 . In addition, morphological and behavioural changes have been demonstrated following exposure to metal(loid)s 145 . It was observed that metal(loid)s can interfere with earthworm reproduction by reducing the number of juveniles produced 138,139,146 induced by a reduction of number of sperm produced 147 , the production of cocoons 138,141,146,[148][149][150] and the success of cocoon hatching 139,151,152 Interactive effects: increase in leaf dry mass with the addition of 1000 mg.kg -1 of MWCNT, stem dry mass at 500 mg.kg -1 of MWCNT and root dry mass at 500 and 1000 mg.kg -1 of MWCNT, increase in H2O2, MDA concentration and SOD activity from the addition of 100 mg. kg -1 of MWCNT and decrease of POD activity from 100 mg.kg -1 of MWCNT In lower contaminated soil: no effects on metals transfer for earthworms. Increase in Cd (+37%) and Zn (+21%) transfer with 10 mg.kg -1 of MWCNT for lettuces. In higher contaminated soil: increase in Pb (+34%) and Zn (+25%) transfer with 10 mg.kg -1 of MWCNT for earthworms. Decrease in Cd (-29%) and Zn (-30%) transfer with 0.1 mg.kg -1 of MWCNT for lettuces.

Interactive effects on higher contaminated soil: biomass reduction for lettuces exposed to 0.1 mg.kg -1 of MWCNT. Increase in flavonoid concentration with 10 mg.kg -1 of MWCNT.

Leroy et al. 30

Impacts of the interaction between metal(loid)s and CNM

After an extensive literature survey on the topic, only articles focusing on CNT, graphene and GO together with a proper statistical analysis were kept for this review. Considering studies evaluating both the transfer and the toxicity of metal(loid)s and CNM (Table 4) (11 studies), 18% focused on bacteria, 18% on earthworms and 82% on plants. Among these studies, about 64% reported interactive toxicological effects due to the simultaneous presence of CNM and metal(loid)s. Within these interactive effects, when all control conditions were set-up (without metal(loid) and without CNM contamination, metal(loid) alone, CNM alone), we could distinguish antagonist (18%) and synergic (18%) effects (Figure 3).

Bacteria

For bacteria, very few studies have been conducted. Furthermore, in the available articles the experimental design did not permit to highlight the existence of interactive effects since the impact of CNM alone or metal(loid)s alone were not tested (not the purpose of the study). However, a study using soil contaminated with Cd (0.1 mg.kg -1 ) and GO (1000 and 2000 mg.kg -1 ) evidenced a decrease in soil microbial diversity after addition of GO, indicating that the microbial communities in the Cdcontaminated group without GO were more diverse than those in the treated groups (Cd x GO) 188 . In addition, authors observed some changes in bacterial communities after addition of GO with an increase in several bacterial abundances (Acidobacteria and Actinobacteria) compared to single Cd contamination and a decrease in phyla such as WD272 and TM6 revealing phylum-specific sensitivities 188 . Interestingly, the abundance of Rhodospirillales and Nitrospirae which are symbiotic N2-fixing bacteria was reduced at 3 days and then restored at 15 and 60 days evoking some resilience in the ecosystem.

These few studies alone do not allow generalization to be made and highlight the need to initiate more studies on microorganisms with simultaneous CNM and metal(loid) exposure. Indeed, due to adsorption of metal(loid)s on CNM and to CNM strong interactions with bacterial cell membranes, CNM could be a vector to increase metal(loid) transfer to microorganisms and associated toxicity or depending on their interactions with soil particle they could also mitigate the metal(loid) toxicity (i.e.

the complex CNM-metal(loid) could adsorb to soil particles making metal less bioavailable to bacteria cells and thus less toxic).

Earthworms

Studies focused on earthworms report contrasting results of the addition of CNM on metal(loid) transfer and toxicity. Yang et al. observed a decrease of Cd transfer (antagonist effect) ranging from -43% to -31% with the addition of 10 mg.kg -1 and 100 mg.kg -1 of MWCNT, respectively after 14 days of exposure in the model Eisenia fetida (Cd: 10mg.kg -1 ) 32 . The decrease in Cd transfer was thus inversely proportional to the dose of MWCNT. Additionally, the change in transfer was also metal dosedependent: at 10 mg.kg -1 MWCNT, a -43% decrease was noticed at 10 mg.kg -1 of Cd but decreased to -28% at 2 mg.kg -1 of Cd. In agreement with transfer results, the addition of MWCNT decreased earthworm growth inhibition caused by Cd, detoxifying enzymes and metabolites 32 . At the highest Cd concentration (10 mg.kg -1 ), a growth inhibition rate of 27% was registered in comparison with earthworms exposed to control conditions (no Cd, no MWCNT), this rate was decreased to 8% and 22% at 10 and 100 mg.kg -1 of MWCNT, respectively.

In contrast, Leroy et al. rather observed synergic effects of metals and CNT when earthworms were exposed to two contaminated soils (Zn, Pb and Cd) and demonstrated either no impact of the addition of MWCNT on metal uptake in one soil or an increase up to +34% and +25% of Pb and Zn in the second soil (with no impact on Cd transfer) after 6 weeks 30 . Furthermore, when an increased uptake was detected it was CNT dose dependent. Even though earthworms are able to eliminate orally ingested CNM by depuration, it appears that CNM ingestion could lead to metal release in earthworm tissues, maybe due to changing physico-chemical conditions in the gut (especially pH) leading to desorption.

Despite transfer increase, no toxicological effects were found.

The difference between these articles could partly be explained by different soil texture. Indeed, the first one which induced Pb and Zn transfer increase upon CNT addition had a lower OM content than the other soil. Authors reminded that a low OM is less favorable for earthworm feeding an burrowing activities 189 and thus metal transfer 30,190 .

Plants

Among studies on the transfer and toxicological impacts of simultaneous contamination with CNM and metal(loid)s on plants (9 studies reviewed), 89% present results on the transfer of metal(loid)s from the exposure medium to the plants and 100% on toxicity. In the transfer studies, 91% of the studies showed CNM -metal(loid) interactions with either an increase 24,23,25,21,22,27,30,191,192 and/or a decrease 21,24,26,27,29,30 of metal(loid) transfer differing from the additive risk model.

Furthermore in the studies evidencing a synergic effect with an increased uptake of metal(loid)s, some authors demonstrated a dose dependent effect of the addition of CNM on the transfer of metal(loid)s both in hydroponics and in soil [21][22][23][24][25][26][27][28][29] . For example, Gao et al. found that the addition of GO to a Cd contaminated medium (1 mg.L -1 Cd) led to a dose-dependent increase in Cd concentration in both roots and leaves: the addition of 5 mg.L -1 of GO increased by 12% the Cd concentration in leaves while an addition of 40 mg.L -1 led to a 50% increase 25 . Hypotheses such as facilitating metal entry into root cells due to interactions between CNM and root cells and/or uptake of CNM with surface adsorbed metals may explain the increased transfer observed in these examples. Additionally, it seems that at high concentrations, CNM may have a different impact than at lower concentrations in the medium 24,30 . Indeed, wheat plants exposed to As(III) took up 20% of this As while the uptake rate of As increased to 25% and 32% in presence of GO concentrations of 0.1 and 1 mg.L -1 , then decreased to 16% at 10 mg.L -124 . Likewise, Leroy et al. also observed contrasted results depending on CNM concentrations and explained these results by CNM dispersion in the medium (soil): at low concentrations (0.1 mg.kg -1 ), CNT may be better dispersed in the soil than at higher concentration (10 mg.kg -1 ) 193,194 offering thus, a higher exchange surface and higher adsorption. This hypothesis is supported also by the study of Zhang et al. in which the authors observed that the agglomeration of CNT decreased the adsorption of some organic compounds 193 . Several hypotheses can be suggested for this increased uptake: CNM with adsorbed metal(loid)s can act as vectors by damaging root cell walls and facilitate metal(loid)s entry in crops tissues or this complex might accumulate in the rhizosphere and lead to an enhanced metal release with the pH modification at the vicinity of the root surface.

When an increased transfer of metals due to the presence of CNM in the medium was detected, it was mostly accompanied by an increased toxicity. Indeed, among the studies that investigated the toxicological impacts of simultaneous contamination, 75% of them found interactive effects highlighting an increase in oxidative stress 24,25,[27][28][29]184 , decrease in different plant components 24- 26,29,184,195 (chlorophyll, protein, sugar) and in plant biomass [24][25][26][27][28][29]184,195,196 (Table 4). For instance, synergistic effects were evidenced on rubisco concentration : indeed a decrease by 53% was detected in the presence of both Cd (5 mg.L -1 ) and GO (40 mg.L -1 ) while Cd alone reduced it by 14.5% and GO alone by 18.5%; additive model would have suggested a decrease by 33% ((-14.5%) + (-18.5%)) = -33%) much lower than the 53% observed here 25 . This observation was similar for other parameters (root and shoot biomass, chlorophyll, O2 and H2O2 concentrations) and more pronounced with higher Cd and GO contamination. Similarly, Hu et al. demonstrated that the addition of GO (10 mg.L -1 ) decreased plant development and photosynthetic pigments concentrations together with an increase in antioxidant enzymes activities (SOD and POD) in Triticum aestivum L. exposed to As solution (10 mg.L - 56% after exposure to As alone and decreased by 4% after exposure to GO alone (additive model would suggest a 52% increase).

However, some studies also highlighted antagonist interactions between metal(loid)s and CNM with a decrease in the transfer of metal(loid)s from soil to plants and finally lower or no toxicity symptoms 26- 29,184 . These effects can also be organ dependent. Indeed, Zhao et al. showed that GO-chitosan spheres significantly decreased Cu bioaccumulation in roots (-60%) and stems (-67%) of wheat compare to single metal contamination, but not in leaves (almost similar with an increase of Cu bioaccumulation around +2%) 21 . Despite changes in Cu transfer with the addition of GO, the co-exposure did not impact growth parameters studied (root, stem and leaf length) but decreased the photosynthetic rate and stomatal conductance up to -58% and -34%, respectively. Likewise, Gong et al. found similar pattern with a decrease in Cd bioaccumulation in roots up to -22% upon MWCNT addition (100 mg.kg -1 ) and an increase in Cd accumulation in stem and leaves up to +15% and +33%, respectively 27 . These differences on metal bioaccumulation according to plant organ could reflect a plant defence strategy.

It is known that plants have defence mechanisms against metal(loid) exposure like accumulating metal(loid)s in specific compartments of the plant such as cell walls and leaves to reduce their toxicity 197 .

There are some disparities on transfer and toxicity of CNM-metal(loid) simultaneous exposure. The adsorption mechanism alone does not seem to explain such disparities and the concentration in CNM, which directly affects their dispersion and aggregation in the medium, could be a possible explanation.

Although the studies carried out in liquid media (water, culture solution, soil solution, etc.) are a first approach privileged at the beginning of new researches on new substances, they do not allow to apprehend the complex relations between solid matrix and contaminants since some studies show their importance to determine the fate of contaminants in organisms 30 . Indeed, the type of soil could explain differences observed on interactive effects on transfer and toxicity due to the strong influence of soil physico-chemical parameters (clay, OM, pH etc.). Whatever the types of interactive effects, these largely dominate in the studies compared to additive effects used in risk assessment.

Conclusion -Knowledge gaps and Perspectives

In 2012, the European Commission stated that they are "committed to ensuring that the risks associated with chemical mixtures are properly considered and assessed". In parallel, in 2019, the European Environmental Agency warned again about the "cocktail effect" of chemical pollutants, especially those found in European waters, whose cocktail effects are assumed or proven 198 . However up to date lots of progress remain to be done on that matter.

Indeed, after reviewing extensively the literature, we can conclude that strong interactions exist between CNM and metal(loid)s which have been demonstrated in simplified medium (solution) and whose impacts are visible in the environment by modifying the behaviour of contaminants in cocktail and their impact on organisms. These interactions include physical adsorption, chemical interaction, electrostatic attraction and sorption-precipitation. In the environment, the vast majority of studies concluded that these interactions modify the fate (uptake and toxicity) of these contaminants in cocktail in comparison with an additive model. The nature of the impact (synergic or antagonist) is influenced by many parameters : 1) CNM nature which influences metal(loid) adsorption capabilities,

2) CNM concentration which influences their behaviour, in particular their agglomeration, 3) CNM morphology and SSA as well as adsorption abilities and CNM transfer through biological barriers, 4) metal(loid) nature and number of different metallic species because of their specific affinity and potential competition and repulsion for adsorption sites onto CNM, 5) exposure medium which influences CNM and metal(loid) behaviour, 6) soil characteristics (clay content, OM and pH) which influence metal(loid) adsorption onto CNM as well as organism behaviour and 7) type of organisms (crops, earthworms or bacteria) and environmental relevance of exposure conditions (exposure pathways, organism lifestyle, organism interactions, etc.). So, in conclusion, the additive model used so far for risk assessment of chemical substances in mixture is not relevant; instead a multiplicative model which integrates synergy and antagonism would seem more suitable with correction factors for the different influencing parameters highlighted in this review to encompass processes which remain unclear so far and leading to seemingly contradictory results in the literature.

Knowledge gaps

The knowledge gaps we identified through this literature survey are listed below:

(1) More information on CNM characteristics are needed in the articles to further understand contrasted results observed on transfer and toxicity.

(2) The use of element speciation models (such as Minteq or ChemEQL among others) in solution and their comparison with experimental data and their fitting with Langmuir or Freundlich equations would be interesting to identify if these models could give relevant predictions, especially in multi-metallic conditions.

(3) More studies need to be conducted on agrosystem organisms to have more information on the toxicological effects resulting from exposure to a mixture of contaminants. For instance, only 3 metal(loid)s (Cu = 1, As = 1 and Cd = 8, studies and one study with Cd, Pb and Zn simultaneously) were tested in interactions with CNM, which represents a small proportion of the existing metals.

(4) Another important point is the difficulty to properly analuse the results in many studies due to incomplete experimental designs that do not permit to highlight possible interactions. On several occasions, the studies did not investigate the effects of CNM alone or metal(loid)s alone (missing control conditions). Thus, recurrent increases and decreases of the studied biomarkers of toxicity were attributed to the addition of CNM in the presence of metal(loid)s, but these interpretations are only partial in the absence of tests with single contaminant.

(5) The statistics are sometimes performed only by modality of metal(loid) contamination, not allowing to establish possible interactions between CNM and metal(loid)s (ANOVA 1-way vs ANOVA 2-ways).

(6) More studies on ecosystem functions (mineralization and recycling) and biogeochemical cycles (C, N and P) are needed to have a more integrative view of these contaminant impacts on agrosystems.

So far, these markers have only been studied after exposure to a single contaminant even though they are very good indicators of an ecosystem health. (7) Studies are also needed to identify a potential bioaccumulation along food webs. Studies in micromesocosms with trophic chains seem to be a relevant experimental set-up to answer this question 199 .

Due to CNM-metal(loid) interactions, the exposure duration in micro-mesocosms needs to be adapted to organism cycles, especially to know if CNM-metal(loid) exposure is putting at risk crop productions and human health.

(8) Technical development is also mandatory as the mechanisms explaining transfer and toxicity results are still not well understood, in particular because data about CNM actual concentrations in the organisms are rarely available.

Perspectives

Using combined toxicity interaction indices could be a practice to generalize to gain a deeper understanding of these interactions among contaminants. For example, Yang et al. 32 demonstrated synergic and antagonist effects using indices such as the Biomarker Response Index (BRI) coupled with the Concentration Addition Index (CAI) and the Effect Addition Index (EAI), which together quantify the joint effects of mixtures for a range of effect levels. BRI is an index based on the level of alteration of the response of the biomarkers tested in the treatments with contamination(s) compared to the control (without contamination). The level of biomarker impairment is classified into four distinct levels, each corresponding to a score: mild = 4, moderate = 3, major = 2 and severe = 1 200 . The score for each biomarker is multiplied by the corresponding weighting to form an integrated index that is used to assess the overall effect of contaminants in a system submitted to multiple stress 201 . This allows the integration of complex biomarker responses into a single predefined class. It is thus possible to establish a dose-response relationship between contamination levels and biomarker responses 202 . This index has been used in the risk assessment of chemicals under the Water Framework Directive in Wales 200 . The BRI coupled with the CAI and EAI allow to determine respectively additive (=0), synergic (>0) or antagonist (<0) effects 203 . The CAI and EAI are derived from the commonly used concentration addition (CA) and independent action (IA) models that assess the toxicity of substances in noninteractive mixtures.

Another factor which is usually not considered is contamination aging. Indeed, the impact of metal(loid)s is influenced by their origin and aging [204][205][206][207] . The toxicological effects of metal(loid)s spiked in soil in laboratory experiments (in salt form) differ with soils with an aged contamination under the influence of natural processes [204][205][206][207] . For example, oxidation and precipitation of some metal(loid)s can affect their bioavailability and consequently their toxicity 208 . This parameter should be more considered in future experiments.

Although micro and nanoplastics have different properties than CNM, they are principally made of carbon and also display adsorption capacities leading to similar effects on transfer and toxicity (Table S3). Plastic concentration in agricultural soils could be much higher that the predicted CNM concentrations related to sludge application or mulching practices in particular. Special attention should thus be paid to the potential transfer and toxicological impacts of these micro and nanoplastics in co-exposure situations with other contaminants such as metal(loid)s.

Finally, agrosystems interact closely with other organisms such as insects, small mammals and birds on which they depend for part or all of their life cycles. Considering how these organisms rely on agrosystems, they may be an entry point for the contamination to spread up to other ecosystems.
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Table S1: Maximum adsorption capacity of different CNM established by adsorption models for various metal(loid)s in mono-elemental conditions extracted from the cited articles (grey lines represent data used to build Table

M

Co-exposure of metal(loid)s with micro and nanoplastics

Table S3. Effects of simultaneous microplastics and nanoplastics (MNP)/metal(loid) exposure on transfer and associated toxicity for three representative agrosystem organisms (bacteria, earthworms and plants). The light blue lines represent studies with hydroponic exposure and the dark blue lines represent studies with soil exposure (PS = polystyrene, PTFE = polytetrafluoroethylene, SOD = superoxide dismutase, POD = peroxidase, MDA = malondialdehyde, CAT = catalase, GR = glutathione reductase, GP = glutathione peroxidase, Chlo = chlorophyll, n.p = data not provided) Synergic effects on roots (root mass reduction) with addition of 10 000 mg.kg -1 plastics, on shoots (shoot mass reduction) with addition of 100, 1000 and 10 000 mg.kg -1 of HDPE, on total mass (total mass reduction) with At 10 000 mg.kg -1 HDPE Wang et al. 53 On bacteria:

After 74 days, Zhu et al. did not observe major impacts of the single contaminant exposure (NPs at 200 mg.kg -1 and As at 40 mg.kg -1 ) nor of their combination on the bacterial community compared to control (without NPs and As) 51 .

On earthworms:

Another parameter that could explain discrepancies among studies is the physico-chemical characteristics of the MNPs added to the medium. Indeed, according to Li et al. 52 the smaller MNP sizes impact more metal(loid) transfer, certainly due to their larger SSA and therefore their greater adsorption capacity. Indeed, in Li et al. 52 the addition of MNP (up to 1 g.kg -1 ) in the medium increased the concentration of metals in earthworm tissues: Cu transfer increase was higher with the addition of 0.05% smaller MPs (30 µm) than larger MPs (100 µm) 52 but equivalent for Ni transfer. This synergic impact on metal transfer was concomitant with interactive toxicological effects with increased oxidative stress: after 14 days, MDA (malondialdehyde) content increased by 64% with Cu/MPs compared to Cu single contamination 52 .

On plants:

Wang et al. observed a synergic reduction of shoot (-26%) of maize crops induced by addition of MPs (100 mg.kg -1 ) and Cd (5 mg.kg -1 ) compared to single metallic exposure after 30 days in soil (Cd alone: -12% / MPs alone: -8% / additive effects: -20%) 53 .

MNP co-exposure with metal(loid)s also modifies elemental transfer: a decrease in As transfer was found in rice seedlings grown with MP addition in hydroponics (40, 100, and 200 mg.L -1 ) compared to single As contamination 48 which significantly reduced its toxicity: plants exposed to 40 mg.L -1 MPs and 4 mg.L -1 As had a +7% increase in biomass and a +10% increase in total chlorophyll content compared to plants exposed to As alone. At the same time, O2 content in leaves was reduced by -30% and TBARS content by -32%, indicating that the plants underwent less ROS production and thus less cellular damage 48 .

Finally, only one study did not evidence interactions between the contaminants and concluded that MNPs did not alter the transfer of metals from soil to plants in the case of wheat exposed to Cd and NPs (polystyrene, 87 nm) in hydroponics 47 . Interestingly, despite the fact that NPs had no influence on Cd transfer, researchers found antagonist and synergic effects on SOD activity in leaves and roots, respectively with simultaneous contamination (Cd: 2.25 mg.L -1 , NPs: 10 mg.L -1 ) in comparison to single contamination and control conditions. Considering the substantial decrease in Fe, Mn, and Cu concentrations implicated in the biosynthesis of Fe-SOD, Mn-SOD and Cu/Zn-SOD, the reduction of these elements might explain the results 47 .

Questionnements scientifiques de la thèse

A ce jour, des questions sont soulevées quant à l'actuelle évaluation des risques de contaminants en mélange, qui ne prennent pas en compte des interactions qui peuvent survenir entre les contaminants du mélange. Or, les contaminants émergents tels que les NMC montrent de fortes capacités 

Caractérisation des nanomatériaux

Les principales caractéristiques physico-chimiques des NTC sont la surface spécifique (mesurée par BET), la quantité de défauts de structure (mesurée par spectroscopie Raman), les dimensions et éventuels impuretés (visibles par MET) et leur charge de surface (mesurée par DLS). Les trois premières techniques seront détaillées ici.

BET

La surface spécifique (SSA) représente la totalité de la surface d'un objet, englobant les aspérités des particules, telles que les pores (accessibles par le gaz sonde utilisé), rapportée à la masse. Elle est exprimée en mètres carrés par gramme (m².g -1 ) et a été déterminée à l'aide de la méthode de Les NTC ont un spectre Raman typique (Figure 6) 4 :

-la bande D est identifiable entre 1320 et 1340 cm -1 et se montre proportionnelle à la quantité de défauts structuraux présents dans la structure de carbone supposé être principalement de type sp². La présence de cette bande D peut, de manière simplifiée, être assimilée à la quantité de carbone sp 3 inséré dans le réseau de carbone sp². C'est l'unique bande Raman mesurable dans le diamant pur (carbone uniquement sp 3 ).

-la bande G se situe entre 1575 et 1590 cm Les caractérisations Raman ont été réalisées par Morgan LEGNANI au CIRIMAT (Toulouse, France).

Microscope électronique à transmission (MET)

Le MET est un instrument de microscopie qui permet d'observer les structures et les détails des échantillons à une échelle extrêmement fine, bien au-delà des limites des microscopes optiques traditionnels 6 . Il a été utilisé afin de caractériser le diamètre et le nombre de parois des NTC utilisés. -qm (mM.g -1 ) : quantité d'adsorbat par unité de masse de l'adsorbant en vue de former une monocouche complète sur la surface, -qmax (mM.g -1 ) : quantité maximum d'adsorbat par unité de masse de l'adsorbant en vue de former une monocouche complète sur la surface, -KL (L.mM -1 ) : la constante d'équilibre d'adsorption de Langmuir liée à l'affinité des sites de surface pour l'adsorbat et à l'énergie d'adsorption qui est égale au rapport des constantes de vitesses d'adsorption et de désorption. KL caractérise l'étendue de l'interaction entre l'adsorbat et la surface.

Caractérisation des interactions NMC/ETM : expériences d'adsorption

Plus la valeur de KL est grande, plus l'interaction entre l'adsorbat et l'adsorbant est forte.

Les caractéristiques fondamentales de l'isotherme de Langmuir sont représentées par une grandeur sans dimension connue sous le nom de facteur de séparation ou paramètre d'équilibre, noté RL. Cette grandeur a été définie par Weber et al. 14 et reprise par Ozcan et al. 15 (3) :

(3) 𝑅 𝐿 = 1 (1 + 𝐾 𝐿 × 𝐶 0 ) avec C0 la concentration initiale de l'adsorbat (ETM).

La valeur de RL définit le type de l'adsorption (Tableau 5) :

Tableau 5: Correspondance du type de l'adsorption en fonction de la valeur de facteur de séparation RL Valeur de RL Type de l'adsorption

RL > 1 Défavorable RL = 1 Linéaire 0 < RL < 1 Favorable RL = 0 Irréversible
Ce modèle peut être caractérisé par 1 type d'isotherme pour le cas du modèle de Langmuir correspondant au type I (Figure 9) qui dans le cadre de la chimisorption, l'adsorption est caractérisée par une approche asymptotique d'une quantité limite indiquant que tous les sites de la surface sont occupés 16 (Figure 9). où :

-k2 est la constante de vitesse de pseudo-second ordre (g.mM.min -1 ),

-qt est la quantité d'adsorbat adsorbée à l'instant t (mM.g -1 ),

-qe est la quantité d'adsorbat adsorbée à l'équilibre (mM.g -1 ). L'analyse µPIXE est une méthode non destructive permettant la cartographie élémentaire des échantillons. L'excitation des rayons X, comme illustrée par le modèle schématique de l'atome de Bohr (Figure 10), entraîne l'éjection d'un électron de la couche interne de l'atome. Les résultats sont toujours en cours de traitement au moment de la rédaction de ce manuscrit de thèse. -les organismes ingénieurs du sol comme les vers de terre. La croissance à travers le gain ou la perte de biomasse et le stade de développement des vers ont été suivis.

Détermination du transfert des NTC et ETM

-les consommateurs primaires des agrosystèmes comme les escargots, avec notamment un suivi de biomasse -l'ensemble de l'agrosystème recrée à petite échelle (microcosme) par le suivi de l'émission des gaz tels que le CO2, CH4 et H2O. Aussi, afin de rendre compte de la santé de l'ensemble de l'agrosystème, des fonctions ont été sélectionnées et insérées dans un éco-marqueur à savoir un indice de multifonctionnalité.

Les protocoles utilisés pour ces différents marqueurs de toxicité sont développés dans les articles scientifiques des chapitres suivants. Toutefois, un focus particulier sera porté dans la section 2. 

Chapitre 3 : Caractérisation des interactions NMC et ETM en milieux simplifiés

Depuis la découverte des interactions entre NMC et ETM, l'intérêt des scientifiques n'a cessé de s'accroitre afin de mieux les comprendre. D'ailleurs, le nombre de publication avec les mots clés « trace metal » and « carbon nanotube » / « graphene » a considérablement augmenté depuis 2010 (Figure 13). 

Introduction

Human activity leads to an always increasing use and environmental release of many contaminants. As such, the effect of contaminant mixtures (cocktail) is a major topic to date because interactions among contaminants could modify transfer and toxicity on organisms composing natural ecosystems, making risks more difficult to evaluate. To improve risk assessment strategies, we need, as a first step, to initiate studies in simplified environments to understand the interactions that exist among contaminants and to identify what are the effects of different environmental parameters on these interactions.

Among contaminants exhibiting strong interaction potential, emerging contaminants such as carbonaceous nanomaterials (CNM) and historical contaminants such as metals are particularly interesting to investigate from an environmental point of view since both contaminants can accumulate and coexist, in particular in agrosystems. Indeed, they tend to accumulate in sewage sludge which is applied as fertilizer in agrosystems 1 making soil contamination one of the most pressing concerns in the debate about food security and food safety in Europe 2 and globally 3 . In terms of concentrations, models predict that the concentration of CNM in biosolids could reach up to 10 mg.kg - 1 while in natural soil it could be up to 0.01 mg kg -1 4 . Another study calculated that carbon nanotube (CNT) concentrations in European agricultural soils treated with sewage sludge could increase annually by 74 ng.kg -11 , especially because of their potential application as nanofertilizers 5 or nanopesticides 6 , or even as decontaminant agent [7][8][9][10] . Concerning metals, they are found in agrosystems for several other reasons such as atmospheric deposition, irrigation with wastewater or polluted water, introduction of livestock manure, metallo-pesticides or herbicides, and phosphatebased fertilizers 11,12 . Governments decided to regulate heavy metal concentrations by setting maximum allowable thresholds in agricultural soils up to 1-3, 50-140, 30-75, 50-300, 150-300 and 1-1.5 mg.kg -1 for Cd, Cu, Ni, Pb, Zn and Hg, respectively 13 .

Some studies investigated metal adsorption onto CNM in aqueous media in the previous decade and concluded that it depends on the CNM properties (especially oxidation state and specific surface area (SSA)), the CNM/metal ratio, the contact time and organic matter (OM) concentration 14 . To date, most studies focused on the adsorption of one single metallic ion onto CNM, but this type of system is not environmentally relevant because it does not consider the diversity of metals present simultaneously in ecosystems, and their competition for adsorption sites 14 . Indeed the few studies on that topic highlighted changes when metal were present as mixture. Ding et al. showed that adsorption equilibrium for Pb, Cu or Ni added individually with an adsorbent was decreased when they were added simultaneously 15 . This trend was confirmed in different studies for other metal(loid)s [16][17][18][19][20][21] so that sequences of affinities can be drawn up and thus highlight different metal affinities for adsorption sites. Salam et al. 16 reported the following affinity sequence Cu>Zn>Pb>Cd for multi-walled CNT (MWCNT) while Sitko et al. 19 and Li et al. 20 found Pb>Cu>Cd>Zn for graphene oxide (GO) and oxidized MWCNT. In addition, most studies were carried out with industrial development as perspective, without environmental relevance, in particular on CNM concentrations, which were in excess in comparison with metal concentrations.

Additionally, agrosystems are composed of many components which can modify CNM/metal interactions. For example, OM could modify the adsorption of metal [22][23][24] but the mechanisms are still unknown. Soil structure (grain arrangement) and granulometry (grain size) could modify contaminant transport and thus metal adsorption onto CNM [25][26][27] . Very few studies characterized soil component influence on CNM/metal interactions and more are needed considering that ecotoxicity data available in the literature show either an increase [28][29][30][31][32][33][34][35][36] or a decrease 28,31,33,34,37,38 of metal(loid)s transfer into organisms due to CNM addition. The results obtained here will bring a valuable contribution towards a better understanding of the interactions among contaminants in natural environment and their impacts on both transfer and toxicity of such contaminants.

Material and methods

Materials

Carbon nanotubes were synthesized at Centre inter-universitaire de Recherche et d'Ingénierie des Matériaux (CIRIMAT, Toulouse, France). For synthesis, the carbon source was methane or ethanol for DWCNT and MWCNT, respectively 39 . The elemental composition of the catalyst (Mg0.99Co0.0075Mo0.0025O) was the same for both syntheses but in the case of MWCNT, it was prepared by impregnation of MgO powder by a solution of the relevant amounts of Cobalt(II) nitrate and ammonimum heptamolybdate (instead of combustion synthesis in the case of DWCNT). After 1h of stirring (magnetic barrel), the suspension was frozen by immersion in liquid nitrogen. After freezedrying, the resulting powder was calcined in air at 450°C for 1h. Combustion chemical vapor deposition (CCVD) synthesis was performed by heating at 5°/min in nitrogen atmosphere (50 sccm) from room temperature to 300°C. At that temperature, ethanol was introduced by bubbling the nitrogen in a gas washing bottle filled with ethanol. When the temperature reached 850°C, a 30-minute dwell time was observed before cooling down to room temperature at 5°/min. When the temperature was back to 300°C, the introduction of ethanol was stopped, and nitrogen alone was used. In both cases (DWCNT and MWCNT), as-prepared composite powders were processed with an aqueous HCl solution to dissolve the catalytic support and isolate the CNT. The protocol applied for oxidation of CNM was as follows: after washing with deionized water, a wet sample corresponding to an equivalent dry-weight of 100 mg CNT was introduced into a 250 mL flask with 100 mL of 3M HNO3. The mixture was sonicated in an ultrasonic bath for 10 min before heating in reflux conditions at 130°C for 24h and finally cooled down to room temperature and filtered using a polypropylene membrane (Merck Millipore, 0.45 µm).

Activated Carbon (AC), commercial MWCNT (8CNT) and GO were obtained from KURARAY CO., LTD., Nanocyl SA and Antolin Group, respectively. More information about adsorbate characteristics may be found in 40 . Briefly, 100 g of soil were placed in 1L of ultrapure water, shaken at 180 RPM for 24 hours and then filtered at 20 μm. Initial pH value of each solution was not adjusted and their elemental composition is available in SI Figure S3. The cocktail of metals (1 mM of Cd(II), Cu(II), Pb(II) and Zn(II)) and o-DWCNT (10 mg.L -1 ) was then added to these soil solutions . After prepared, pH of soils solutions was 4.3 ± 0.2 and 5.7 ± 0.2 for Lufa 2.1 and Lufa 6S respectively.

CNM characterization techniques

Transmission Electron Microscopy (TEM) was used to assess the length and diameter of CNM (JEOL TEM 1400; 120 kV, Centre de microcaractérisation Raimond Castaing, UMS3623, Toulouse). The SSA was determined using Brunauer-Emmett-Teller (BET) method (Micrometrics Flow Sorb II 2300; 2h degassing at 100°C in N2 and adsorption of nitrogen gas at the temperature of liquid nitrogen; measurement accuracy ± 3%). Raman characteristics were analyzed to get information on the structural quality of the CNM used at λ = 633 nm (Labram HR800 Horiba Yvon Jobin). The proportion of carbon and oxygen contained in CNM were determined with organic micro-analyzers (total combustion at 1050°C under helium/oxygen flux for C and N dosage; total pyrolysis at 1080°C under nitrogen flux for O dosage; SCA CNRS Lyon) and were provided from Liné thesis which studied the same CNM as in this work 41 . 

Adsorption experiments

Preliminary tests were conducted in order to select relevant conditions for adsorption experiments. In To investigate the effect of pH and OM on metal adsorption onto o-DWCNT, relevant environmental conditions were selected and fixed on a pH ranging from 5 to 8 42 and two concentration of OM as 10 and 20 mg.L -1 .

The experimental design was the same for all batch adsorption experiments. Briefly, before introducing 50 ml of the metal cocktail solution in an erlenmeyer (V = 100 ml), the initial pH values were recorded and adjusted to 7 if needed with a few drops of 10 M NaOH solution to limit dilution. Then, CNM (10 mg.L -1 , 500 µL) were introduced in experimental units (together with OM in one experiment) and the suspensions were placed under shaking on an orbital shaker plate at 200 rpm during 3 hours (excepted for kinetics experiments) at room temperature (18.3 ± 0.9 °C). Samples were then centrifuged at 4000 rpm (20°C) for 5 min. Finally, samples were filtered on 0.45 μm polypropylene filtration membrane (LABO MODERNE). Control experiments were performed in each case in the absence of CNM. Parameters of each experiment are summarized in Table 7. Mixture of 4 metals (Cd(II), Cu(II), Pb(II) and Zn(II)), all at 0.1, 0.2, 0.5, 0.7, 1.0, 2.0, 2.5, 4 or 8 mM (but range concentration was selected for every metals for isotherm modelling, see Figure 15). The effect of the ratio o-DWCNT/metal concentration was modelled thanks to Langmuir isotherm using the following equation ( 1):

(1) 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 ∶ 𝑞 𝑒 = 𝑘 𝐿 𝑞 𝑚 𝐶 𝑒 / (1 + 𝑘 𝐿 𝐶 𝑒 )

where qe and qm (mM.g -1 ) represent equilibrium and maximum adsorption capacities, respectively; Ce (mM.L -1 ) the equilibrium aqueous concentration; kL (L.mM -1 ) the equilibrium constant.

For isotherm modelling, 0.1-4 mM range concentration of Cd and Zn, 0.2-4 mM for Pb and 0.1-2.5mM for Cu were used due to metals precipitation.

Kinetics experiment was described by diffusion models such as the pseudo-second-order following this equation (2) 43 :

(2) 𝑃𝑠𝑒𝑢𝑑𝑜 𝑠𝑒𝑐𝑜𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 ∶ 𝑞 𝑡 = 𝑘 2 𝑞 𝑒 2 𝑡 (𝑡𝑘 2 𝑞 𝑒 + ⁄ 1)
where qt and qe are the adsorption capacities (mM.g -1 ) at time t and equilibrium and k2 (g.mM.min -1 )

is the constant rate of the pseudo-second order.

Analytical measurements

Samples were diluted in 3% HNO3 before elemental analysis by ICP-AES (ARCOS FHX22, AMETEK Spectral).

Modelling and statistical analyses

Modelling was performed on Microsoft Excel 2019 version 1808.

All presented data have been transformed as follows (example for Cd):

Cd adsorption for replicate n°1 = mean of Cd concentration of five replicates without CNM -Cd concentration for replicate n°1 with CNM.

Then, adsorption concentrations (mM.g -1 ) obtained were corrected with CNM concentration in the sample to obtain for each ion used in experiments: Figure 14 shows the effect of pH on the adsorption of Cd, Cu, Pb and Zn onto o-DWCNT in a multimetallic system. First, cumulative metal adsorption onto o-DWCNT increases with pH with a maximum adsorption reached at pH = 7 up to 12.29 mM.g -1 , before decreasing at higher pH = 8 down to 6.28 mM.g -1 . This result is in agreement with the general trend found in the literature in which metal adsorption depends on the solution pH, similarly in single metal system [44][45][46][47][48][49][50]19 and in multi-metallic system 15,16,20 . In particular, Salam et al. 16 highlighted a maximum adsorption for Cu and Pb onto MWCNT at pH = 6, while it was not reached for Cd and Zn in the tested pH range (pH range: 3 to 9) 16 .

Results and discussion

Influence of the pH

Our present results could suggest that metals were more precipitated in aqueous solution around pH = 8 as suggested by Minteq modelling (SI Figure S4) and because their adsorption started to decrease at this pH but it was not the case (concentrations of TME in samples at pH = 8: CdpH8= 0.99 mM, CupH8= 0.99 mM, PbpH8= 0.87, ZnpH8= 0.96 mM).

Then, metals were not adsorbed in the same proportions at the tested pH points. Indeed, two metal adsorption patterns could be defined according to the pH range : (i) in the range pH = 5 to 6, metal adsorption was low (around 1-2 mM.g -1 ) and very similar among metals, and (ii) for higher pH, metal adsorption was higher (more than 5 and 4 mM.g -1 for Cu and Pb, respectively) and metal dependent so that adsorption sequences could be defined at the maximal adsorption pH (pH = 7) as following Cu ≈ Pb > Cd ≈ Zn sequence, while it was Pb > Cu > Cd ≈ Zn at pH = 8.

Salam et al. 16 obtained different patterns, where Cu was already more adsorbed onto MWCNT starting from pH = 5 than other metals (Cd, Pb and Zn). Also, at pH = 7, they highlighted the following sequence : Cu > Zn > Pb > Cd, while Sitko et al. 19 found a similar sequence as ours (Pb > Cu > Cd > Zn) with GO. On one hand, it is likely that the mechanisms of adsorption differ for an oxidized material and a raw material. Indeed, oxidized materials due to the presence of -COOH and -OH groups could favour adsorption based on ionic and electrostatic interactions, while it would be more of physical nature for raw materials 8,14,[50][51][52][53] , thus explaining the differences observed in the adsorption sequences mentioned above. On the other hand, adsorption phenomenon seems also related to the point of zero charge of CNM such as when pH > pHPZC, cation adsorption is higher due to the electrostatic interactions between the cations and the negative surface charge of CNM and when pH  pHPZC, cation adsorption is lower due to the neutralization of the surface charge of CNM, or even the presence of repulsive positive charges 14 . In our case, the pHpzc for o-DWNCTs used in this experiment was not reached within a pH range from 2 to12 (SI, Figure S5). Our results suggest that Cu(II) and Pb(II) ions show more affinity for the adsorption sites than Cd(II) and Zn(II). Also, the change in affinity sequence at pH = 7 (Cu ≈ Pb > Cd ≈ Zn) and pH = 8 (Pb > Cu > Cd ≈ Zn) could reveal that Pb(II) has more affinity for adsorption sites at pH = 8 than Cu(II).

Regarding the median value of pH in agricultural soils in Europe (pH = 5.8) 54 , metals would be weakly adsorbed and in similar proportion. However, in the environment, and in particular in agrosystems, it has been proven that sewage sludge application (main entry pathway for CNM) increases soil pH 55 , which according to our results could reinforce the adsorption of metals on the surface of o-DWCNT. Indeed, sewage sludge application could increase agricultural soil pH at pH = 7 or 8 where metal adsorption followed affinity sequences described here. In parallel, sewage sludge application increases metal availability and thus their adsorption behaviour and potential toxicity. Non-linear and linear Langmuir isotherm models were applied to simulate and understand the adsorption mechanism of metal ions (Cd(II), Cu(II), Pb(II) and Zn(II)) on o-DWCNT (Figure 15, SI Figure S11). Due to metal precipitation, concentration range used to build Langmuir isotherms was selected specifically for each metal. It should be remembered that one of the basic assumptions for the use of this model is not respected, since it characterizes the adsorption of a gas on a solid surface. In our case, however, it is used to characterize adsorption at the solid-liquid interface. Although the latter is not respected, this model has been used since it is commonly used in the literature in this case and offers a good description of the data.

Isotherms

First, it can be noticed that the sorption isotherms fitted better for Cd(II), Pb(II) and Zn(II) than for Cu(II) as correlation coefficients were > 0.90 while it was 0.81 for Cu(II). This is probably due to the fact that equilibrium was not reached only for Cu(II) in our exposure conditions as it is the first metal that precipitates in the medium (SI, Figure S4, S7 and S10). Despite this, the four correlation coefficients and the fit between the Langmuir model and the experimental values are satisfactory because > 0.80.

In mono-metallic system, the mean R 2 (R 2 = 0.97) of studies reviewed in Leroy et al. 14 was higher than in multi-metallic system, which suggests that one metal interacts with another such that they can (I) co-precipitate and/or (II) modify the adsorption behaviour of other metals. A meta-analysis of adsorption data in mono-metallic systems available in the literature would therefore makes it possible to anticipate what would happen in multi-metallic systems on adsorption sequence affinity but did not provided the real metals quantity adsorbed (because not realized with several metals at the same time). According to the linear Langmuir fit (Figure 15B) which allows to establish the value of qmax 15C), which reveals whether the adsorption is irreversible (RL = 0), favourable (0< RL <1), linear (RL = 1) or unfavourable (RL >1) 56 indicates that adsorption was favourable for all metals studied. In addition, KL (Figure 15C) which corresponds to the extent of the interaction between the adsorbate and the surface such that the larger the value of KL, the stronger the interaction between the adsorbate and the adsorbent, reveals the following adsorbate/adsorbent interaction sequence Pb>Cd>Cu>Zn. It is the combination of KL and RL that establishes qmax, hence the adsorption affinity sequence (reflected with qmax).

To explain this affinity sequence, Sitko et al. 19 ≥ Zn(II) 14 . By confronting the results obtained here and those gathered in our recent review (Leroy et al. 14 ), it seems that the simultaneous presence of metallic species of different nature in solution does not modify the affinity of metals for the adsorption sites pre-established in mono-metallic systems (at least when the concentrations of the different ions is low or in the same range and in the solubility range).

It has been evaluated that sewage sludge application increases the heavy metal contamination risks in this order Cu > Pb > Zn > Cd 58 , which is the same than the adsorption sequence shown here. Comparing the limits of metal concentrations in European soils at the range 6 < pH < 7 (Cd: 1-3 mg.kg -1 , Cu: 50-140 mg.kg -1 , Pb: 50-300 mg.kg -1 and Zn: 150-300 mg.kg -1 ) 13 and metal concentrations at 1mM in this study at pH = 7 (1 mM of Cd: 112.41 mg.L -1 , 1 mM of Cu: 63.546 mg.L -1 , 1 mM of Pb: 207.23 mg.L -1 and 1 mM of Zn: 65.38 mg.L -1 ), it would be expected that the quantities of metals adsorbed on the NMC surface would follow the same order as the affinity sequence defined in our study. Figure 16A displays the kinetic of adsorption with pseudo-second order linear representation with t/qt as a function of time which permits to deduce some kinetics parameters (Figure 16B). First, adsorption kinetics of metal mixture were well translated by pseudo-second order model as correlation coefficients were > 0.9. Second order rate constant (k2) was different from metal to metal, reaching 0.37, 0.26, 0.18 and 0.02 g.mM -1 .min -1 for Cu(II), Zn(II), Pb(II) and Cd(II), respectively. However, metal quantity at the equilibrum (qe) followed the previously determined, order as Cu(II) > Pb(II) > Cd(II) ≥ Zn (II) (sections 3.1. and 3.2 with quantity of metals adsorbed up to 4.55, 2.50, 1.75 and 1.64 mM.g -1 , respectively). It is important to note that in this experiment, the initial Cu(II) and Pb(II) concentrations in samples did not reach 1 mM (0.46 and 0.60, respectively) as for the other metals (Cd(II) and Zn(II))

Kinetics

probably due to dysfunctions on pHmeter calibration when increasing the pH value of stock solutions at the beginning of experiment. Yet it is repeatedly observed that an increase in the initial concentration of the metals decreases the adsorption rate constant k2 16,59,21 , does this mean that the k2 values for Cu and Pb are more overvalued than those for Cd and Zn. As seen through the Langmuir isotherm modelling, Pb(II) had a stronger interaction with the surface of o-DWCNT (KL) than Zn(II), which could explain why more Pb(II) was adsorbed onto the surface of o-DWCNT at equilibrium even though its k2 was smaller. Indeed, it is likely that Zn(II) adsorbs faster than Pb(II), but due to the higher interaction strength of Pb(II), this ion takes over the adsorption sites where Zn(II) was first located on the surface of o-DWCNT, as it has been observed by Tan et al. 18 . Compared to the literature, our k2 results (Cd(II) = 1.10 -6 , Cu(II) = 1.85.10 -6 , Pb (II) = 9.10 -6 and Zn(II) 1.3.10 -6 g.mol -1 .min -1 ) were a bit lower than Sitko et al. 19 who found 9.79.10 -5 , 2.52.10 -4 , 4.34.10 -5 and 7.19.10 -4 g.mol -1 .min -1 for Cd(II), (Cu(II), Pb(II) and Zn(II), respectively but the experimental conditions were different (Sitko et al. 19 : pH = 5, MWCNT = 0.1 g.L -1 , metals = 5 mg.L -1 ). First, concerning cumulative metal adsorption onto CNM, 3 groups could be distinguished (Figure 17):

CNM type

one with a significantly higher adsorption level for GO (28.86 The second pattern observed for pristine CNM displayed lower mean of cumulative adsorption with on average 7.85 mM.g -1 and quasi-similar level of adsorption among metals with on average 3.35, 1.41 and 1.13 mM.g -1 for all metals adsorbed on DWCNT, 8CNT and AC, respectively. As mentioned above, this could be related to different mechanisms of adsorption between oxidized materials and pristine materials. Indeed, oxidized materials due to the presence of -COOH and -OH groups could favour adsorption through chemical and electrostatic interactions while it would be more of physical nature for raw materials 8,14,[50][51][52][53] .

The number of layers (directly related with the SSA), is also a factor that could explain the differences of adsorption among CNM. Indeed, it has been observed in the literature that an increase in the number of layers reduces the adsorption of metals to nanomaterial surfaces, for nanomaterials with a similar oxidation levels 60,61 . Here, in the case of graphene (GO), most interaction sites for pollutants are present at the top and bottom faces (sites located at the edge may play a marginal role) that is why all the surface of that monolayer graphene is available for adsorption 62,63 . On the other hand, multilayer graphene and MWCNT have lower SSA as their internal layers are little or not accessible by adsorbates 62 .

In the environment, it is very unlikely that the oxidation state of CNM increases but reduction may however be easier which would reduce CNM adsorption capabilities. However, in the industry, oxidized CNM are more used than other CNM due to their properties. Cumulative metal adsorption onto o-DWCNT decreased with OM concentration (Figure 18). It was significantly lower at 20 mg.L -1 compared to control with -0.20 and 8.43 mM.g -1 , respectively.

OM

Whatever, the OM concentration, adsorptions of Cd(II) and Zn(II) were similar ranging from 0.5 to 1 mM.g -1 while it was different for Pb(II) and Cu(II). Indeed, Pb and Cu adsorption decreased following OM increase, leading to adsorption values ranging from 5.5 without OM to 1.7 and 0.35 mM.g -1 with the addition of 10 and 20 mg.L -1 of OM, respectively and for Cu(II) ranging from 1.3 without OM to -0.9 and -2.9 mM.g -1 with the addition of 10 and 20 mg.L -1 of OM. These results suggest that there are Some examples in the literature reported contrasting results, with OM addition favouring Pb(II) and Cu(II) adsorption onto MWCNT 22,24 . These discrepancies could be explained by the fact that pH conditions were different (Lin et al. 22 pH = 5 and Sheng et al. 24 pH = 4-10) leading to different The cumulative metal adsorption onto o-DWCNT was not different between soil solution tested (on average 3.15 and 3.41 mM.g -1 for 2.1 and 6S soil solution, respectively) and among metals (with on average 1.12, 0.33, 0.60 and 1.10 mM.g -1 for Cd(II), Cu(II), Pb(II) and Zn(II), respectively for 2.1 soil solution and 1.14, 0.91, 0.20 and 1.16, respectively for Cd(II), Cu(II), Pb(II) and Zn(II) for 6S soil solution (Figure 19). Compared to adsorption in pH experiment at the same pH value (pH = 5), adsorption were in the same order of magnitude (adsorption in ultrapure water at pH5 = 1.96 mM.g -1 ) and with no specific preferential adsorption which reveals that in our conditions, soil components contain in soil solution did not modified the adsorption behaviour of the four metals. However, it is interesting to note that a much higher standard deviation was visible in this set of experiment; this can be explained by metal precipitation induced by soil solution components as demonstrated by the fact that Cu(II) and Pb(II) concentrations reached 0.93 mM for the two metals in 2.1 soil solution but were lower with 0.45 and 0.11 mM for Cu(II) and Pb(II), respectively in 6S soil solution (instead of 1 mM).

Soil solution

The granulometry of upper agricultural soil horizons in France 65 is a mix between loamy and clayey soil (somewhere in between the two soil used in this experiment) suggesting that the adsorption behaviour of metals on the surface of CNT should be similar whatever soil granulometry, with similar adsorption levels of Cd(II), Cu(II), Pb(II) and Zn(II).

General conclusion

Regarding the average agricultural soil properties as soil pH (pH = 5.8), OM concentration (1-2%) and granulometry (equilibrium between loamy and clayey soil) and CNM/metal ratio (with metals in excess in comparison with CNM), the results of this present work suggest equivalent adsorption of Cd(II), Cu(II), Pb(II) and Zn(II) on the surface of CNT, with rather low values (1-2 mM). Also, Cu and Pb adsorption could decrease with higher OM concentration. According to these results, pH and OM are the two physico-chemical parameters that most modify the adsorption behaviour of metals on the surface of CNT. In addition, many compounds such as pesticides, herbicides and others are simultaneously present in agrosystems, coumpounds which could also adsorbed onto CNT 66 and modified metal adsorption behaviour. Further studies combining physico-chemistry and ecotoxicology data are needed to better understand CNM/metal interactions and their impacts on transfer and toxicity in ecosystems. qui pourrait être dû à une obstruction du transfert de l'eau par les NTC au niveau des racines. La multifonctionnalité de l'écosystème a été diminué avec l'ajout de 0.1 mg.kg -1 et augmenté avec l'ajout de 10 mg.kg -1 .
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Introduction

Nanotechnology feeds the hopes of several research domains due to its many potential applications.

Indeed, nanotechnology seems to be an important lever to the convergence of knowledge and technology for the benefit of the society and could be an opportunity for progress in the twenty-first century 1 . In order to develop nanotechnology, production and use of nanomaterials have increased over the years 2 . Among nanomaterials, a particular attention from industries is focused on carbon nanotubes (CNT) because of their remarkable physical, electronical and chemical properties 3 , and mainly because they can combine several of them. Consequently, CNT are now found in products such as electronics, tires or sport equipments 4 , and subsequently end up into the environment during their journey from production to recyling 5 . In addition, they tend to accumulate in sewage sludge used as fertilizer in agriculture 5 and modelling predicts that concentration of carbonaceous nanomaterials in biosolids could reach up to 10 mg.kg -1 while in natural soil it could be up to 0.01 mg.kg -1 6 . Furthermore, CNT might be used as nano-fertilizer as their application on plants (for biofuel applications) and crops leads to increased yield according to several studies 7,8 . Thus, their concentration in ecosystems, in particular in agrosystems, will possibly increase in the future and their effects on this type of ecosystems need to be further examined in order to ensure a sustainable use of CNT.

According to the literature, CNT have contrasted impacts on plants 8 . They can act on plants from the germination stage with an activation of this process [9][10][11][12] . Furthermore, upon exposure, growth of plants was reported either increased, or decreased or even unmodified (based on root systems, biomass production, number of flowers and fruits) 8,13 . When toxicity was detected, it has been mostly associated with an overproduction of reactive oxygen species (ROS), antioxidant enzymatic activities, necrotic lesions of cells and leaf tissues as well as root and leaf morphological changes, decreased chlorophyll, and programmed cell death [14][15][16][17] . Additionally, CNT can also influence gas exchanges of plants with their environment. For example, CNT exposure at 250 mg.L -1 increased carbon (C) assimilation rate of Zea mays and also decreased stomatal conductance and transpiration rate possibly as a result of H2O use modulation 18 . The same results were observed on Orthosiphon stamineus with a decrease in transpiration rate, stomatal conductance and net photosynthesis following a dose dependent relationship with the increase of CNT concentration (0, 700, 1400 and 2100 mg.L -1 ) 19 . Plants were also water-stressed as demonstrated by the positive correlation between water use efficiency and CNT concentration 19 . At lower concentrations (25 mg.L -1 and 54 mg.L -1 ) no effects of CNT exposure were observed on Arabidopsis thaliana on ambient photosynthetic rate, stomatal conductance, transpiration, intrinsic water use efficiency and instantaneous water use efficiency 20 . It is also worth mentioning that these reported studies were performed in hydroponics which is not a realistic exposure scenario for agrosystems. Also, the effect of CNT on crops seems to be species dependent with maize being especially sensitive 21 .

In parallel, interactions of CNT with micro-organisms have also been investigated. Microscopy observations have evidenced that CNT can interact with bacterial cell membranes; they can disrupt integrity of the membrane structure by oxidative stress and/or physical damage [22][23][24][25] . In addition, most studies have reported a decrease in soil microbial activity following exposure to CNT [26][27][28][29] and a loss of viability 25,26,30 . Furthermore, CNT and other carbon nanomaterial application can also cause changes in microbial community structure 26,29,31,32 . Finally, microbial functions such as organic matter decomposition, nitrogen (N) cycle and CO2 fixation could be modified [33][34][35][36] .

If the impact of CNT in single-organism exposure condition has been studied so far, very little has been done at the ecosystem scale. However, having a functional overview of contaminant impacts at this scale is of tremendous importance as plant/soil micro-organism interactions drive multiple processes and functions supporting ecosystem services such as food production 37 . In particular, abovegroundbelowground interactions drive biogeochemical cycles (C, N, P) through several processes such as photosynthesis, mineralisation, nitrogen fixation, nitrification, denitrification, among others 37 . One way to tackle this gap of knowledge is the use of multifunctionality score as developed in ecology [38][39][40] .

This score provides an easily interpretable measure of the ability of different entities composing an ecosystem (bacteria and plants, for example) to sustain multiple functions simultaneously by gathering the selected functions in an index 41 .

The objective of this study was thus to investigate the impacts of CNT at both the organism (crop plant)

or community (micro-organisms) scales and at the microcosm scale by implementing a multifunctionality score. More specifically, after exposure to CNT their toxicity was assessed on (1) the overall abundance of bacteria using flow cytometry, (2) the organic matter decomposition process using tea bags, (3) the abundance of microbial communities related to N cycle by quantifying marker genes by qPCR , (4) the plant development (height, biomass, foliar surface area, dry matter content)

(5) the plant physiology (photosynthetic pigment and secondary metabolite concentrations by spectrophotometry) and ( 6) gas exchanges of the system (CO2, H2O, CH4). From these different variables, the impact of CNT on ecosystem functioning was determined by an integrative approach using multifunctionality scores.

Material and methods

CNT synthesis and characterization

CNT were synthesized at the Interuniversity Center of Materials Research and Engineering (CIRIMAT, Toulouse University) and characterized using transmission electron microscopy (JEOL 1400F, operated at 120 kV,), Raman spectroscopy (Labram HR 800 Yvon Jobin equipped with a He laser at 633 nm) (Figure S1). In brief, catalyst powder prepared by citric combustion was introduced in an alumina boat, boat itself placed at the center of a quartz reactor. The powder was first heated at 1000°C in an atmosphere containing at a speed of 5°C.min -1 then cooled down until 120°C at a speed of 5°C.min -1 ;

finally the reactor was flushed with nitrogen (N2). MWCNT were first extracted from the nanocomposite powder by processing in an aqueous solution of HCl, then washed to neutrality using deionised water. Then, the wet nanotubes were oxidised in 3M HNO3 by refluxing them at 130°C for 24h. Finally, the oxidized MWCNT were washed to neutrality using deionised water and used wet. For specific surface area (SSA) assessment, the MWCNT were freeze-dried. They were oxidized multiwalled CNT (MWCNT) with length varying from 1 to 20 µm, an average diameter of 22.5 ± 5.0 nm and a specific surface area of 60 m².g -1 . CNT were suspended in deionised water at 100 mg.L -1 and homogenized for 15 min in an ultrasonic bath before use.

CNT were characterized using transmission electron microscopy (JEOL 1400F, operated at 120 kV,),

Raman spectroscopy (Labram HR 800 Yvon Jobin equipped with a He laser at 633 nm) and BET method (on freeze-dried samples). They were oxidized multiwalled CNT (MWCNT) with length varying from 1 to 20 µm, an average diameter of 22.5 ± 5.0 nm (Figure S1) and a specific surface area of 60 m².g -1 .

CNT were suspended in deionised water at 100 mg.L -1 and homogenized for 15 min in an ultrasonic bath before use.

Soil characterization and contamination

The experiment was performed with a sandy soil (LUFA-Speyer 2.1) sieved to 2 mm with 86.0% of sand, 12.6% of loam and 1.4% of clay. It contained 0.58 wt. % of organic carbon, 0.04 wt. % of nitrogen, with a pH of 5.0 ± 0.1 and a cation exchange capacity of 2.9 ± 0.2 meq.100g -1 . More details on soil characteristics are available in supporting information (Tables S1 andS2). Soils were contaminated by the addition of the required volume of CNT suspension to reach a final concentration of 0.1 or 10 mg.kg -1 dry soil while maintaining the water holding capacity at 25%; the first concentration being close to environmentally predicted concentrations 6 and the second one representing a worst-case scenario (use of nano-fertilizer, for instance). They were then mixed manually for 10 min every day for a week to ensure that CNT were homogeneously distributed in the soil.

Microcosm set-up

Three hundred grams of soil were distributed in each microcosm (L = 45 cm, D = 10 cm). A tea-bag (©Lipton green tea sencha, 1.13 ± 0.32 g) was introduced after the addition of 50 g of soil in each microcosm to study organic matter decomposition. Prior to introduction, tea bags were infused in water at 90°C to remove tea molecules which could have induced bias in microbial community behaviour, dried at 70°C during 48 h and weighted. One seed of Zea mays L. subsp. mays was added, plants were watered ad libitum. For each condition (CNT concentration of 0, 0.1 and 10 mg.kg -1 ), microcosms were replicated five times with a total of 15 microcosms. The experiment lasted for 6

weeks in an environmental chamber with controlled parameters (10 h/14 h day/night cycle, 24°/18 °C and a hygrometry rate of 85%).

Bacterial abundance, litter decomposition and functional genes

After exposure, bacterial abundance was determined by collecting 1 g of previously homogenized dried soil placed in a tube with 5 mL of Formol 4% until further analysis. After 2 hours of stirring at 150 RPM and a centrifugation step at 6000 RPM, the sample supernatant containing bacteria was filtered at 10 µm to remove suspended matter coarse particles. Then, 1 mL of supernatant was stained with SYBR Green I (0.1 x final concentration) and incubated in the dark for 15 minutes. Finally, the samples were analysed by flow cytometry (Guava, Merck, United States) at a medium speed of 2 µL.s -1 and a count rate not exceeding 1000 events s -1 to determine bacterial cell concentrations in each microcosm.

To study litter decomposition (C cycle), tea bags were removed and weighted after the 6 weeks of exposure which permitted to calculate a decomposition average rate as follows:

Decomposition rate = 𝑀𝑖 -𝑀𝑓 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
where Mi and Mf represent initial and final mass (mg dry weight) of the tea bag and duration of exposure is expressed in days.

Finally, the abundance of selected genes indicators for N cycling (nitrification and denitrification) was analysed by qPCR 42 . To summarize, after DNA isolation from contaminated soil using the extraction DNeasy PowerSoil kit ©QIAGEN, the total abundance of soil bacteria was measured by targeting the The slope of gas concentration was calculated and used to determine CO2 flux rates (mggaz.m -2 .h -1 ). using R software and the "flux" 45 and "gasfluxes" 46 packages 46 . For NEE, calculations used an exponential nonlinear function to calculate the change in the concentration in the chamber over time 47 . RECO was calculated using linear regression of gas concentrations in the chamber over time.

The same was done with H2O and CH4 to obtain fluxes in presence of light and in the dark. Positive values for the CO2 and CH4 fluxes indicate C release from the system while negative values indicate C uptake by the mesocosm.

Sample preparation and chemical analysis by ICP-AES

Soil samples went through a pre-digestion step overnight in 3 ml of concentrated HNO3. Then, both plant and soil samples were digested using 1 ml of a mix of HNO3 and HCl (3:1 v/v) and 1 ml of H2O2 in a close vessel. in a microwave system (MARS 2, ©CEM corporation, USA: ramp time: 20-25 min; holding time: 10 min; temperature: 190 °C). After digestion, a filtration step (0.45 μm) was added for soil samples. Digested samples were then diluted in 5% HNO3 before analysis on an ICP-AES (ARCOS FHX22, ©AMETEK Spectral, United States) along with control samples (blanks with only chemicals)

Statistical analyses

For statistical analyses, 1-way ANOVAs were performed on the toxicity endpoints to test the effects of the addition of CNT. The normality, independence and homoscedasticity of the residues were checked using Shapiro, Durbin-Watson and Breusch-Pagan tests, respectively. Data were transformed to log or square root if one of the three conditions of validity was not met. A non-parametric Kruskal-Wallis test was performed in the case of failed transformations. All statistical analyses were performed on RStudio software (version 3.4.1). Principal component analyses (PCA) were performed on the elemental concentrations in plants to assess the impact of CNT on plant nutrition.

Major and representatives functions were selected to reflect agrosystem viability and services.

Following selection, we ended up with functions related to carbon dynamic (i.e. GPP and CH4 emission with light and in darkness and litter decomposition), H2O emission (with light and in darkness), bacteria population (bacteria concentration and the number of ARN 16S gene copies), N cycle (as number of nosZ, nirK, AmoA-AOA and AmoA-AOB gene copies), agricultural yield (as plant biomass), plant defenses (as total phenolic compound and tannin concentrations) and photosynthesis capabilities (as quantic yield and total chlorophyll concentrations) were standardized and implemented in a unique Zscore, an index representing the multifunctionality of the ecosystem as described by Delgado-Baquerizo et al. 38 . Negative Z-score indicated a low multifunctionality and positive Z-score a high multifunctionality of the considered agrosystem.

For these two genes, no difference was found at 0.1 mg.kg -1 (Figure 21C). No significant difference was found for nosZ, nirK and amoA-AOB gene copies with on average 0.80, 0.90 and 0.97 across conditions, respectively (pnosZ = 0.76, pnirK = 0.39, pamoA-AOB = 0.13, Figure 21C). At the end of exposure, the proportion of dry weight was higher for plants exposed to 10 mg.kg -1 of CNT with on average +17.4% compared to control plants (p%DW < 0.01, Figure 22A). No significant difference was found on the other growth parameters tested, height, FW and leaf area with on average 54.23 cm, 3.54 g and 126.34 cm 2 , respectively whatever the condition (pheight = 0.7, pFW = 0.6, pleaf area = 0.5, Figure 22 B-C-D). At the metabolic level, no difference on the quantum yield was detected between maize grown on control soils and those exposed to CNT (pquantum yield = 0.3, Figure 23A). However, the concentration of total chlorophyll was on average 34% and 9% lower in maize exposed to 0.1 and 10 of mg.kg -1 CNT than in maize in control condition (pChlorophyll < 0.01, Figure 23B). Furthermore, phenolic compounds decreased by 15% when exposed to 0.1 mg.kg -1 of CNT compared to control condition (pphenolic compounds < 0.01, Figure 23C). Similarly, maize exposed to the two CNT concentrations (0.1 and 10 mg.kg -1 ) decreased by 18% their tannin content in leaves compared to control soils (ptannin = 0.01, Figure 23D).

Crop plant response to CNT exposure

CNT exposure did not seem to impact plant mineral nutrition. Indeed, the PCA on maize leaf elemental composition (Ca, Cu, Fe, Mg, Mn, Na, P, S, Zn) after exposure displayed similar features for all three conditions (Figure 23E, Table S3).

Gas exchange

At the 6 th week of exposure, the NEE, RECO and CH4 (in light and dark conditions) were similar whatever the CNT concentration with on average 0.04 and 0.07 mgCO2.m -2 .h -1 and -0.004 and -0.002 mgCH4.m -2 .h - 1 respectively (pNEE = 0.6, pRECO = 0.2, pCH4 Light = 0.4, pCH4 darkness = 0.9, Figure 24A-B-E-F). Additionally, the GPP was also similar whatever the CNT concentration with on average -0.16 mgCO2.m -2 .h -1 (pGPP = 0.7, Figure S4). In contrast, the emission of H2O in microcosms measured with light (i.e the evapotranspiration gathering both leaf transpiration and soil evaporation) was around twice lower in the presence of CNT at the two concentrations studied than in controls with on average 16.4 and 37.2 mgH2O.m -2 .h -1 , respectively (pH2O light < 0.01, Figure 24C). This was not the case without light: the emission of H2O was on average 10.5 mgH2O.m -2 .h -1 whatever the CNT concentration (pH2O dark = 0.16, Figure 24D). 

Multifunctionality

The ecosystem multifunctionality was found to be decreased from 0.13 ± 0.07 in control condition to -0.38 ± 0.15 with the addition of 0.1 mg.kg -1 CNT while the addition of 10 mg.kg -1 led to a significant increase of the multifunctionality index up to 0.36 ± 0.09 (p < 0.001, Figure 25). 

Discussion

Impacts of CNT on C cycle

Organic matter decomposition was 17% faster with the addition of 10 mg.kg -1 of CNT compared to control microcosms. This result might be related to the increase in the relative number of universal 16S rRNA gene copies (+80%) suggesting an increase in bacteria population at this same condition.

Differences between rRNA 16S and bacteria concentration counted by flow cytometry could reveal that non-viable gene copies were counted in the qPCR as already demonstrated in the litterature 48,49 .

However, at the lowest CNT concentration (0.1 mg.kg -1 ), bacteria abundance was decreased accordingly to flow cytometry analysis. In parallel, plant photosynthesis did not seem to be impacted (visible trend of a decrease in the quantum yield of exposed maize, although not significant) even though there was a significant decrease in total chlorophyll pigments for plants exposed to CNT. The development of plants (biomass production and height) was also not impacted after 6 weeks of exposure.

In the literature, it has been reported in different articles that nanomaterials can increase organic matter decomposition process 50,51 . A study with similar exposure duration (56 days) highlighted the same increase in 16S rRNA copies in the presence of CNT (both single-walled CNT and multi-walled CNT) at 10 and 50 g.kg -152 . In addition, the higher toxicity of CNT at lower concentrations has already been evidenced with similar reduction of microbial biomass after exposure to carbon nanomaterials such as graphene 29,53 , graphene oxide 29,53,54 and CNT 28,29 . The homo and hetero-agglomeration of CNT in soil might explain this effect 44 . Despite the decrease in bacteria concentration at 0.1 mg.kg -1 of CNT, no effect on decomposition potential was noticeable suggesting that decomposition was maybe compensated by others decomposers such as fungus. As proposed by Evariste et al. 51 in aquatic systems, the presence of carbon nanomaterials 55,56 and other nanoparticles 50 at low concentration may increase fungus development and thus stimulate decomposition activity due to their role as decomposers.

Interestingly, the difference detected at the organisms and community levels (bacteria population and chlorophyll pigments) did not lead to any significant difference in gas exchange (CO2 and CH4) at the microcosm level, suggesting some compensation mechanisms at this scale.

Impacts of CNT on N cycle

The quantification of genes involved in the nitrogen cycle showed an increase in amoA-AOA gene copies up to 145% in soils exposed to 10 mg.kg -1 of CNT compared to the control. The similar trend was noticeable on amoA-AOB gene copies, suggesting a dose-dependent induction of the nitrifier bacterial communities. In the literature, a study demonstrated a similar increase in amoA-AOA and amoA-AOB gene abundances after 120 days of 0.5 mg.L -1 and 5 mg.L -1 exposure to GO in constructed wetlands, while the increase was only significant for amoA-AOA gene abundance after exposure to 0.5 mg.L -1 after 30 days 35 . In contrast, in another study after 180 days of wastewater exposure, the addition of carbon-based nanomaterials (single-walled CNT, multi-walled CNT and fullerene, 10 and 1000 μg.L -1 ) led to the decline of the relative abundance of Nitrosomonas which is the dominant ammonia oxidizing bacteria 34,57 and is mainly responsible for the oxidation of ammonia to nitrate 34,58,59 . Different parameters such as exposure media, the physico-chemical characteristics of nanomaterials or different initial microbial communities could explain the discrepancies among studies 60 . In our case, the increase of litter decomposition could induce an increased ion NH4+ release which is the substrate of nitrifiers and could explain increases observed on nitrifiers communities. However, there was no impacts of CNT exposure on denitrifier communities (nosZ and nirK).

These different results suggest that the population of nitrifiers could be favored under chronic exposure to carbon nanomaterials compared to denitrifiers (nosZ and nirK genes unchanged abundance). This nitrification potential increase could lead to enhanced nitrate release and could thus result in higher plant uptake and therefore higher growth along the life cycle. Indeed in our study, CNT exposure resulted in a decrease in chlorophyll concentration. If no significant impact was detected on quantum yield and biomass after a six-week exposure, it would be interesting to assess these parameters after a full plant life-cycle exposure. This highlights also the interest of working with microcosm to be able to investigate cascading effects of a contaminant on an organism assemblage.

Impacts of CNT on H2O cycle

Concerning maize, the dry matter content was on average 17.4% higher for plants exposed to 10 mg.kg - 1 of CNT compared to control plants suggesting a decrease in water content. In the literature, Mondal et al. 16 evidenced similar results on Brassica juncea with an increase in DW/FW ratio after exposure to CNT and oxidized CNT at 2.3 and 23 µg.L -1 , respectively 16 . This dry matter content increase has been demonstrated to be a stress response 62,63 . It can be also correlated with a decrease in some secondary metabolites in maize exposed to CNT confirming the fact that plants are suffering stress conditions.

Decrease in secondary metabolites such as phenolic compounds and tannins could impair plant defense capabilities as they are implied in many stress defense mechanisms such as high light, low temperatures, pathogen infection, herbivores, nutrient deficiency and exposure to metals 64,65 .

Alternatively, this decreased water content in maize may also be associated with CNT water adsorption capabilities, decreasing water bioavailability for maize 66,67 .

However, the dry mater content results obtained in this study do not follow the general trend observed in the literature which described an increase in water content with CNT exposure 8,18,68,69 . However, as demonstrated by Line et al. crop species have very contrasted response to the exposure to CNT, which can partly be explained by different plant characteristics (morphology and/or physiology) 21 .

The results related to water use obtained at the plant organism scale were confirmed at the ecosystem scale with a decrease in H2O flux in light condition in the microcosms exposed to CNT. It might be related with a decreased stomatal opening in water-stressed CNT-exposed maize. Indeed, several studies demonstrated a dose-dependent decrease in stomatal conductance with the concentration of CNT in Orthosiphon stamineus 19 and Zea mays 18 .

Impacts of CNT on agrosystem multifunctionality

The multifunctionality of agrosystems was decreased with 0.1 mg.kg -1 and increase with 10 mg.kg -1 of CNT addition corresponding that functions of agrosystem were less efficient and more efficient respectively. Lozano et al. 70 observed a decrease in multifunctionality index up to -60% due to the exposure to microplastics (4 g.kg -1 ). In the same study, authors observed the same increase in decomposition as in this work, suggesting that the decomposition process is not an an indicator following the trend of the multifunctionality index, certainly because this type of process could be compensated. In the same work, Lozano et al. 70 showed that β-glucosidase activity was the most important indicator to describe multifunctionnality of the ecosystem.

In conclusion, despite some articles of the literature suggesting that CNT could be used as fertilizer to increase crop production, our results obtained using an integrative approach in microcosms 

Soil characterization and contamination

Bacterial abundance, litter decomposition and microbial communities

Phytotoxicity parameters

The photochemical efficiency of photosystem II was determined by spectrofluorometry 1 on the basis of the effective quantum yield (EQY) ɸPSII = (Fm'-Ft)/Fm' = ΔF/Fm' (Fm' is the steady state maximum fluorescence measured after a saturating pulse and Ft the steady-state fluorescence level after a period of constant actinic light) without dark adaptation using a portable field device (Diving-PAM, Walz, Germany). The DLC-8 leaf clips were used to keep a constant distance between the leaf and the optical fiber.

For other biomarkers, dry leaf material was ground twice in a ball mill for 1.5 minutes. 50 mg of this material was placed in a 2 ml microplate with 96 wells filled with 1.5 ml of 95% methanol. The plate was mixed for 2 min, incubated in the dark at 4°C for 24 and 48 h respectively, for chlorophyll a and b and secondary metabolites (phenolic compounds, flavonoids and tannins). After incubation and centrifugation (5 min at 4500 rpm), chlorophyll a and b were measured by transferring 100 µl of the supernatant to new microplates and measuring absorbance at 470, 652 and 666 nm.

For phenolic compounds, 200 µl reaction mixture contained 20 µl supernatant, 40 µl Folin reagent (10% v/v) and 0.10 mM sodium hydrogen carbonate (NaHCO3). The mixture was allowed to stand for 2 hours at room temperature for colour development. Then the absorbance was measured at 760 nm.

Flavonoids was determined with the reaction mixture (final volume 200 µL) contained 25 µL of methanolic extract, 7.25 µM sodium nitrite (NaNO2), 0.11 µM aluminium chloride (AlCl3) and 0.02 mM sodium hydroxide (NaOH). The mixture was homogenised for 1 minute and the absorbance was measured at 595 nm. For tannins, the reaction mixture (final volume of 100 µl) contained 50 µl of methanolic extract and 6.57 µmol of vanillin 2 . The mixture was left in the dark for 15 minutes and the absorbance was measured at 500 nm.

The concentrations of phenolic, flavonoid and tannin compounds were calculated using standard gallic acid and catechin curves, respectively. 

Crop endpoints

Gaz exchange

Introduction

To date, Ecological Risk Assessment (ERA) for a mixture of contaminants is based on the assumption of the additivity of the risk induced by the substances considered alone. However for more than one decade, it has been recognized that contaminants could interact together modifying their respective transfer and toxicological effects [1][2][3][4][5] . Furthermore, actual ERA guidance on conventional chemicals suffers from insufficient methods to consider the specific interactions of nanomaterials with other abiotic and biotic systems 6,7 .

Agrosystems are particularly sensitive receptacles for multiple contaminants especially due to cultural practices and their intensification [8][9][10][11] . For instance, the continuous spreading of chemical fertilizers and sewage sludge for fertilization have progressively led to the accumulation of Trace Metal Elements (TME) into agrosystems 8 . In addition, it has been recognized that mining and industrial activities have brought TME, possibly entering agroecosystems by dry and wet deposit 8 . Over time, other emerging chemicals have been introduced into agrosystems such as micro-nano-plastics 12 and other engineered nanomaterials such as carbon nanomaterials 10 (CNMs) that also tend to accumulate in sewage sludge 10,12,13 . Thus, models forecast up to 10 mg.kg -1 of CNMs in biosolids while in natural soil it could be up to 0.01 mg.kg -1 14 . Public authorities are monitoring and limiting the amount of few identified contaminants in agrosystems (mostly, TME, and some organic contaminants) to ensure food safety 15 while ignoring so far emerging contaminants such as nanomaterials.

defects, distorted structure and addition of oxygen-containing functional groups at the surface enhancing their adsorption capacity du to UV and reactive oxygen species (ROS) 35 .

In this context, this work based on an integrative approach including both abiotic and biotic components of agrosystems assessed the impact and transfer of a cocktail of contaminants (CNT and TME) fresh or after a two-year aging step in the soil at the individual level on crop plant (growth, dry weight/fresh weight (DW/FW), transpiration, chlorophyll, phenolic compound and tannin concentrations), at the community level on fungi (ergosterol concentration) and on soil bacteria (soil enzymatic activities) but also at the ecosystem level (organic matter decomposition, gas exchange).

Material and methods

CNT synthesis and characterization

Multi-walled CNT were synthesized at the Interuniversity Center of Materials Research and Engineering (CIRIMAT, Toulouse University). Briefly, catalyst powder (Mg0.99Co0.0075Mo0.0025O) prepared by citric combustion was introduced in an alumina boat placed at the center of a quartz reactor.

Powder was first heated at 1000°C at a speed of 5°C.min -1 then cooled down until 120°C at a speed of 5°C.min -1 . Then, the reactor was flushed with nitrogen (N2) at room temperature during 20 min. CNT were functionalized by adding 100 mg of wet CNT to 100 mL of 3M HNO3 in a 250 mL flask. The mixture was sonicated in an ultrasonic bath during 10 min and the suspension was then heated in reflux conditions at 130°C for 24h, then cooled down to room temperature and filtered through a polypropylene membrane (Merk Millipore, 0.45 µm) leading to oxidized multi-walled CNT with length varying from 1 to 20 µm, an average diameter of 24.2 ± 8.6 nm and a specific surface area of 60 m².g -1 (Figure 28). Finally, CNT were dispersed in ultrapure water at 100 mg.L -1 and homogenized for 15 min in an ultrasonic bath immediately before use. 

Soil characterization and contamination

A loamy sand soil (LUFA-Speyer 2.1) sieved to 2 mm with 82.1% of sand, 16.8% of loam and 1.1% of clay was used. It contained 0.58 % of organic carbon, 0.05 wt. % of nitrogen, had a pH of 4.6 ± 0.1 and a cation exchange capacity of 2.9 ± 0.2 meq.100g -1 . Soils were contaminated by the addition of the required volume of CNT suspension to reach a final concentration of 0.025 or 2.5 mg.kg -1 dry soil; the first concentration being close to environmentally predicted concentrations 14 and the second one representing a worst case scenario (use of nanofertiliser, for instance). Additionally, part of the soils were contaminated with Cd, Pb and Zn at 3.8, 104.8 and 71.3 mg.kg -1 , respectively with solutions of CdSO4•H2O, Pb(NO₃)₂, and Zn(NO3)2•6H2O (98% purity, Sigma) corresponding to their acceptable concentration limits in European soils 36 . They were then mixed manually for 10 min every day for a week to ensure that CNT and TME were homogeneously distributed in the soil. Aged soils were placed in a dark room at 4°C during 2 years. More information about soil characterization in Table SI 1 and 2.

Experimental set-up

In each experimental unit (L = 45 cm, D = 10 cm), 300 g of soil were distributed. To study organic matter decomposition, a tea-bag (Lipton green tea sencha, 1079.4 ± 27.7 g) was introduced after the addition of 50 g of soil in each microcosm. One seed of Zea mays L. subsp. mays was added in the first two centimeters. Several exposure modalities were implemented to test the impact of CNT concentration (0, 0.025 and 2.5 mg.kg -1 ), contamination aging status (freshly added "F" vs. aged for 2 years "A") and the addition of TME (addition "M") leading to 9 exposure conditions with 5 biological replicates each (45 microcosms). The experiment lasted for 8 weeks in an environmental chamber with controlled parameters (14 h/10 h day/night cycle, 24°/18 °C and a hygrometry rate of 85%).

Enzymatic activities, fungal abundance and litter decomposition

After exposure, four soil enzymatic activities were studied as β-glucopyranosidase (pyranosidase, C cycle), β-glucosaminadine (4-MUF-NAG, C cycle), 4-MUB-phosphatase (phosphatase, P cycle) and L-Leucine 7 amino-4-methylcoumarin (leucine aminopeptidse, N cycle), (Sigma-Aldrich®). Three grams of fresh soil were ground in 50 mL of 0.1 M CaCl2 solution with 0.05 % Tween 80 and 20 g polyvinylpolypyrrolidone and shaken for 90 min on a reciprocal shaker (150 rpm). Then, samples were centrifuged (10,000 g for 5 min at 4 °C), the supernatant was filtered (0.45 μm) and concentrated in a cellulose dialysis tube (10 kDa molecular mass cut-off) covered with polyethylene glycol. The concentrated enzymatic extract was recovered in 10 mL (1/10 of the initial volume) phosphate buffer (pH = 5.6; a pH close to field conditions) 37 . For each sample, four pseudo-replicates were incubated in microwells with 22.8 μL of enzymatic extract and 150 μL of fluorescein substrate. In addition, control assays were performed for each sample to account for enzymatic quenching: four pseudo-replicate wells were incubated with 22.8 μL of boiled enzymatic extract (3 h at 90 °C) and 150 μL of fluorescein substrate. Microplates were incubated 3 h at 25 °C in the dark and fluorescence intensity was measured at 490 nm for excitation and 523 nm for emission (BioTek SynergyMX). Potential fluorescein diacetate (FDA) enzymatic activity was calculated in nmol of product degraded per hour and normalized per gram of fresh soil (nmol h -1 g -1 f.wt).

Ergosterol concentration was determined according to Gesner 38 . To summarize, a first step of hot methanol extraction was performed on soil samples, followed by a solid-phase extraction, and the purification and quantification of ergosterol by high-performance liquid chromatography (HPLC) with UV detection at 282 nm.

To study litter decomposition, tea bags were weighted before their introduction in the experimental unit and after the 8 weeks of exposure, which permitted to calculate a decomposition rate index as follows:

Decomposition rate = 𝑀𝑖 -𝑀𝑓 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 where the decomposition rate represents litter decomposition (mg.days -1 ), Mi and Mf represent initial and final mass (mg) of tea bag, respectively and duration of exposure is expressed in days.

Plant morphology and metabolism

After exposure, fresh and dry biomasses were determined. Part of the leaf biomass was oven-dried (60°C) to measure elemental concentrations by ICP-AES (see section 2.7). The remaining biomass was used fresh for methanol-based extraction to quantify photosynthetic pigments (chlorophyll a and b) and secondary metabolites (i.e. total phenolic compounds, flavonoids and tannins) as described in Leroy et al. 26 . Transpiration of maize leaf was measured by LI-1600 (LICOR).

Gas exchange measurements and analysis

At the end of exposure, microcosms were placed in an airtight chamber (V = 7385.28 cm 3 ) connected to a gas analyzer (SBA-5 CO2 gas analyzer, PPsystems). The evolution of CO2 concentration contained in the chamber was analyzed for 5 minutes for each microcosm. The slope of gas concentration evolution was calculated and used to determine fluxes (mggaz.m -2 .h -1 ). For each measurement, the first 60 seconds were removed to avoid potential manipulation artifact influence.

Net ecosystem exchanges (NEE) were measured with the transparent chamber, whereas ecosystem respiration (RECO) was assessed using overshadowed "dark" chamber. CO2 flux data transformation was performed with RStudio software (version 3.4.1) using the packages "flux" 39 and "gasfluxes" 40 to obtain RECO and NEE data 41 . For NEE, calculations used an exponential nonlinear function to calculate the change in the concentration in the chamber over time 42 . The negative values of NEE indicate a loss of carbon and the positive ones a carbon uptake. RECO was calculated using a linear regression of gas concentrations in the chamber over time. Difference between NEE and RECO traduces the Gross Primary Production (GPP).

Sample preparation and chemical analysis by ICP-AES

Soil and plants samples (500 mg) were added to 3 ml concentrated HNO3 overnight. Then, 1 ml of a mix of HNO3 and HClO4 (3:1 v/v) (only for soil samples) and 1 ml of H2O2 were added before introducing the samples in a microwave system (MARS 2, CEM corporation, Matthews, NC, USA) to perform digestion (ramp time: 20-25 min; holding time: 10 min; temperature: 190 °C). For soil, a filtration step (0.45 μm, polypropylene membrane) was added. Digested samples were then diluted to reach 5% HNO3 in samples before analysis on an ICP-AES (ARCOS FHX22, AMETEK Spectral) along with control samples (blanks with only chemicals).

Statistical analyses

For statistical analyses, first, 3-way ANOVAs were performed on the toxicity endpoints to test the effects of TME, CNT and soil aging. The normality, independence and homoscedasticity of the residues were checked using Shapiro, Durbin-Watson and Breusch-Pagan tests, respectively. Data were transformed to log or square root if one of the three conditions of validity was not met. A nonparametric Kruskal-Wallis test was performed in the case of failed transformations. All statistical analyses were performed on RStudio software (version 3.4.1). Although there was nearly a factor 3 between ergosterol concentration in control soil (no TME) and in soil exposed to TME with values of 0.87 and 0.27 µg.g -1 , respectively, no statistical difference could be detected (Figure 29). However, there was a significant decrease after CNT addition with soils exposed to 0.025 mg.kg -1 CNT without TME containing 16% less ergosterol than control (pErgosterol < 0.01).

Results

Mixture and aging impact on belowground processes

Fungi

Ergosterol concentrations after the contaminant aging step were overall lower than when exposed to freshly added contaminants (-80%).

Finally, no interactions between CNT/TME and CNT/soil aging were detected on ergosterol concentration in soils. Only pyranosidase activity was modified by the exposure conditions. TME addition led to a decrease of 54% of the enzymatic activity in comparison with soil unexposed to TME (ppyranosidase < 0.01, Figure 30A). On the opposite, CNT addition enhanced the enzymatic activity with a 240% and 356% increase in soil exposed to 0.025 and 2.5 mg.kg -1 of CNT in comparison with soil unexposed to CNT (ppyranosidase < 0.01). However, no impact of the aging step was detected (ppyranosidase = 0.83). An interaction between CNT and TME was visible through a decrease of 53% of the enzymatic activity in soil exposed to CNT and TME in comparison with soil exposed only to CNT (ppyranosidase = 0.02). Finally, a CNT and soil aging interaction was detected for this soil enzyme with an activity that was 66% higher in fresh soils exposed to CNT than in aged soils exposed to CNT (ppyranosidase < 0.01).

Soil enzymatic activities

For the three other enzymes, glucosimiadine (C cycle), phosphatase (P cycle) and leucylaminopeptidase (N cycle) no significant effect were detected (Figure 30B, 3C, 3D). Litter decomposition was higher up to 9% for microcosm exposed to TME than in those unexposed to TME (pDecomposition of litter < 0.01, Figure 31) but there was no significant effect of CNT addition (pDecomposition of litter = 0.68) and no effect of the aging process (pDecomposition of litter = 0.40). An interaction was detected indicating that the decomposition was 19% faster in soil exposed to CNT and TME together than in soil exposed only to CNT (p4-MUB-N-acetyl-β-glucopyranosidase < 0.01).

Organic matter decomposition

Impact on plant development, metabolism and elemental transfer

Crop TME transfer

Cd, Pb and Zn concentration in maize leaves were significantly higher in maize exposed to TME with on average 2.10, 56.28 and 41.14 mg.kg -1 , respectively than in those unexposed with on average 0.002, 0.97 and 14.90 mg.kg -1 , respectively (p < 0.01 for the three elements, Figure 32). There was no CNT nor soil aging effects on TME transfer from soil to maize and no interactive effects among factors. CNT and soil aging interactions were also detected for phenolic compounds indicating that maize exposed to fresh soils with CNT had 42% more phenolic compounds than maize unexposed to CNT while it was only 2% more for maize exposed to aged soils (pPhenolic < 0.01, Figure 34B). Likewise, a CNT/soil aging interaction was detected for tannin concentration so that maize exposed to fresh soils with CNT had 24% less phenolic compounds than control plants while it was decreased by 10% for maize exposed to CNT in aged soils (pPhenolic < 0.01, Figure 34B). TME addition had a significant effect on RECO and GPP where a 33% and 41% decrease were detected for microcosms in these conditions but not on NEE (pNEE = 0.06, pRECO < 0.01, pGPP < 0.01, Figure 35A-B-C). There was no effect of CNT addition on NEE, RECO and GPP (pNEE = 0.15, pRECO = 0.16, pGPP = 0.28).

Gas exchange

Likewise, no interactive effects among the three factors were detected on these gas exchange parameters.

Discussion

CNT exposure impacts

According to the results obtained, the fungal populations of the soil were sensitive to CNT contamination unlike bacteria. Indeed, after 8 weeks of exposure, there was a 16% reduction of the ergosterol concentration in the soil following the application of 0.025 mg.kg -1 of CNT revealing an acute toxicity of CNT on fungal populations. This decrease could explained the 9% decrease seen on litter decomposition at 0.025 mg.kg -1 of CNT. In a previous study, the addition of 0.1 mg.kg -1 had decreased bacteria abundance in the soil but the decomposition of the litter was not impacted (chapter 4). At the time, it was assumed that fungal communities would functionally compensate for litter decomposition, but the results obtained here do not support this hypothesis. Also, the addition of 10 mg.kg -1 in our previous study increased litter decomposition. At the same time, the enzymatic activity of βglucopyranosidase involved in the carbon cycle was increased with the addition of 0.025 and 2.5 mg.kg - 1 in the soil. A pattern emerges whereby CNT toxicity to soil communities is more pronounced at low concentrations (0.025 mg.kg -1 ), which is seen from a functional point of view by a concomitant decrease in litter decomposition, offset by higher activity at 0.1 mg.kg -1 and then increased at higher concentrations (2.5 and 10 mg.kg -1 ) as less toxic to soil communities. Rodrigues et al. 43 observed a modification of the structure of fungal communities after 14 days following an exposure to 250 and 500 mg.kg -1 of SWCNT revealing CNT toxicity at high concentrations, in contrast to our study. However, CNT properties could explain this difference because our CNT was oxidized while it was not the case in Rodrigues et al. 43 study. Oxidized CNT are known to be more reactive thanks to their surface functional groups, which may explain why oxidized CNT are more toxic than pristine CNT ones 44 .

Regarding enzymatic activities, only pyranosidase activity (implied in C cycle) was modified after CNT exposure with a dose dependent pattern as 240% and 356% increase with 0.025 and 2.5 mg.kg -1 respectively. Most of the results in the literature describe a decrease in the soil enzymatic activities following exposure to nanomaterials 44,45 . It has been observed that certain enzymes may be involved in the degradation of nanomaterials when they are present in the environment, which could reveal a reaction of microbial communities to reduce the toxicity induced by nanomaterials 46 . It can be hypothesized in our study that populations tolerant to nanomaterials may have an increased activity following the exogenous supply of carbon in the soil by the addition of nanomaterials.

Concerning water use efficiency in the system, in a previous study (chapter 4), the addition of 10 mg.kg - 1 of CNT increased the dry matter content of maize up (17%). Although not significant in this study, a similar trend was observed with an increase of up to 22% and 18% of the dry matter content after exposure at 0.025 and 2.5 mg.kg -1 of CNT, respectively. Likewise, in the literature Mondal et al. 47 observed a 91% increase of the dry matter content in Brassica juncea with 2.3 µg.mL -1 of oxidized MWCNT. This behavior can be related to a concomitant decreased of the transpiration rate (-16% at 0.025 mg.kg -1 of CNT) which could revealed the water stress imposed by CNT addition in soil.

Presumably, CNT exposure causes water stress in these plants which could be prevented by further closing stomata in order to limit water loss. In addition, several clues in the literature reveal that water stress in plants is correlated with an increase in the concentration of phenolic compounds because they could be involved in water regulation through auxin biosynthesis and transport [48][49][50][51] . In this present work, maize exposed to CNT had a total phenolic compound concentration increase of 30%. Finally, this effect visible at the plant level scale has also been detected at the ecosystem scale (see chapter 4) with a decrease in H2O emission as a result of exposure to 0.1 and 10 mg.kg -1 of CNT.

compounds in maize leaves by 56% and increased the concentration of tannins by 52%. These results are also in agreement with those of the literature 57,58 .

In parallel, as expected, Cd, Pb and Zn concentrations in maize leaves were significantly higher in maize exposed to TME than in those unexposed. However, CNT did not modified TME transfer as it was observed in previous study on lettuce (experiments 2 of chapter 5). In the literature, there are some examples in which CNT increase or decrease TME transfer and there are some examples in which CNT did not modified TME transfer 1 . These differences on TME transfer with CNT addition in the medium could be partly explained by plant species or soil type. More investigations are needed to respond to these hypotheses.

TME contamination increased the NEE while it decreased the RECO and the GPP respectively. The decrease in GPP following TME contamination can reduce the carbon sequestration capacity of agrosystems. In addition, with regard to the TME concentrations of the contaminated soils compared to the limits fixed by the authorities (our study: Cd = 3.72, Pb = 104.21, Zn = 74.55, limits: Cd = 2, Pb = 100, Zn = 300 mg.kg -1 ), it is advisable to be particularly vigilant when it comes to the monitoring and surveillance of metal concentrations and greenhouse gas emissions from agrosystems.

Aging of contaminant impacts

Although not statistically evident, the abundance of fungi in aged soils was drastically reduced (80%).

Rodrigues et al. 43 did not observed any modification on the structure of fungal communities after a one-year exposure of SWCNT and MWCNT to 1 g.kg -1 , while they observed similar decrease with only CNT exposure as our study. In addition, they observed similar trend as contaminant ageing reduced CNT toxicity. Since belowground communities have varying degrees of tolerance to CNT 44 , it seems that the least tolerant populations decline rapidly after exposure to CNTs, while the most tolerant populations may persist over the long term.

The reduction in contaminant toxicity due to soil ageing was also observed for maize transpiration.

Aging of contaminants mitigate toxicity of contaminants only on pyranosidase activity, probably for the same reason as proposed for fungal communities. Also, similar mitigation was observed on chlorophyll, phenolic compounds and tannin concentration in maize leaves.

However, mitigation of contaminants toxicity did not produced effects on microcosm gas emissions.

One hypothesis that could explain the attenuation of contaminant toxicity as soils age is that contaminants may become less bioavailable over time. Also, due to the high adsorption capacity of CNT, it is likely that over time substances will adsorb, thus limiting their toxicity.

Co-contaminants impacts

Interactions between CNT and TME were observed for several of the biomarkers studied, namely βglucopyranosidase activity, litter decomposition, transpiration and total phenol concentration. In all these cases, an antagonistic effect was observed, i.e. the effect caused by CNT exposure alone was decreased when the organisms were exposed to both contaminants (CNT and TME). However, this effect was not transferable at the ecosystem scale (at least considering the ecomarkers used here) as no interactions were detected on gas exchange. In the literature 1 , 64% of the studies focusing on the ecotoxicity of a mixture of contaminants containing both carbon based nanomaterials and TME demonstrated interactive effects as well; half of them highlighting antagonist effect as this present work and the other half synergistic effects. It would be interesting to carry out a more in depth analysis of these results in the light of those obtained in this PhD work to investigate if soil pH and OM content could explain why in some cases the interactions led to synergistic or antagonist effects. 

Résultats principaux :

La synthèse de NTC dopés à 100% en 13 C a permis de révéler une signature isotopique significativement différente dans les parties aériennes de la laitue après exposition à une dose de 10 mg.kg -1 pendant 2 semaines (Figure 1), pouvant révéler que les NTC s'accumulent dans ces into agrosystems 11,12 . Modelling predicts that concentration of CNM in biosolids could reach up to 10 mg.kg -1 while in natural soil it could be up to 0.01 mg.kg -1 12 .

However, the overwhelming majority of studies focus on the toxicity of CNM on a single organism; this approach misses the complexity of natural environment and could thus be of little relevance from an environmental point of view. In particular, very little data is available so far to characterize trophic transfer from soil to primary producer to primary consumers. Also, there are very few studies focusing on the ecotoxicity of CNM on primary consumers in general, and on crop pests in particular which are ubiquitous and can colonize other terrestrial ecosystems. Among these, snails have proven to cause significant crop and economic yield losses 13 . In addition, snails are recognized as sentinels for assessing the contamination of the terrestrial environment for other pollutants such as the trace metallic elements (TME). For example, after topical application of 1/10 and 1/50 of the lethal dose (LD50 = 79.6 μg.snail -1 ), Abdel-Halim et al. 14 showed that CNT induced toxic effects by interaction with cell membranes or penetration in the digestive gland cells through generation of reactive oxygen species (ROS). CNT could also induced DNA damage in digestive gland cells in Lymnea luteola 15 . Furthermore, snails are also very interesting for ecological risk assessment as they present several routes of exposure: an active route via ingestion of plants and soil, and a second passive route via dermal transfer.

In addition to toxicity, a specific issue regarding CNM, is their quantification in biological matrices.

Indeed, essentially composed of carbon, quantitatively determining the transfer of CNM in biological matrices themselves composed of carbon remains a technical challenge. A solution used by Petersen et al. 16,17 , Ferguson et al. 18 and Larue et al. 19 is the use of radioactive isotope labelling. In a study exposing biofilm and Lymnaea stagnalis which consumed biofilm in aquatic systems exposed to CNT doped with 14 C, the authors demonstrated that CNT could penetrate in all parts of the digestive tract included digestive gland. The enrichment of biofilm and L. stagnalis in 14 C-CNT was calculated and amounted 529.0 and 79.6 µg.g -1 dry weight, respectively. After depuration, no CNT were found extracellularly in the digestive system, which evidenced the elimination capabilities of L. stagnalis 20 .

Others studies tried to quantify CNT transfer using different tools such as microscopic observations 19,21,22 , Raman spectroscopy 23 or microwave-induced heating 24 but with a low sensitivity and/or specificity.

Finally, CNM also raise questions due to their interactions with other contaminants. In particular, they are able to adsorb compounds such as pesticides 25 and TME 26 on their surface, compounds whose monitoring is already implemented in agrosystems in order to guarantee food safety. Many examples in the scientific literature report a modification of TME transfer from the exposure matrix to the organisms due to their interactions with CNM 9,[26][27][28][29][30][31][32][33][34][35][36][37][38] , which can ultimately modify their toxiciy 26 . For instance, in a previous study we demonstrated that when earthworms were exposed to TME contaminated soils (Zn, Pb and Cd), the addition of CNT led to an increase of 34% and 25% respectively for Pb and Zn concentrations in earthworms 9 .

Thus, the objectives of this study were three fold: (1) implement a new method to characterize CNT uptake in organisms (plants and snails) relying on 13 C-CNT synthesis and detection through spectroscopic based techniques (py-IRMS and µNRA) (ii) quantify the trophic transfer of CNT to snails via two exposure routes (soil or plant consumption) and (iii) assess the impact of a co-contamination CNT/TME on the toxicity and the transfer of the mixture in a reconstituted trophic chain (soil / primary producer: Lactuca sativa / primary consumer: Helix aspersa)

Material and methods

CNT synthesis and characterization

CNTs ). During a 30 min dwell time at this temperature, a valve was operated to force the flow of N2 through the washing bottle containing the 13 C EtOH. Then, the temperature was decreased to room temperature (5°C/min) in N2 atmosphere (3 L.h -1 ). At the end of the synthesis, a black composite powder was obtained. CNTs were first extracted from the nanocomposite powder by processing in an aqueous solution of HCl, then washed to neutrality using deionised water. Then, the wet CNTs were oxidised in 3M HNO3 by refluxing them at 130°C for 24h. Finally, the oxidized CNTs were washed to neutrality using deionised water and used wet. They were oxidized multiwalled CNT (MWCNT) with length varying from 1 to 20 µm, an average diameter of 22.5 ± 5.0 nm (Figure 37) and a specific surface area of 60 m².g -1 .

Figure 37: Transmission Electronic Microscopy observations of o-MWCNT used in this study

CNT were suspended in deionised water at 3 g.L -1 and homogenized for 15 min in an ultrasonic bath before use.

Soil characterization and contamination

A loamy sand standard soil was used (LUFA-Speyer 2.1) for this experiment with 80.20% of sand, 18.80% of loam and 1.0% of clay. It contained 1.82% of organic carbon, 0.1% of nitrogen with a pH of 7.00 ± 0.21 and a cation exchange capacity of 2.9 ± 0.2 meq.100g -1 .

Soils were contaminated by the addition of the required volume of CNT suspension to reach a final concentration of 0.1 or 10 mg.kg -1 dry soil; the first concentration being close to environmentally predicted concentrations 12 and the second one representing a worst case scenario (use of nanofertiliser for instance). Additionally, part of the soils was contaminated with Cd, Cu, Pb and Zn at 0.2, 7, 20 and 40 mg.kg -1 with solutions of CdN2O6•4H2O, CuN2O6•2.5H2O, Pb(NO₃)₂, and Zn(NO3)2•6H2O (98%, Sigma) corresponding of the average concentrations in French soils 39 . They were then mixed manually for 10 min every day for a week to ensure that CNT and TME were homogeneously distributed in the soil. Effective concentrations of Cd, Cu, Pb and Zn in soils are presented in Table 8. 

Experimental set-up

Two connected experiments were set-up to investigate the transfer and toxicity of the two exposure routes: one trophic exposure with snails feeding on contaminated lettuce leaves and the second with snails feeding on contaminated soil (and fresh non contaminated lettuce leaves 1). Three CNT concentrations were tested for each TME modalities: one control without CNT (0 and TME 0), a second one with the addition of 0.1 mg.kg -1 CNT (0.1 and TME 0.1) and finally one with 10 mg.kg -1 CNT (10 and TME 10). For the six exposure modalities, experimental units were replicated 5 times (n = 30). 320 g of soil were distributed in each experimental unit for the growth of the lettuce model used (Lactuva sativa var. Laitue romaine). Lettuces were previously grown during 4 weeks on hydroponic system in an environmental chamber (14 h/10 h day/night cycle, 24°/18°C and a hygrometry rate of 85%) to obtain sufficient biomass to feed snails properly. Then, lettuces were exposed to control or contaminated soil during 2 weeks in the same environmental chamber. Two days before snail exposure, juvenile snails were awaken and selected in a restricted body mass range (1.41 ± 0.26 g).

Two snails were placed in each experimental unit (L = 12 cm, l = 11 cm, H = 5.2 cm) with 60 g of noncontaminated soil moistened at 40% of its water holding capacity. Then, 2 g of fresh lettuce leaves were added every 2 days corresponding to an adequate amount of food provision for snails of that developmental stage. The snail exposure lasted for 2 weeks in an environmental chamber with controlled parameters (18 h/6 h day/night cycle, 20 ± 1°C and a hygrometry rate of 80%). After plant exposure, 200 g of control or contaminated soils were oven-dried at 50°C during 3 days to reuse it for snail soil exposure.

For snail soil exposure, 150 g of control or contaminated dried soil used for plant growth were placed in each experimental unit. Soil was moistened at 40% of its water holding capacity. Two juvenile snails selected in a restricted body mass range (1.43 ± 0.32 g) were placed in each experimental unit and fed with 2 g of uncontaminated lettuce leaves. The exposure was conducted over 10 days.

During both exposure experiments, snail faeces were removed of the experimental units every 2 days.

Faeces which were not in contact with soils were dried for ICP-AES analyses.

At the end of exposure, snails were weighted using a balance then dissected to collect the digestive gland. One digestive gland per condition as well as the corresponding lettuce leaf (for trophic exposure pathway) were included in an OCT TissueTeck resin and kept in the freezer for further spectroscopic analyzes (see section 2.6.). One gram of lettuce leaf and the digestive gland of the second snail for each condition were dried at 80°C during 4 days and used for ICP-AES and py-IRMS measurements.

Sample preparation and chemical analysis by ICP-AES

Soil and plant samples (500 mg) were added to 3 ml HNO3 overnight. Then, 1 ml of a mix of HNO3 and HCl (3:1 v/v) (only for soil samples) and 1 ml of H2O2 were added before being introduced in a microwave system (MARS 2, CEM corporation, Matthews, NC, USA) to perform digestion (ramp time: 20-25 min; holding time: 10 min; temperature: 190 °C). For soil, a filtration step (0.45 μm, polypropylene membrane) was added. Digested samples were then diluted to reach 5% HNO3 in samples before analysis on an ICP-AES (ARCOS FHX22, AMETEK Spectral) along with control samples (blanks with only chemicals).

Sample preparation and isotopic 13 C analysis by py-IRMS

Soil, lettuce leaves and digestive glands of snails were analyzed by pyrolysis Isotopic Ratio Mass spectrometry (py-IRMS) to detect the 13 C signal constitutive of the CNT used. Soil and lettuce leaves were dried for 2 days at 80°C while digestive glands were freeze-dried during 24 h. Then, samples were ground using a FastPrep-24™ (MpBio) at 6 m.s -1 during 40 sec and py-IRMS analyses were performed at the GISMO platform (Université de Bourgogne).

Sample preparation and microbeam analysis

Upon harvest, samples of leaves and digestive glands were cut in small pieces of few millimeters long and placed in Tissue-Teck OCT (Optimal Cutting Temperature) resin in an Eppendorf tube and frozen at -80°C. 30 µm thick cross sections were done using a cryo-microtome with a chamber set at -20°C (Thermo Fisher Scientific). Cross sections were then freeze-dried (Christ Alpha 1,4 LSCbasic).

For analyses, cross-sections were placed between two ultralene foils and taped on a PEEK support.

Energy of the beam was 1300 keV and with a current of an intensity of 1 nA on sample. Beam size was 1 µm. More information about technique on Barberet et al. 40 .

Statistical analyses and calculations

For statistical analyses, 2-way ANOVAs were performed. Transfer factors for trophic and soil exposure were calculated as following equations ( 1) and ( 2), respectively:

(1) 𝑇𝐹 = TME concentration in digestive glands TME concentration in lettuce leaves

(2) 𝑇𝐹 = TME concentration in digestive glands

TME concentration in soil

Isotopic Δ C 13 /C 12 in digestive glands of snails feeding on lettuce grown on contaminated soil was not significantly different among CNT modalities (p = 0.21, Figure 38B) with on average -30.6. However, a trend is noticeable with an increase of 4.8% (same extent as in lettuce leaves) for snails feeding on contaminated lettuce leaves. Concentrations of Cd, Pb and Zn in lettuce leaves were 87%, 70% and 121% higher, respectively, for lettuce exposed to TME than unexposed while it was not the case for Cu (pCd < 0.01, pCu = 0.06 pPb < 0.01, pZn < 0.01, Table 9A).

There was no significant effect of CNT addition on Cd, Cu, Pb and Zn concentration in lettuce leaves (pCd = 0.31, pCu = 0.45, pPb = 0.61, pZn = 0.08, Table 9A).

Only for Zn concentration in lettuce leaves, an interaction between CNT and TME was found (pZn = 0.02, Table 9A). Lettuces exposed to 10 mg.kg -1 of CNT in soils with TME contained 162% more Zn in their leaves than lettuces exposed to TME without CNT, while it was not the case for lettuces without addition of TME. No CNT/TME interactions were detected for Cd, Cu and Pb concentration in lettuces leaves (pCd = 0.24, pCu = 0.27, pPb = 0.25, Table 9A).

TME effect was significant for both Cd and Zn concentrations in the digestive gland of snails feeding on exposed plants with an increase up to 32% and 49% upon addition of TME, respectively (pCd = 0.04, pZn < 0.01, Table 9B). On the opposite, for Pb it was significantly lower for snails exposed to soils with TME (TME, TME 0.1 an TME 10) than those exposed to soils without TME (0, 0.1 and 10) with an decrease of 56% (pPb < 0.01, Table 9B). Cu concentration in the digestive gland of snails was not different between exposure modalities with on average 6.47 mg.kg -1 whatever the conditions (pCu = 0.06).

There was a significant CNT/TME interaction on Cd concentration in the digestive gland of snails so that snails exposed to 10 mg.kg -1 of CNT in soils with TME contained 52% more Cd in their digestive gland than with other CNT concentrations (0 and 0.1 mg kg -1 ) which was not the case for snails exposed to soils without addition of TME (pCd = 0.02). This interaction was not detected for Cu, Pb and Zn (pCu = 0.77, pPb = 0.85, pZn = 0.06).

Concerning Cd, Cu, Pb and Zn concentrations in snail faeces, no significant differences were detected with on average 0.003, 0.20, 0.43 and 2.88 mg.kg -1 , respectively (Table 9C).

Trophic transfer impact on plants and snails

The PCA on nutrient concentration in lettuce leaves and snail digestive gland did not individualized any group and indicated that nutrient concentrations in these organs were similar among exposure modalities (Figure 39). No significant effect of TME, CNT and their interactions were found on snail biomass (pTME = 0.40, pCNT = 0.73, pCNT/TME = 0.97, Figure 40), with on average 1.82 g.snails -1 whatever the condition. 

Soil to snail transfer experiment

3.2.1. Quantification of CNT and TME transfer in snails 13 C quantification py-IRMS on the digestive gland of snails are currently being analyzed on the GISMO platform (Université de Bourgogne) and will be provided soon.

Cd, Cu, Pb and Zn concentrations in the digestive gland of snails were significantly higher for snails exposed to soils with TME than those exposed to soils without addition of TME with an increase up to 18%, 7%, 265% and 33%, respectively (pCd < 0.01, pCu < 0.01, pPb < 0.01, pZn = 0.02, Table 10A).

There was no significant effect of CNT on the transfer of all TME into the snail digestive gland (pCd = 0.54, pCu = 0.11, pPb = 0.08, pZn = 0.74).

However, for Cu transfer to the digestive gland, a CNT/TME interaction was found so that snails exposed to 10 mg.kg -1 of CNT in soils with added TME contained 61% more Cu in their digestive gland than when exposed to other CNT concentrations (0 and 0.1 mg.kg -1 ) which was not the case for snails exposed to soils without TME (pCd = 0.01). The same CNT/TME interaction effect was observed for Cd and Zn but not significant while it was not the case for Pb (pCd = 0.07, pPb = 0.38, pZn = 0.04).

For all TME studied (Cd, Cu, Pb and Zn), their concentrations in snail faeces were significantly higher for snails exposed to soils with added TME with an increase up to 136%, 258%, 259% and 183%, respectively (pCd < 0.01, pCu < 0.01, pPb < 0.01, pZn < 0.01, Table 10B).

No effects of CNT addition was detected (pCd = 0.14, pCu = 0.09, pPb = 0.63, pZn = 0.10). Also, there was no CNT/TME interaction in snail faeces (pCd = 0.72, pCu = 0.37, pPb = 0.51, pZn = 0.78). However, trends could be noticed so that Cd, Cu and Pb concentrations in snail dejections were lower with 10 mg.kg -1

CNT than without CNT when snails were exposed to TME soils while it was not the case for Pb. 

Impacts of soil exposure to snails

The PCA on nutrient concentration snail digestive gland did not individualized any group and indicated that nutrient concentrations in these organs were similar among exposure modalities (Figure 41). No significant effect of TME, CNT and their interactions were found on snail biomass (pTME = 0.17, pCNT = 0.55, pCNT/TME = 0.79, Figure 42) with on average 1.69 g.snails -1 whatever condition after 10 days of soil exposure. 

Discussion

CNT isotopic labeling for detection in environmental matrices

After 2 weeks of exposure at 10 mg.kg -1 CNT, the isotopic Δ C 13 /C 12 signal results indicated that 13 CNT (L = 1 to 20 µm, diameter = 22.5 ± 5.0 nm) were transferred from soils to plant leaves. This results confirm some data of the literature suggesting CNT internalization in plants using other techniques as optical observation techniques 19,21,22 , radioactive labelling [16][17][18][19] , microwave-induced heating 24 or Raman observation 23 (among references, only one them was made on soil, one in aquatic exposure and the rest were made in hydroponic). However, our results indicate that the CNT concentration must be sufficiently high for their transfer and translocation in lettuce leaves to be detected, since CNT could not be detected with the addition of 0.1 mg.kg -1 .

Labeling CNM with a radioactive isotope implies substantial funding, both for synthesis and for isotopic analysis. Furthermore, this technique requires dedicated facilities that are not often equipped for experiments involving living organisms. This technique is thus not an option in many cases. So the labelling with a stable isotope seems to be an ideal compromise. However, CNM need to be highly enriched to enable their detection in biological matrices. Preliminary tests in Liné's PhD thesis 41 using 17% 13 C enrichment failed to detect a distinct signal between plants exposed and unexposed to CNM.

However, this technique offers the possibility of further microbeam analysis, enabling both quantification of CNM transfer and qualitative analysis by 2D mapping.

Trophic transfer and toxicity along the soil-plant-snail system

Despite the translocation of CNT detected at 10 mg.kg -1 , the transfer of CNT from the lettuce leaves to the snail digestive gland indicates either that CNT do not accumulate in the snail digestive gland or that trophic transfer of CNT to the digestive gland is not sufficiently high to be detected by 13 C quantification by py-IRMS. However, a trend can be observed as snails displayed a higher isotopic 13 C signal when they ate lettuces exposed to 10 mg.kg -1 but the high variability of the results did not permit to conclude statistically. In their study, Weis et al. 20 detected CNT transfer from the biofilm to an aquatic snail (L.

stagnalis) but the exposure set-up maximized the contact with the contaminant allowing both trophic and tegumentary exposure routes.

As expected, TME transfer results from soil to lettuce leaves showed that TME transfer was higher in lettuces exposed to added TME, except for Cu. Surprisingly, although not statistically significant, a trend of decreased Cu concentration in the leaves of lettuces exposed to TME could be seen. Several elements may explain this different behavior; the first being that Cu may be less translocated to the leaves than the other TME used in this study. Indeed, it has been shown that Cu can be strongly bound to root cells and of relatively low mobility compared with Cd and Zn 42 . In addition, Cu and Zn are micronutrients, and plants have specific transporters to control the concentrations of these two elements precisely 43 . As a result, plants can implement TME detoxification strategies by compartmentalizing TME in specific parts of the plant 44 . For example, after Lactuca sativa exposure to 39.6, 53.7, and 74.5 mg.kg -1 of Cu in three agricultural soils during 28 days, Cu concentrations in roots were 14.0, 53.6, and 96.3 mg.kg -1 , while they were 3.5, 3.0, and 1.6 and mg.kg -1 in lettuce leaves, respectively 45 .

For lettuce exposure, a synergistic impact of the cocktail of contaminant could be detected on Zn transfer which was enhanced in presence of CNT, the same trend was also seen for Cd. Similarly, in a previous study with Lactuca sativa, the addition of CNT (10 mg.kg -1 ) in soil with low contamination of TME (Cd:13, Pb: 524, Zn: 689 mg.kg -1 ) and with low OM content (2.4%) led to the same increase of Cd and Zn transfer (+39% and +26% for Cd and Zn, respectively) but not for Pb 9 . This synergistic behavior in the previous study was attributed to the low OM content in the soil which is also the case in this one (previous study: 2.3%, present study: 1.82%). Additionally, when studying the adsorption behavior in another study in simplified liquid media, we demonstrated that the addition of OM to the medium led to a decrease in Cu and Pb adsorption onto CNT (chapter 3); which is in agreement with the fact that in this study these two TME experienced no transfer modifications after CNT addition in soil.

Overall, TME content of snails followed that of the plants they consumed. Indeed, the increase in Cd and Zn in lettuce leaves led to an increase in Cd and Zn in snail digestive glands while the addition of Cu and Pb in soil had no impact on both plant and snail concentrations; this could reflect the lack of control of Cd and Zn in snails. Moreover, based on a toxicokinetic approach it has been demonstrated that in the snail Helix aspersa Cd and Zn elimination tend to be null and low, respectively, while it is high for Pb 46 . This approach also corroborates the results of Cd and Zn accumulation in the snail digestive gland and the lack of increase of these two TME in the faeces observed in our study. These results are also in agreement with the study by Notten et al. 47 in which the concentrations of Cd and Zn in Urtica dioica leaves and in the snail Cepaea nemoralis followed a positively more pronounced relationships than Cu and Pb (and to a lesser extent for Cu).

Surprisingly, an effect of the addition of CNT and a CNT/TME interaction were detected for Cd concentrations in the digestive gland of snails such that snails feeding on leaves contaminated with TME and 10 mg.kg -1 of CNT accumulated more Cd in their digestive glands than those exposed to leaves contaminated with TME without CNT.

Contaminant transfer to snails after soil exposure

As expected, snails exposed to TME had more Cd, Cu, Pb and Zn in their digestive glands. Furthermore, for Cu transfer to the digestive gland, a CNT/TME interaction was found leading to a significant increase of Cu accumulation (+61%) with the addition of CNT (only at the highest concentration used). This results is an agreement with results of a previous study which studied transfer of Cd, Pb and Zn transfer to earthworms in a soil with a similar OM content 9 (see transfer results only for LC soil with 2.4 % of organic carbon, chapter 5). However, if this Cu increase is consistent in between studies for animals feeding on soil, it was not detected on snail feeding on contaminated lettuce. Additionally, although not statistically validated, the addition of CNT to the soil also increased the transfer of Cd and Zn from 27% and 22% to the snail digestive gland.

One explanation for these results is that the presence of CNT in ingested soil may damage the snail digestive tract membrane, leading to a facilitated absorption of TME and hence greater accumulation in the digestive gland. Results on nutrient concentrations in snails digestive gland did not confirm this hypothesis because there was no modifications on nutrient transfer with the addition of CNT.

Exposure pathway comparison

Although transfer factors are higher for trophic exposure than for soil exposure (SI, Table S1), TME concentrations in snail digestive glands are slightly higher with soil exposure. However, transfer factors for soil exposure were <1 while those for trophic exposure were >1, indicating dilution and accumulation respectively. According to transfer factors results, the process of bioconcentration of TME via soil exposure is less important than the biomagnification process that occurs in trophic transfer and support previous hypothesis that the uptake of TME were more important than their elimination.

soil pathway is related to contaminant bioaccessibility that might be different in the two different matrices (plant and soil, respectively).

Conclusion

These results provide further evidence that interactions among contaminants should be included in ecological risk assessment and in particular for nanomaterials and TME as CNT can modify the transfer of TME in a trophic chain up to the primary producers, which to date have not been very fully considered in contaminant risk assessments. This would then guarantee a safe and sustainable development of nanotechnology. Additionally, considering different exposure routes is also of tremendous importance for a proper risk assessment and trophic transfer experiments should be further initiated. Indeed, in this study the bioaccumulation was much higher after trophic exposure than after soil exposure.

Conclusion générale

A l'issue de l'étude du corpus scientifique et des travaux expérimentaux réalisés au cours de cette thèse, des voies de réponses aux questions de recherches initiales ont pu émerger. Cd et Zn dans la glande digestive de l'escargot par l'exposition trophique. A la même concentration de NTC, l'exposition par le sol de l'escargot à démontré une augmentation de 61% de la concentration de Cu dans la glande digestive de l'escargot. Les résultats de cette expérience démontrent des modifications de transfert des ETM en raison de l'ajout de NTC dépendante de la voie d'exposition de l'escargot, voies qui peuvent être activent simultanément dans l'environnement.

De même, il est avancée par Petersen et al. 35 que même si un transfert trophique de NMC peut se produire, il est peu probable qu'une absorption significative à travers le tractus intestinal se produise chez les organismes de niveau trophique supérieur. Dans notre cas, malgré la mise en évidence de transfert de NTC chez la plante, aucun NTC n'a pu être détecté dans la glande digestive de l'escargot, confirmant en partie l'hypothèse de Petersen et al. 35 . Toutefois, l'organe ciblé (la glande digestive) peut ne pas être le plus enclin à l'accumulation de NMC et/ou la bioaccumulation être trop faible pour être détectée par quantification isotopique 13 C. Les résultats des observations réalisées sous microfaisceau apporteront un supplément d'information afin de répondre à cette hypothèse. Parallèlement, les animaux peuvent davantage excréter les contaminants qu'ils absorbent que les plantes. La capacité de dépuration des contaminants chez les vers de terre [36][37][38][39] et les escargots 40,41 est prononcée, ce qui leur permet de limiter non seulement l'accumulation des contaminants mais aussi la toxicité qui est associée. En outre, certains organismes possèdent des mécanismes de détoxification des ETM [42][43][44][45] De la même manière, ces deux groupes possèdent des caractéristiques foliaires différentes qui peuvent aussi expliquer les différences de comportement de transfert des ETM suite à l'ajout de NTC.

En effet, la grande surface foliaire des monocotylédones témoigne d'une demande aérienne en eau via la transpiration importante (pour assurer la thermorégulation des feuilles 52,53 ) à laquelle la plantes répond par une absorption en eau importante. A l'inverse, les dicotylédones avec des feuilles plus petites sont plutôt associées aux environnements à faibles disponibilités en eau selon diverses études [54][55][56][57] et donc potentiellement plus résistantes au stress hydrique.

Les interactions démontrant des effets toxiques synergiques et/ou antagonistes ont peu été mis en 

Perspectives

Les interactions entre NMC et ETM qui ont été mises en évidence dans la littérature scientifique et dans le présent manuscrit s'avèrent fortes et remettent en cause l'évaluation actuelle des risques écologiques associée aux contaminants en mélange. Des modifications du transfert des ETM s'opèrent suite à l'ajout de NMC dans le milieu ; modifications qui ont été aussi observées à plusieurs reprises avec les micro-nano-plastiques [59][60][61] . Il semble aussi nécessaire de vérifier l'accumulation des ETM dans toutes les parties consommables des plantes. En effet, certaines plantes ont la capacité de compartimenter préférentiellement les ETM dans des parties spécifiques comme les racines, les tiges et les feuilles 62 , il semble donc intéressant d'analyser la concentration en ETM dans les différentes parties de la plante afin de mieux comprendre les différences de résultats observées dans la littérature sur transfert des ETM suite à l'ajout de NMC dans le milieu et mieux évaluer les risques sanitaires liés à la consommation des parties comestibles. Par exemple, Gong et al. 48 ont observé une augmentation du transfert de Cd de 15%, 12% et 9% dans les feuilles mais aussi une diminution de 22%, 21% et 29% dans les racines de Boehmeria nivea avec l'ajout de 100, 500 ou 1000 mg.L -1 de NTC dans le sol. Outre les ETM, toutes les espèces ioniques peuvent interagir avec les NMC, comme les nutriments essentiels pour la vie des organismes tels qu'il a pu être observé dans la seconde expérience du chapitre 5, où l'ajout de 0,1 mg.kg -1 NTC dans le sol le plus contaminé en ETM a diminué l'ensemble des éléments nutritifs dans les feuilles de laitues. La modification de la nutrition des organismes peut s'avérer délétère à long terme pour le bon fonctionnement de la plante et donc pour les rendements agricoles et davantage d'études sont nécessaires afin de comprendre l'entièreté des mécanismes sous-jacents.

De plus, les NMC sont aussi connus pour interagir avec des pesticides 63 et herbicides 64 
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Résumé :

Les récentes avancées dans le domaine de la nanotechnologie offrent d'innombrables possibilités dans beaucoup de domaine si bien que le rejet de nanomatériaux dans l'environnement est inéluctable. Les nanomatériaux carbonés (NMC), notamment, sont réputés pour s'accumuler dans les boues de stations d'épuration qui sont largement épandues dans les agrosystèmes. Or, de nouvelles découvertes ont permis de révéler que les NMC étaient capable d'interagir avec d'autres contaminants et plus particulièrement avec les éléments traces métalliques (ETM) qui sont déjà sous surveillance accrue dans les agrosystèmes. Ces interactions soulèvent donc des questions en ce qui concerne le transfert et les impacts écotoxiques de ces contaminants en mélange sur les agrosystèmes.

Cette étude avait donc pour but d'évaluer le transfert et les impacts écotoxiques d'un NMC, les nanotubes de carbone (NTC), et d'ETM en mélange avec un accent particulier sur la caractérisation des interactions NMC et ETM dans des conditions simplifiées mais pertinentes d'un point de vue environnemental. Il a été mis en évidence que les propriétés intrinsèques des NMC (surface spécifique, degré d'oxydation, nombre de parois, etc.) et que les conditions d'exposition (ratio de concentration NMC/ETM, temps de contact, pH, concentration de MO) régissent les interactions NMC/ETM. Des expériences en microcosmes ont démontré que l'ajout de NTC dans un sol contaminé modifiait le transfert des ETM chez la laitue romaine et les vers de terre, tandis que le transfert des ETM chez le maïs et l'escargot n'a pas été significativement modifié. Les cycles biogéochimiques du carbone et de l'azote ont été modifiés par l'exposition au NTC avec notamment une induction de la décomposition de la matière organique et du nombre de copie de gène impliqué dans la nitrification. Les disparités observées dans les résultats de transfert des ETM en raison de l'ajout de NTC dans le sol sont probablement dû aux concentrations des NTC, conditions édaphiques, aux traits d'histoires de vie et à l'espèce végétale elle-même. Aussi, les réponses toxicologiques des marqueurs à l'échelle de l'organisme qui résultent d'une contamination simultanée en NTC et ETM se sont avérés différents que s'ils avaient été appliqués individuellement. En revanche, aucune modification fonctionnelle à l'échelle de l'écosystème n'a été observé à l'issue de l'exposition simultanée en NTC et ETM. L'effet du vieillissement des contaminants sur le transfert la toxicité des NTC et ETM a également été abordé dans les travaux de ce document. Grâce à l'enrichissement isotopique 13 C des NTC et à des techniques de détection de pointe, il a été possible d'identifier une accumulation de NTC dans les feuilles de laitues romaines suite à une exposition à 10 mg.kg -1 de NTC dans le sol ; la bioaccumulation vers un consommateur primaire est cependant limitée puisqu'aucune trace de NTC n'a été relevée dans la glande digestive de l'escargot. A l'issue des résultats présentés dans ce document, la nécessité de la prise en considération des interactions entre contaminants dans le cadre de l'évaluation des risques est soulevée et des pistes de réflexions afin de les caractériser sont données.

Recent advances in nanotechnology open up countless possibilities in many areas, making the release of nanomaterials into the environment inevitable. In particular, carbonaceous nanomaterials (CNMs) are known to accumulate in sewage sludge, which is widely spread in agrosystems as fertilizer. However, new findings have revealed that CNMs are capable of interacting with other contaminants, particularly trace metal elements (TMEs), which are already monitored in agrosystems. These interactions raise concerns about the transfer and ecotoxic impact of these mixed contaminants on agrosystems.

The aim of this study was to assess the transfer and ecotoxic impacts of a CNM, namely carbon nanotubes (CNTs), and a mix of TMEs (Pb, Cd, Zn, Cu) on an agrosystem. A particular emphasis was placed on characterizing CNM and TME interactions under simplified but environmentally relevant conditions. It was shown that intrinsic CNM properties (specific surface area, degree of oxidation, number of walls, etc.) and exposure conditions (CNM/TME concentration ratio, contact time, pH, organic matter concentration) govern CNM/TME interactions. Microcosm experiments demonstrated that biogeochemical cycles of carbon and nitrogen were altered by CNT exposure alone, with induction of organic matter decomposition and nitrification gene copy number. Furthermore, the addition of CNT to previously contaminated soil altered the transfer of TMEs in lettuce and earthworms, while the transfer of TMEs in maize and snails was not significantly altered. The disparities observed in TME transfer results are probably due to different CNT concentrations, edaphic conditions, life-history traits and the plant species itself. As a result, the toxicological responses of organism-level markers resulting from simultaneous contamination with CNT and TMEs were different from those when applied individually. On the other hand, no functional changes at ecosystem level were observed following simultaneous exposure to CNT and ETM. The effect of contaminant aging on the transfer of CNT and ETM toxicity has also been addressed in the work in this document. 13 C isotopic enrichment of CNTs coupled with the use of cutting edge spectroscopic techniques permitted to demonstrate that CNTs accumulated in lettuce leaves following exposure to 10 mg.kg -1 of CNT in soil, but that bioaccumulation towards a primary consumer was limited since no trace of CNTs was found in the snail's digestive gland. Altogether these results highlight the need to take interactions among contaminants into consideration in ecological risk assessment, and avenues of reflection to characterize them are given.
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Figure 1 :

 1 Figure 1: (a) Structure hexagonale du graphène. Les directions « zigzag » et « armchair » (chaise) sont montrées respectivement par les vecteurs aG et bG. La partie grisée représente l'unité permettant de définir la densité de surface du carbone. (b) Représentation schématique des liaisons σ dans le plan du feuillet de carbone et des orbitales π perpendiculaires à ce plan (Schéma modifié d'après celui de Hass et al. 22 )

Figure 2 :

 2 Figure 2 : Schéma représentant différents nanomatériaux possédant une structure à base d graphène à savoir un NTC à parois (a) simple et (b) multiples et (c) un fullerène C60.

  ont développé une méthode d'extraction rapide en 3 étapes qui permet de différencier 2 fractions: fraction mobile facilement échangeable pour les organismes et fraction complexée ou adsorbée sur des carbonates difficile d'accès pour les organismes.

  la nature des NMC et des ETM utilisés. La plupart des études en écotoxicologie sur les effets conjoints d'une contamination NMC/ETM démontrent un changement dans le transfert des ETM dans les organismes représentatifs des agrosystèmes en raison de la présence de NMC. Aussi, la plupart des études ont montré des effets synergiques et/ou antagonistes sur la toxicité du cocktail NMC/ETM pour lesquels le modèle des effets additifs pour l'évaluation des risques n'est pas approprié dans de nombreux cas. Pour conclure, l'utilisation de marqueurs plus intégratifs devraient être envisagés pour évaluer correctement la santé des écosystèmes.

Figure 3 :

 3 Figure 3 : Schematic differences on additive model compared to synergic and antagonist due to exposure to a cocktail of metal(loid) and CNM substances.

Figure 4 :

 4 Figure 4 : Structure of carbon nanotubes (CNT) and their interactions with metal cations (=M 2+ ) (Figure adapted from Rao et al. (2007) 37 )

Figure 5 :

 5 Figure 5 : Effects of organic matter (A) bound on CNT which increase metal(loid) adsorption onto CNT and (B-C) on the dispersion of CNT in media (B: without OM, C: with OM)
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 1232 'interactions avec des contaminants historiques tels que les ETM, provoquant parfois une augmentation ou une diminution du transfert des ETM en raison de l'ajout des NMC dans le milieu et des effets synergiques ou antagonistes sur la toxicité du mélange NMC/ETM, remettant en cause l'évaluation des risques actuelle. Dans la conduite des expériences du projet doctoral, les NTC sont les NMC qui ont été le plus étudiés car ce sont les rares NMC pour lesquels des modélisations de leur concentration dans l'environnement existent. Aussi, les avancées dans le domaine de recherche de l'écologie ont permis de mettre au point des écomarqueurs afin de caractériser la santé des écosystèmes et qui restent très peu utilisés en écotoxicologie. La combinaison de ce type marqueurs avec ceux à l'échelle individuelle doivent être amplifiée. Le présent projet doctoral a été amorcé par mon stage de fin d'étude (Master 2) réalisé et financé dans le cadre de l'axe transverse DECOREM du laboratoire d'écologie fonctionnelle et environnement, qui a mené à la rédaction d'un article scientifique mais aussi à la rédaction du projet NANOMETAGRO financé par la région Occitanie et l'université de Toulouse ainsi qu'à la rédaction du projet EC2CO CARBOSTRESS ayant financé le fonctionnement du projet doctoral. Le présent travail a été menée dans le but de répondre aux questions de recherches suivantes : Quels sont paramètres physico-chimiques qui régissent les interactions entre NMC et ETM dans un contexte qui fait intervenir des conditions représentatives de l'environnement ? Plusieurs études se sont déjà intéressées aux interactions entre NMC et ETM dans des systèmes monométalliques. Or, les ETM se retrouvent en nombre important et de manière simultanée dans les agrosystèmes et peu d'études faisant intervenir des systèmes multi-métalliques ont été menées. De plus, la plupart de ces études ont une approche mécanistique ne prenant donc pas en compte les spécificités des conditions environnementales et leur influence sur les phénomènes d'interactions, de sorte que l'accent sur les interactions NMC/ETM dans un contexte environnementalement pertinent se retrouve sous-etudié. Ainsi, la mise en oeuvre d'étude de ce genre dans un contexte représentatif des conditions environnementales permettrait de mieux comprendre les effets des NMC sur le transfert des ETM depuis le sol jusqu'aux organismes représentatifs des agrosystèmes. Afin de répondre à la question, des expériences visant à déterminer le comportement d'adsorption des ETM en surface des NMC par modulation à la fois des propriétés intrinsèques des NMC et des paramètres physico-chimiques du milieu (pH, rapport de concentration NMC/ETM, concentration de MO et influence des composés du sol contenu dans la solution de sol) ont été menées et font l'objet du chapitre n°3 (basé sur un article à soumettre à ACS Nano). Quels sont les impacts des NTC seuls sur les cycles biogéochimiques du carbone, de l'azote et de l'aeau dans un agrosystème ? La toxicité des NTC sur les organismes commence à être bien documentée mais leurs impacts sur les cycles biogéochimiques d'éléments majeurs restent peu étudiés et mal compris contrairement aux ETM dont le corpus scientifique est large sur ces questions de recherche. Ainsi, avant de passer aux études s'intéressant aux impacts des interactions de ces deux contaminants sur les agrosystèmes, il paraissait judicieux de mettre en place une expérience visant à déterminer l'impacts des NTC seuls sur les cycles biogéochimiques du carbone, de l'azote et de l'eau à l'aide d'une approche multifonctionnelle. Ce travail est présenté en chapitre n°4 (basé sur un article soumis à Environmental Pollution) Quels sont les effets d'une contamination simultanée en NTC et ETM sur un agrosystème ? Plusieurs études ont démontré que des contaminants comme les NTC et les ETM interagissaient et pouvaient provoquer une modification de transfert des ETM en raison de la présence de NMC ainsi que des effets toxicologiques différents en mélange que s'ils étaient appliqués individuellement. En ce sens, les travaux antérieurs (stage de Master 2) s'intéressant aux effets de l'ajout de NTC sur le transfert et la toxicité d'ETM provenant d'un sol historiquement contaminé sur des bactéries, des végétaux (salade) et des vers de terre ont été intégrés dans ce chapitre. Additionnellement, une étude a été menée afin de connaître les effets d'un cocktail NTC et ETM sur les organismes représentatifs des agrosystèmes (bactéries et végétaux -maïs) avec un focus sur le vieillissement des contaminants et en utilisant un sol aux caractéristiques physico-chimiques contrastées. Ces deux articles (un publié dans Journal of Hazardous Materials et un pour soumission dans Environmental Science and Technology) constituent le chapitre n°5. 4) Y-a-t il un transfert trophique des NTC ? La présence de NTC dans le milieu modifie-t-elle le transfert et la toxicité des ETM ? L'internalisation des NTC a été démontrée à de rares occasions chez plusieurs organismes représentatifs des agrosystèmes. Toutefois, les verrous techniques concernant la quantification du transfert de NTC subsistent toujours. De plus, plusieurs indices révèlent une modification du transfert des ETM en raison de l'ajout de NTC ; or, les mécanismes sous-jacents de la modification du transfert sont aussi peu connus. Ainsi, une expérience visant à recréer un réseau trophique en laboratoire a été réalisée (sol -plante-escargot) afin d'y répondre et constitue le 6 ème et dernier chapitre. Ce travail est basé sur une synthèse originale de NTC avec un précurseur 100% 13 C et des techniques de détection de pointe telles que l'analyse nucléaire par réactions (NRA) sur microsonde nucléaire et de spéctroscopie de masse à rapport isotopque par pyrolise (py-IRMS). Matériels et méthodes Dans la partie suivante, le principe de fonctionnement des analyses ainsi que la préparation des échantillons correspondants sont décrits seulement pour les analyses dont les détails manquent dans les chapitres d'articles scientifiques. Cette option permet d'éviter les redondances et la lecture conjointe de la partie matériels et méthodes suivante et celle de chaque article scientifique offre un une vision large sur les matériels et les méthodes qui ont été employés au cours de ces travaux de thèse. La quasi-totalité des NMC utilisés dans cette étude ont été synthétisés au CIRIMAT, et la plupart était oxydé car c'est en général sous cette forme qu'ils sont utilisés dans les biens de consommation courante. En effet, l'oxydation est couramment utilisée au niveau industriel pour deux raisons : (1) éliminer la majorité des résidus catalytiques issus de la synthèse (purification) et/ou (2) diminuer le caractère hydrophobe intrinsèque des NTC et ainsi faciliter leur dispersion dans des liquides ou des matrices au sens large. Le Cd, Cu, Pb et Zn sont les quatre ETM qui ont été majoritairement utilisés en raison de leur toxicité au-delà d'une certaine concentration et de leur étroite surveillance par les autorités pour garantir la sécurité sanitaire des cultures des agrosystèmes.

Figure 6 :

 6 Figure 6 : Schéma d'un microscope RAMAN 5 et spectre associé pour des nanotubes de carbone bi-parois oxydés (o-DWCNT) Les analyses Raman ont été réalisées à l'aide d'un microscope confocal Labram HR800 Horiba Jobin

  Le MET utilise un faisceau d'électrons hautement énergétiques et focalisé. Ce faisceau est dirigé vers l'échantillon placé dans la colonne du microscope. Lorsque le faisceau d'électrons interagit avec l'échantillon, plusieurs processus se produisent. Certains électrons sont dispersés de manière élastique, c'est-à-dire qu'ils conservent leur énergie et leur direction d'origine. D'autres électrons subissent une diffusion inélastique, perdant de l'énergie lors de la collision avec les atomes de l'échantillon. Le MET utilise un système de lentilles magnétiques pour focaliser le faisceau d'électrons avant son interaction avec l'échantillon. L'image est formée par transmission d'un faisceau d'électrons qui permet d'observer et d'obtenir des informations sur la composition chimique (analyseur EDX) de l'échantillon. L'image formée est projetée sur un écran fluorescent ou enregistrée numériquement (caméra) (Figure 7). Les variations d'intensité dans l'image correspondent aux différentes densités et épaisseurs des matériaux présents dans l'échantillon 6 .

Figure 7 :

 7 Figure 7: Image de NTC oxydés observé au MET Les caractérisations MET ont été réalisées par Morgan LEGNANI au CIRIMAT (Toulouse, France).
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 127 Principe général des expériences d'adsorptionLes expériences d'adsorption ont été menées afin de déterminer quantitativement les ETM qui ont été adsorbés en surface des NTC et ce en fonction de la variation de certains paramètres environnementaux ou caractéristiques physico-chimiques des nanomatériaux utilisés. Selon l'expérience menée, les paramètres de l'expérience sont ajustés un à un de manière à tester leur influence sur l'adsorption des ETM en surface des NTC. Les expériences ont été réalisées afin de tester l'influence du pH(5-8), du rapport de concentrations NTC/ETM ([ETM] = 0,2 à 8 mM, [NTC] = 10 mg.L - 1 ), de la durée de contact(10 à 360 min), de la nature des nanomatériaux [(GO, NTC oxydés et non oxydés, double et multi parois (o-DWCNT, o-MWCNT et DWCNT, MWNTC), NTC commerciaux (NC3100 7 , Nanocyl SA.) possédant 8 parois (que l'on appelle 8NTC)], de la concentration en MO ([MO] = 10 et 20 mg.L -1 ) et des composés contenus dans des solutions issues de deux sols aux caractéristiques physico-chimiques différentes (sol limono-sableux et un sol argileux nommés 2.1 et 6S et fournit par LUFA-Speyer). Pour ce faire, l'ensemble des expériences suivent la procédure suivante (Figure 8) : 1. Elaboration d'une suspension fille à 1 g.L -1 à partir d'une suspension mère de NTC à 3 g.L -1 (CIRIMAT) et d'eau MilliQ (ultrapure) dans un tube Falcon (V = 50 ml) Remise en suspension des NTC à l'aide d'un bain à ultrasons (PROLABO) pendant 15 min afin d'homogénéiser la suspension fille 3. Réalisation d'une solution mère multi-spécifique en ETM à l'aide de nitrate des éléments choisis : Cd(NO3)2 • 4H2O, Cu(NO3)2 • 2.5H2O, Pb(NO3)2 and Zn(NO3)2 • 6H2O (pureté à 98%, Sigma-Aldrich, USA) et d'eau MilliQ. Les volumes de solutions ainsi que les concentrations de Cd, Cu, Pb et Zn sont ajustés selon le nombre d'échantillons et les concentrations sélectionnées pour l'expérience 4. Agitation de la solution mère à l'aide d'un agitateur magnétique à 200 RPM durant 15 min à 50°C afin d'homogénéiser la solution 5. Ajustement (ou non) du pH de la solution mère à l'aide d'une solution de NaOH à 10 M. La solution de NaOH est réalisée à l'aide de pastille de NaOH (Sigma Aldrich) et d'eau MilliQ.6. A l'aide d'une éprouvette graduée, introduction de 50 mL de solution mère dans chaque erlenmeyer (V = 100 mL) puis ajout de 0,5 mL de suspension de NTC à 1 g.L -1 à l'aide d'une pipette. La concentration finale de NTC dans les erlenmeyers était de 10 mg.L -1 . Pour chaque condition expérimentale, les échantillons sont répliqués 5 fois. Les contrôles se font sans ajout de NTC. Agitation des erlenmeyers sur une plaque d'agitation (STUART) selon la durée définie pour l'expérience à 200 RPM et à température ambiante 8. A l'issue de l'agitation, le contenu des erlenmeyers est transféré dans des tubes Falcon (V = 50 mL). 9. L'ensemble des échantillons est placé dans une centrifugeuse (Eppendorf) et centrifugé à 4000 RPM pendant 5 min à 20°C. 10. Chaque échantillon est ensuite filtré à l'aide d'une seringue (BD Plastipak) et d'un filtre en polypropylène de 25 mm de diamètre et de porosité de 0,45 µm (VWR). Le filtrat est placé dans des tubes ICP en verre (V = 10 mL, Fisherscientific) 11. Dilution des échantillons en prélevant 100 µL d'un échantillon dilué dans 10 mL d'une solution d'acide nitrique (Sigma Aldrich) à 3% 12. Les échantillons sont réservés en chambre froide jusqu'à analyse par ICP-AES.

Figure 8 :

 8 Figure 8: Représentation schématique de la procédure de préparation des échantillons pour les expériences d'adsorption Les expériences sur le rapport de concentrations NTC/ETM et la durée de contact permettent de

Figure 9 :

 9 Figure 9: Classification des cinq types d'isothermes selon Brunauer et al.17(W : quantité adsorbée, P : pression d'équilibre de l'adsorbat, Po : pression de vapeur saturée d'équilibre de l'adsorbat, P/ Po : pression relative. La condensation se produit à P/ Po 16 ).
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 2 Analyse par faisceaux d'ions ( 13 C, ETM) L'analyse par faisceau d'ions repose sur la détection des radiations émises après l'interaction d'un faisceau d'ions avec les atomes de l'échantillon à analyser. Ce faisceau est généré par un accélérateur de particules, puis accéléré par une différence de potentiel (plusieurs millions d'électronvolts). Les ions se déplacent ensuite dans une ligne composée de déflecteurs pour guider la trajectoire, des fentes d'objets pour définir la taille du faisceau et contrôler sa position, une cage de Faraday pour mesurer l'intensité du faisceau, différentes lentilles pour focaliser le faisceau en un point de quelques micromètres, et enfin des plaques électrostatiques pour contrôler le balayage de l'échantillon. La chambre d'analyse, maintenue sous vide (10 -6 mbar), comprend plusieurs détecteurs permettant d'acquérir différents signaux. Plusieurs techniques analytiques peuvent être réalisées en utilisant la microsonde nucléaire, notamment l'émission de rayons X induite par des micro-particules (PIXE), la spectroscopie de rétrodiffusion Rutherford (RBS) ou l'analyse nucléaire par réactions (NRA) qui seront décrites ci-après. Ces différentes techniques ont été mise en oeuvre en mode imagerie grâce à l'utilisation d'un micro-faisceau.

Figure 10 :

 10 Figure 10: Modèle d'atome de Bohr illustrant le principe de la fluorescence X. L'excitation des rayons X conduit à l'éjection d'un électron de l'atome. La lacune générée est comblée par un électron de couche supérieure, un processus qui se traduit par l'émission d'un photon dont l'énergie est égale à la différence des énergies de liaison des deux couches impliquées dans la transition (d'après Fahrni 2007 22 )

  d'écologie fonctionnelle et environnement par David BAQUE et Frédéric CANDAUDAP (ARCOS FHX22, AMETEK Spectral, Toulouse, France).

Figure 11 :

 11 Figure 11: Schéma d'une machine d'ICP-AES25 

Figure 12 :

 12 Figure 12: Schéma du principe d'une qPCR (d'après Poitras et Houde 27 ) -phase de dénaturation (a) : le mélange réactionnel est chauffé à une température élevée

Figure 13 :

 13 Figure 13: Graphique représentant les documents contenant les mots clés clés « trace metal » et « carbon nanotube » ou « graphene » depuis 2004 à nos jours Ainsi, des études dans des milieux simplifiés (milieux aqueux) faisant intervenir un NMC comme

Figure 14 :

 14 Figure 14: Schéma récapitulatif des principaux résultats du chapitre n°3 (OM = Organic Matter, CNMs = nanomatériaux carbonés)

This work aimed at ( 1 )

 1 investigating the competitive adsorption of Cd(II), Cu(II), Pb(II) and Zn(II) on oxidized-double walled CNT (o-DWNCTs) at different environmentally relevant pH values ranging from 5 to 8 and with the establishment of isotherms and kinetics profiles, (2) comparing metal adsorption on o-DWCNT with other adsorbents (pristine DWCNT, pristine and oxidized-MWCNT, GO and, activated carbon (AC)) to clarify the influence of CNM intrinsic property influence and (3) exploring o-DWCNT/metal interactions in natural soil solution coming from soil with contrasting properties.

  order to get closer to environmentally relevant conditions, it has been decided to work in saturated metal concentrations compared to CNM adsorption capabilities. i.e. 1 mM for each metal and 10 mg.L - 1 for CNM. Four metals were selected for batch adsorption experiments (Cd, Cu, Pb and Zn: 1mM for Cd = 112.41 mg.L -1 , for Cu = 63.54 mg.L -1 , for Pb = 207.2 mg.L -1 and for Zn = 65.38 mg.L -1 ) due to their toxicity and environmental monitoring. First results showed that metal adsorption was the highest at pH = 7, 3 hours and these conditions were thus selected for batch adsorptions. To test the effects of CNM characteristics (SSA, diameter, surface oxidation), metal adsorption onto pristine DWCNT, pristine MWCNT and commercial pristine (8CNT), o-MWCNT, GO and AC were compared to o-DWCNT.

  were performed on RStudio software (version 3.4.1). First, 1-way ANOVAs were performed on adsorption data to test the effects of each parameters investigated in batch adsorption experiments (metal concentration, pH, time contact, OM concentration, soil solutions). The normality, independence and homoscedasticity of the residues were checked using Shapiro, Durbin-Watson and Breusch-Pagan tests, respectively. Data were transformed to log or square root if one of the three conditions of validity was not met. A non-parametric Kruskal-Wallis test was performed in case of failed transformations. Precipitations forms of Cd, Cu, Pb and Zn according to pH value and Pourbaix diagrams are available in SI Figure S4, S6, S7, S8, S9 and S10. They were made in Visual Minteq 3.1.

Figure 14 :

 14 Figure 14: Metal (Cd, Cu, Pb and Zn) adsorbed onto o-DWCNT depending on the pH (o-DWCNT concentration: 10 mg.L -1 , metal concentrations: 1 mM. Contact time: 3 hours, temperature: 18.3 ± 0.9 °C). Same lowercase letters indicate treatments that do not differ significantly following 1 way ANOVA. ANOVA has been performed within a pH value (p-value > 0.05; n=5)

Figure 15 :

 15 Figure 15: Multi-metallic Langmuir non-linear isotherm (A), linear isotherm (B) and Langmuir adsorption isotherm constants (C) for Cd, Cu, Pb and Zn with o-DWCNT (o-DWCNT concentration: 10 mg.L -1 , metal concentrations for isotherm modelling: 0.1-4 mM for Cd and Zn, 0.2-4 mM for Pb and 0.1-2.5mM for Cu, pH: 7, contact time: 3 hours, temperature: 18.3 ± 0.9 °C), qe: metal quantity adsorbed onto o-DWCNT (mM.g -1 ), Ce: equilibrium aqueous concentration (mM), qmax: maximal quantity of metal adsorbed onto o-DWCNT at the equilibrium calculated by Langmuir model (mM.g -1 ), qexp: experimental quantity of metal adsorbed onto o-DWCNT at the equilibrium (mM.g -1 ), KL= adsorption equilibrium constant, RL : separation factor, R 2 : correlation coefficient)

Figure 16 :

 16 Figure 16: Multi-metallic non-linear pseudo-second order (A) and pseudo-second order constants (B) for Cd, Cu, Pb and Zn with o-DWCNT (o-DWCNT concentration: 10 mg.L -1 , metal concentrations: 1 mM for Cd, Cu, Pb and Zn, pH: 7, contact time: 10 to 360 min -1 , temperature: 18.3 ± 0.9 °C, qe: metal quantity adsorbed onto o-DWCNT calculated by pseudo-second order model (mM.g -1 ), qt: total quantity of metals adsorbed onto o-DWCNT, k2= constant rate of the pseudo-second-order (g.mM.min -1) , R 2 : correlation coefficient)

Figure 17 :

 17 Figure 17: Metals (Cd, Cu, Pb and Zn) adsorbed onto different carbon based nanomaterials: graphene oxide (GO), oxidized double-walled CNT (o-DWCNT), oxidized multi-walled CNT (o-MWCNT), pristine double-walled CNT (DWCNT), commercial pristine MWCNT (8CNT) and activated carbon (AC) using a multi-metallic solution (CNM concentration: 10 mg.L -1 , metal concentrations: 1 mM, pH: 7, contact time: 3 hours, temperature: 18.3 ± 0.9 °C). Same lowercase letters indicate treatments that do not differ significantly within a CNM type following 1 way ANOVA. ANOVA was based on the same CNM types (pvalue > 0.05; n=5)

Figure 18 :

 18 Figure 18: Metals (Cd, Cu, Pb and Zn) adsorbed onto o-DWCNT using a multi-metallic solution according to OM concentration in the medium (o-DWCNT concentration: 10 mg.L -1 , metal concentrations 1 mM, pH: 7, contact time: 3 hours, temperature: 18.3 ± 0.9 °C, OM: Organic Matter). Same lowercase letters indicate treatments that do not differ significantly following 1 way ANOVA. ANOVA was performed within a same OM concentration (p-value > 0.05; n=5)

more

  Cu(II) and Pb(II) in experimental units with o-DWCNT than in experimental units without o-DWCNT implying that OM decreased the adsorption of Pb(II) and Cu(II) on the surface of o-DWCNT in a dose-dependent manner. One hypothesis is that OM adsorbed on the adsorption sites (-OH and -COOH) of o-DWCNT for which Pb(II) and Cu(II) have a more pronounced affinity than Cd(II) and Zn(II).

Figure 19 :

 19 Figure 19: Metals (Cd(II), Cu(II), Pb(II) and Zn(II)) adsorbed onto o-DWCNT using a multi-metallic solution diluted in two different soil solutions (o-DWCNT concentration: 10 mg.L -1 , metal concentrations 1 mM, pH2.1: 4.3, pH6S: 5.7, contact time: 3 hours, temperature: 18.3 ± 0.9 °C). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05; n=5)
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 122211 Figure S15 : Representative Raman spectra for o-DWCNT, o-MWCNT, 8CNT, AC and GO ( = 633 nm)

Figure S5 :Figure S7 :Figure S9 :Figure S11 :

 S5S7S9S11 Figure S5: Variation with pH of the zeta potential of an aqueous suspension of o-DWCNT (data from Zhang Bin, Master 2 report supervised by Emmanuel Flahaut)

Figure S162 :Chapitre 4 :

 S1624 Figure S162: Adsorption of Cd, Cu, Pb and Zn onto organic matter (OM) for tested concentrations. To calculate metals adsorption, same procedure was followed as to calculate metals adsorption onto CNM

Figure 22 :

 22 Figure 22: Plant morphological parameter assessment: dry weight/ fresh weight proportion (% of dry matter) (A), height (B), fresh weight (FW, C), and leaf area (D) of maize exposed for 6 weeks in soil contaminated with 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (pvalue > 0.05) following an ANOVA (n = 5).

Figure 23 :

 23 Figure 23: Quantum yield (A), total chlorophyll (B), total phenolic compounds (C), tannin concentration (D) and principal component analysis (PCA, E) on the micro-and macro-nutrient content (Ca, Cu, Fe, Cu, Mg, Mn, Na, P, S, Zn) represented by individuals and correlation circle graphs for maize leaves exposed to the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ) after a 6-week exposure in soil. Cos2 corresponds to the level of variable contributions (elements) to dimensions 1 and 2. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA (n = 5).

Figure 24 :

 24 Figure 24: Net ecosystem exchange (NEE, A), ecosystem respiration (RECO,B), H2O emission measured in presence of light (C) and in darkness (D) and CH4 emission measured in presence of light (E) and in darkness (F) for microcosms exposed to the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ) after a 6-week exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA and Kruskal-Wallis (CH4 in darkness) (n = 5).

Figure 25 :

 25 Figure 25: Multifunctionality index of microcosms exposed to the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ) after a 6-week exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA (n=5).

Figure

  Figure S2: rRNA 16S, nosZ, nirK, aob and aoa number of copies at the beginning of experiment for the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ) as determined by qPCR. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA.

  Figure S3: rRNA 16S, nosZ, nirK, aob and aoa number of copies at the end of experiment for the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ) as determined by qPCR. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA.

Figure S4 :Chapitre 5 :

 S45 Figure S4: Gross Primary Production (GPP) of microcosms for the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA.

Figure 26 :=

 26 Figure 26 : Schéma récapitulatif des principaux résultats issus de l'expérience du chapitre 5. Si aucune indication n'est présente, alors les résultats des marqueurs étudiés aux concentrations de 0.025 et 2.5 mg.kg -1 de NTC sont similaires. Sinon, une indiactaion est ajoutée pour délivrer les résultats obtenus à chacue des concentrations. Les marqueurs aux éclats grisés sont ceux pour lesquels de l'antagonisme a été identifié.

Figure 27 :

 27 Figure 27: Schéma récapitulatif des principaux résultats issus de l'expérience réalisée au cours du stage de M2

Figure 28 :

 28 Figure 28: Transmission Electronic Microscopy observation of MWCNT used in this study

Figure 29 :

 29 Figure 29: Ergosterol concentration in soil for the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a Kruskal Wallis test (n=5).

Figure 30 :

 30 Figure 30: (A) Pyranosidase, (B) 4-MUF-NAG, (C) Leucine amino-peptidase and (D) Phosphatase activity for the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (pvalue > 0.05) following a 3-way ANOVA (n=5).

Figure 31 :

 31 Figure 31: Litter decomposition in soil for the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 3-way ANOVA (n=5).

Figure 32 :

 32 Figure 32: Cd, Pb and Zn concentration in maize leaves grown in the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 3-way ANOVA (n=5).

Figure 33 :

 33 Figure 33: (A) Maize biomass, (B) DW/FW and (C) transpiration of maize leaves grown in the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a Kruskal Wallis (A) or a 3 way ANOVA (B and C, n=5).

Figure 34 :

 34 Figure 34: Total chlorophyll (A), total phenolic compound (B) and tannin (C) concentrations in maize leaves exposed to the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a Kruskal Wallis (A) or a 3 way ANOVA (B and C, n=5).

Figure 35 :

 35 Figure 35: NEE (A), RECO (B) and GPP (C) of microcosms exposed to the 9 modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg -1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg -1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg -1 of CNT) after 8 weeks of exposure. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 3-way ANOVA (n=5).

Table S2 :Chapitre 6 :

 S26 Elemental conentrations (B, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, P, Pb, S Zn) in soil for the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2.5 mg.kg-1 of CNT; MF0, MF0.025, MF2.5: TME Fresh soils (MF) with 0, 0.025 and 2.5 mg.kg-1 of CNT; MA0, MA0.025, MA2.5: TME aged soils (MA) with 0, 0.025 and 2.5 mg.kg-1 of CNT). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 3-way ANOVA test (n=5). Caractérisation du transfert de NTC et ETM au sein d'un réseau trophique reconstitué Afin d'établir l'écotoxicité d'une substance pour les écosystèmes, les écotoxicologues utilisent un indicateur simple pour rendre compte de la teneur de la substance rapportée à une masse donnée, communément appelé concentration. Or, les substances émergentes et en particulier les CNM se confrontent à des défis de détection qui permettent très difficilement d'établir la concentration de la substance dans une matrice environnementale carbonée. En effet, le contaminant et la matrice étant tous les 2 composés de carbone, il s'avère alors difficile de quantifier ces nanomatériaux d'autant plus quand on travaille aux concentrations environnementalement attendues (c'est-à-dire faibles). Des innovations techniques ont émergé ces 10 dernières années afin de détecter les CNM dans le vivant et de quantifier leur transfert pour déterminer pleinement leur potentielle toxicité en fonction de leur concentration. Parmi les innovations proposées pour détecter les CNM, l'enrichissement des CNM en isotopes stables ou radioactifs ( 13 C et 14 C, par exemple) semble être une méthode intéressante 1-4 . Par exemple, Petersen et al. ont réussi à détecter des NTC chez le ver de terre grâce à un enrichissement en 14 C. Mais l'utilisation de cet isotope radioactif, même s'il est efficace, présente des contraintes à la fois financières (précurseur extrêmement cher) et techniques (besoin de disposer de laboratoires « chauds » équipés d'une chambre de croissance). Ainsi, dans de précédents tests issus de la thèse de Liné (Liné, 2019 5 ), les NTC ont été dopés avec du 13 C. Mais avec un enrichissement à 17%, ces NTC n'avaient pas donné de résultats concluants, certainement en raison de l'enrichissement qui n'était assez élevé pour permettre leur détection. L'enrichissement des NTC par du Pb encapsulé à l'intérieur des tubes a aussi été testé par Camille Larue et Emmanuel Flahaut, mais dans ce cas, c'est la digestion acide des NTC pour libérer et doser le Pb qui s'est avérée problématique. Aussi, d'autres techniques ont été proposées avec des techniques d'observations optiques 4,6,7 , Raman 8 et de chauffage induit par micro-ondes 9 qui doivent encore être développées afin de fournir des résultats probants.Outre le manque dans la détection et la caractérisation des concentrations des CNM dans des matrices biologiques, les études qui cherchent à établir le transfert des CNM le long des réseaux trophiques sont à ce jour peu représentées dans la littérature scientifique. Chae et An. (2020) ont étudié le transfert de nanoplatsiques le long d'une chaine trophique reconstituée et ont confirmé le transfert trophique de nanoplastiques par fluorescence des sols vers les haricots mungo (Vigna radiata) puis vers les escargots géants africains (Achatina fulica) 10 . L'étude du transfert de nanoparticule d'argent depuis la laitue jusqu'aux escargots (Achatina fulica) a révélé des facteurs de transfert trophique de 2,0 à 5,9 dans le corps mou des escargots avec une bioamplification importante des nanoparticules d'argent. Ainsi, il semble que l'escargot soit un modèle biologique enclin au transfert trophique de nanoparticules. La caractérisation du transfert par voie trophique est plus que nécessaire afin de 1) caractériser l'exposition réelle en NMC pour les organismes dépendant des agrosystèmes et 2) garantir la sécurité sanitaire. D'autres incertitudes accompagnent l'étude de cette voie d'exposition notamment celle liée à la possibilité d'un effet « cheval de Troie » pour d'autres contaminants tels que les ETM en raison des interactions entre ces deux substances qui ont été étudiées dans les précédents chapitres. Ici, un design expérimental plus complexe a été mis en place, avec l'utilisation d'un consommateur primaire sensible et considéré comme sentinelle pour la surveillance des ETM 11 en raison de ces deux voies d'exposition (trophique via l'ingestion de laitue ou environnementale via le contact avec un sol contaminé combinant exposition dermique et par voie orale) afin d'approfondir les connaissances sur l'écotoxicité de substances en mélange. Une attention particulière a été portée dans ce chapitre sur la synthèse et la quantification du transfert de NTC fortement enrichis en 13 C (100%) le long d'un réseau trophique reconstitué.

parties.

  Bien que non statistiquement mise en évidence, une tendance a l'accumulation de NTC dans la glande digestive de l'escargot par voie trophique a été observée. L'exposition conjointe en NTC et ETM a augmenté le transfert de Zn dans les feuilles de laitues. De la même manière, l'ajout de 10 mg.kg -1 de NTC a augmenté le transfert de Cu dans la glande digestive de l'escargot par le la voie d'exposition par le sol. Aucune toxicité n'a été observé sur la biomasse des escargots aussi bien par exposition individuelle des NTC et ETM que par exposition conjointe, quel que soit la voie d'exposition (exposition trophique vs exposition par le sol). Les résultats de ce chapitre offrent de plus amples informations quant au transfert des NTC le long d'une chaine trophique et quant à la modification du transfert des ETM par les NTC chez la laitue et l'escargot.

Figure 36 :

 36 Figure 36: Schéma bilan des principaux résultats du chapitre 6

  were synthesized at the Interuniversity Center of Materials Research and Engineering (CIRIMAT, Toulouse University). In brief, a catalytic powder was prepared by impregnation of MgO powder (Honeywell, ref. 372493) by Co (cobalt nitrate hexahydrate) and Mo (ammonium heptamolybdate)salts to reach an elemental composition of Mg0.99(Co0.0075Mo0.0025)O. After incubation 1h at 50°C, the suspension was frozen in liquid nitrogen to limit sedimentation, before freeze drying. The obtained powder was calcined in air at 450°C for 1h in air flow. 1g of catalytic powder was introduced in an alumina boat, placed at the center of a quartz reactor. A N2 flow (3 L.h -1 ) was used to carry EtOH vapors by flowing in a flask containing 2 g of 100%13 C ethanol (Sigma-Aldrich, CAS 14742-23-5, ref Sigma 427039). The flask was immerged in an oil bath thermostatically controlled at 25°C to avoid interferences from room temperature variations. A heating wire (60°C) was rolled around the hose connecting the EtOH reservoir to the reactor to avoid the condensation of EtOH vapors. The catalytic powder was heated at 850°C (5°C/min) in N2 atmosphere (3 L.h-1 

  Preliminary tests were carried out to check the normality, independence and homoscedasticity of the residues using Shapiro, Durbin-Watson and Breusch-Pagan tests, respectively. If one of the three conditions of validity was not met, data were transformed to log or square root and a Kruskal-Wallis test was performed in the case of failed transformations. Principal component analyses (PCA) were performed on the elemental concentrations in plants, digestive glands and faeces. Statistical analyses were performed on RStudio software (version 3.4.1).

Figure 39 :

 39 Figure 39: PCA on the concentrations of nutrients (B, Ca, Fe, K, Mg, Mn, Mo, P and S) in lettuce leaves (A, B) and snail digestive glands (C, D) for the six exposure modalities (0: control soils without CNT, 0.1: CNT exposure at 0.1 mg.kg -1 , 10: CNT exposure at 10 mg.kg -1 , TME: soils with added trace metals (final concentrations: Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: soils with added trace metals and CNT exposure at 0.1 mg.kg -1 and TME 10: soils with added trace metals and CNT exposure at 10 mg.kg -1 ) at the end of exposure (2 weeks). PCA represent individuals and correlation circle graphs and Cos2 corresponds to the level of variable contributions (elements) to dimensions 1 and 2.

Figure 40 :

 40 Figure 40: Average biomass of snails fed with control or contaminated lettuce leaves for 14 days for the six exposure modalities (CTRL: control soils, 0.1: fed with plants exposed to CNT at 0.1 mg.kg -1 , 10: fed with plants exposed to CNT at 10 mg.kg -1 , TME: fed with plants exposed to soils with trace metals (final concentrations: Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: fed with plants exposed to soils with trace metals and CNT at 0.1 mg.kg -1 and TME 10: fed with plants exposed to soils with trace metals and CNT at 10 mg.kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 2 way ANOVA (n = 5).

Table 10 :

 10 Average total concentrations and standard deviation (n = 5) of Cd, Cu, Pb and Zn contained in (A) the digestive gland and (B) faeces (mg.kg -1 dry weight) of snails after a 10-day exposure for the six exposure modalities (CTRL: control soils, 0.1: soil contaminated with 0.1 mg.kg -1 CNT, 10: soil contaminated with 10 mg.kg -1 CNT, TME: soils with added trace metals (final concentrations: Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: soil contaminated with trace metals and 0.1 mg.kg -1 CNT and TME 10: soil contaminated with trace metals and 10 mg.kg -1 CNT. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 2 way ANOVA for Cd, Pb and Zn and Kruskal Wallis test for Cu for digestive gland transfer results (A) and a 2 way ANOVA test for faeces results (B).

Figure 41 :

 41 Figure 41: PCA on the concentrations of nutrients (B, Ca, Fe, K, Mg, Mn, Mo, P and S) in snail digestive glands for the six exposure modalities (0: control soils without CNT, 0.1: CNT exposure at 0.1 mg.kg -1 , 10: CNT exposure at 10 mg.kg -1 , TME: soils with added trace metals (final concentrations: Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: soils with added trace metals and CNT exposure at 0.1 mg.kg -1 and TME 10: soils with added trace metals and CNT exposure at 10 mg.kg -1 ) at the end of exposure (2 weeks). PCA represent individuals (A) and correlation circle (B) graphs and Cos2 corresponds to the level of variable contributions (elements) to dimensions 1 and 2.

Figure 42 :

 42 Figure 42: Average snail biomass after a 10-day soil exposure for the six exposure modalities (0: control soils without CNT, 0.1: CNT exposure at 0.1 mg.kg -1 , 10: CNT exposure at 10 mg.kg -1 , TME: soils with added trace metals (final concentrations: Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: soils with trace metals and CNT exposure at 0.1 mg.kg -1 and TME 10: soils with trace metals and CNT exposure at 10 mg.kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a 2 way ANOVA (n = 5).

= 5 :

 5 Cdadsoprtion = 0.15 mM.g -1 , Cuadsoprtion = 0.17 mM.g -1 , Pbadsoprtion = 0.92 mM.g -1 et Znadsoprtion = 0.73 mM.g -1 ). En revanche, des adsorptions plus prononcées seraient attendues à pH neutre à faiblement basique (pH= 7-8) et les quantités adsorbées dépendraient de l'ETM considéré puisqu'ils ne présentent pas tous les mêmes affinités pour les sites d'adsorption dans cette gamme de pH. Par exemple, le Cu et le Pb s'adsorberaient davantage que le Cd et le Zn (à pH = 7 : Cdadsoprtion = 0.71 mM.g -1 , Cuadsoprtion = 5.77 mM.g -1 , Pbadsoprtion = 4.22 mM.g -1 et Znadsoprtion = 1.58 mM.g -1 ). Dans un sol pauvre en MO, l'adsorption des ETM ne serait pas modifiée tandis que l'adsorption du Cu et Pb serait diminuée dans un sol riche en MO (avec 0 mg.L -1 de MO : Cdadsoprtion = 0.53 mM.g -1 , Cuadsoprtion = 1.27 mM.g -1 , Pbadsoprtion = 5.51 mM.g -1 , Znadsoprtion = 1.12 mM.g -1 vs 20 mg.L -1 de MO : Cdadsoprtion = 1.41 mM.g -1 , Cuadsoprtion = -2.87 mM.g -1 , Pbadsoprtion = 0.35 mM.g -1 , Znadsoprtion = 0.91 mM.g-1 

  Les modifications de transfert des ETM (et des autres éléments présents) sont en partie liées aux propriétés des NMC. Les expériences d'adsorption ont révélé que l'adsorption était plus importante pour des NMC oxydés que pour des NMC bruts. Par exemple, l'adsorption cumulée de Cd, Cu, Pb et Zn était de 17,52 mM.g -1 pour les NMC oxydés (GO, o-DWCNTs et o-MWCNTs) tandis qu'elle n'était que de 7,85 mM.g -1 pour des NTC bruts de synthèse (DWCNTs, 8CNTs et AC). Ainsi, les matériaux oxydés sont plus enclins à modifier le transfert des ETM que les matériaux bruts en raison de leurs plus fortes interactions, qui pourraient être liées à la nature des interactions NMC/ETM qui diffèrent selon l'oxydation du matériau (chimisorption pour matériaux oxydés vs physisorption pour des matériaux bruts). Il semble aussi que d'autres propriétés des NMC régissent les interactions NMC et ETM mais davantage de recherches sont nécessaires pour répondre pleinement à la question. Une autre conclusion de ce travail est la véritable importance de la prise en compte des conditions édaphiques dans l'évaluation des risques tant elles influencent le comportement des NTC et la biodisponibilité et spéciation des ETM ainsi que le comportement des organismes inféodés. Tout d'abord, il est reconnu que le transport des NMC dépend de la texture du sol de telle sorte que les NMC ont tendance à avoir une plus grande rétention (faible transport) dans les sols argileux que dans les sols sableux 5-8 . De plus, on peut poser l'hypothèse que les NMC s'agglomèrent de manière plus prononcée (réduisant leurs possibilités d'interactions) dans les sols sableux où leur transport est facilité en comparaison avec les sols argileux où le transport est limité. Ces deux derniers points pourraient être une explication sur les différences observées dans l'impact des NTC sur le transfert d'ETM entre les sols argileux (modification du transfert des ETM, argiles: 11,8%, limons : 82,2%, sables : 5,9%) et le sol standard Lufa Speyer 2.1 (pas d'effet de l'ajout des NTC sur le transfert des ETM, argiles : 1,1%, limons : 16,8%, sables : 82,1%). A l'inverse, dans les sols argileux, il y aurait davantage d'hétéroagglomération avec le complexe argilo-humique et les ions de la solution de sol. Outre la texture du sol, les études d'adsorption ont démontré une forte influence du pH sur l'adsorption des ETM en surface des NMC. La gamme de pH à laquelle la plus forte adsorption est observée se situe entre 7-8, or le pH du sol Lufa Speyer 2.1 pour lequel il y a eu peu ou pas de modification de transfert d'ETM se situe autour de pH = 5, alors que le pH des sols historiquement contaminés de MetalEurop, quant à eux, étaient de 7,0 et 7,2. De plus, au-delà des phénomènes d'adsorption des ETM en surface des NTC, la spéciation des ETM s'avère également étroitement liée au pH du sol 30 . Ainsi, selon le pH du sol, les formes ioniques des ETM peuvent être plus ou moins biodisponibles et toxiques pour les organismes exposés. Pour essayer de d'avancer un peu plus sur l'influence du pH sur l'adsorption élémentaire, une expérience complémentaire confiée à des étudiants de master a mis en évidence que la réhausse de 1 ou 2 points de pH du sol Lufa Speyer 2.1 (de pH = 4.7 à pH = 5.7 et pH = 6.7, cf annexe 1-2-3 p268-269-270) n'a pas modifié le transfert de Cd, Pb et Zn chez le maïs. Une nouvelle hypothèse découlant de ces résultats est donc le rôle de l'espèce végétale dans les réponses aux contaminants puisque les modifications de transfert ont été constatés sur la laitue (sur sol historiquement contaminé à pH = 7-7,2). Ce rôle avait d'ailleurs déjà été mis en avant dans une précédente étude au laboratoire 31 et fait actuellement l'objet d'une expérience dédiée. sont mobiles. Ainsi, les plantes fixées sont contraintes par l'environnement dans lequel elles croissent et dépendent totalement des conditions édaphiques et des contaminations dans le sol tandis que les vers de terre et escargots, de par leur mode de vie mobile, peuvent adopter des comportements afin de limiter leur exposition. Par exemple, au cours de l'expérience menée avec les vers de terre, davantage d'observations visuelles de vers de terre hors du sol ont été faites en fin d'expérience dans les unités aux plus fortes contaminations ce qui n'était pas le cas pour les unités expérimentales aux plus faibles contaminations. D'ailleurs, quelques exemples d'évitement plus prononcés des vers de terre pour des environnements contaminés par plusieurs substances que par une seule substance sont disponibles dans la bibliographie 33,34 . De plus, les plantes et les escargots/ ne présentent pas les mêmes voies d'exposition, qui peuvent aussi moduler les effets des NMC sur le transfert des ETM. En effet, les producteurs primaires sont exposés de manière directe par la voie racinaire, tandis que les escargots peuvent être également exposés via le sol (exposition dermique et ingestion de sol) et par voie trophique. Par exemple, dans l'expérience du chapitre 6, l'augmentation du transfert de Zn et dans une moindre mesure du Cd chez la laitue en raison de l'ajout de 10 mg kg -1 de NTC est accompagné par une augmentation de la concentration de

  qui, par divers processus, permettent de les rendre moins toxiques. Toutefois, tous les organismes ne possèdent pas les mêmes capacités de détoxification des ETM et la modification du transfert des ETM par les NMC peut s'avérer plus ou moins toxiques selon les mécanismes qu'ils possèdent. Enfin, l'avenir des ETM adsorbés en surface des NMC dans les organismes reste pour le moment incertain. En effet, au regard du comportement d'adsorption des ETM en fonction du pH du milieu, il est difficile de savoir si les ETM restent adsorbés en surface des NMC ou s'ils se désorbent suite à un changement de milieu au pH différent. D'après les résultats des expériences d'adsorption, les interactions NMC/ETM sont plus prononcées à pH = 7-8 qu'à pH = 5-6. Ainsi, il est donc par exemple possible que des désorptions métalliques puissent se produire une fois les NMC internalisés notamment dans les vacuoles chez les végétaux (pH vacuole : 5,5046 ), et que d'autres ETM et éléments présents dans le tractus digestif des vers de terre/escargots s'adsorbent en surface des NMC (pH tractus digestif : 6.947 ) laissant ainsi incertaines les interactions NMC/ETM une fois absorbés et intégrés chez l'Homme (pH estomac : 1 à 3, pH intestin autour de 8). Aussi, des indices dans les expériences d'adsorption nous suggèrent que des ETM peuvent s'adsorber rapidement en surface des NMC puis se désorber pour laisser la place à d'autres ETM présentant une affinité plus élevée. En effet, l'expérience de cinétique d'adsorption du chapitre 3 a révélé que le Zn s'adsorbait plus rapidement que le Pb (constante de vitesse de pseudosecond ordre (K2) du Zn: 0,26 g.mM.min -1 vs K2Pb : 0,18 g.mM.min -1 ) mais à l'issue des 6h d'interaction entre NTC et ETM, les quantités de Pb adsorbées étaient plus importante que le Zn en raison de sa plus grande force d'interaction avec les NTC (quantité de Pb adsorbé à l'équilibre (qe) : 2.50 mM.g -1 vs qeZn : 1.64 mM.g -1 et constante d'équilibre de Langmuir (KL) du Pb: 9.24 vs KLZn: 0.23).Quatrièmement, différents schémas de transfert des ETM en raison de l'ajout de NMC ont été observés aussi bien dans la bibliographie que dans les expériences menées dans nos travaux et pourraient être liés à l'espèce végétale. En effet, Gong et al.48 ont observé une augmentation du transfert de Cd de 15%, 12% ou 9% dans les feuilles de Boehmeria nivea (dicotylédone, Rosidée) avec l'ajout de 100, 500 ou 1000 mg.L -1 de NTC dans le sol tandis que Chen et al.49 n'ont pas observé de modifications de transfert de Cd chez Solanum nigrum L. (dicotylédone archaïque, Magnolidée), avec l'ajout de 100, 500, 1000 mg.kg -1 dans le sol. Dans le présent travail, l'ajout de NTC a modifié à deux reprises le transfert des ETM chez la salade (dicotylédone, Astéridée) tandis qu'aucune modification n'a été observée chez le maïs (monocotylédone, Commélinidée). En effet, l'ajout de 0,1 mg.kg -1 a diminué la concentration de Cd, Zn et dans une moindre mesure de Pb chez Lactuca sativa de 29%, 32% et 30% dans l'une des expériences du chapitre 5, et le transfert du Zn a augmenté de 162% avec l'ajout de 10 mg.kg -1 de NTC. Ces différences peuvent être liées aux groupes de plantes à laquelle elles appartiennent, le maïs est une plante monocotylédone, au réseau racinaire plus développé et possède plus de surface de contact avec le sol que les plantes dicotylédones (comme la laitue) au réseau racinaire moins ramifié50 . Dès lors, un système racinaire plus développé, comme pour les monocotylédones, pourrait impliquer des interactions accrues entre les racines des plantes et les NTC présents dans le sol. Ainsi, les NTC pourraient davantage 1) obstruer l'entrée d'eau chez le maïs en s'accumulant autour des racines, et être ainsi responsables du stress hydrique visible chez cette espèce (chapitre 4 et 5) et/ou 2) pénétrer et s'accumuler dans les racines menant également à une obstruction du transport d'eau chez les monocotylédones. Il est intéressant de noter qu'en plus des indices qui démontrent d'un stress hydrique chez le maïs monocotylédone dans ce manuscrit, une précédente étude de Liné et al. 31 avait mis en évidence que parmi les 4 espèces végétales étudiés, seul le maïs monocotylédone présentait un retard de développement (taille) et de teneur en eau contrairement aux autres plantes dicotylédones (tomate, colza et concombre). A l'inverse, les plantes dicotylédones comme la laitue, auraient un système racinaire moins développé, impliquant des interactions entre racines et NTC moins prononcées, conduisant à moins ou pas 1) d'obstruction d'eau chez la laitue et/ou 2) d'entrée et d'accumulation de NTC dans les racines chez les dicotylédones pour lesquels aucun stress hydrique n'a été observé dans ce manuscrit comme chez les 3 espèces de cotylédones 31 (tomate, colza et concombre). Un point qui reste à éclairer concerne les différences observées dans la modification de transfert des ETM par les NTC entre les deux clades de plantes. Suivant les hypothèses énoncées précédemment, les NTC avec des ETM adsorbés chez les monocotylédones pourraient stagner et s'accumuler dans les racines, tandis que leur transport jusqu'au partie aérienne des dicotylédones pourrait se réaliser sans encombre, chez qui ont observe des modifications de transfert.Enfin, même si aucune modification de transfert des ETM n'a été observés dans les parties aériennes du maïs, il se peut que des modifications aient eu lieu dans d'autres parties de la plante comme dans les racines, de lesquelles les NTC s'accumulent. D'ailleurs, le maïs est connu pour accumuler davantage de Cd, Cu, Pb et Zn dans les racines que dans les parties aériennes51 .

  évidence dans le cadre des études du manuscrit. Seule l'expérience sur le maïs du chapitre 5 et celle du chapitre 6 possède un design expérimental permettant de caractériser ce type d'interactions. Or, l'expérience sur le maïs semble peut encline à ces interactions en raison de l'absence de modification représentativité environnementale s'avère essentielle car les interactions entre espèces inhérentes des écosystèmes peuvent être à l'origine de rétroactions tant sur le transfert des contaminants que sur leur toxicité. En effet, l'approche intégrative de l'expérience ayant fait intervenir les vers de terre et la laitue a démontré des comportements de rétroactions en raison des conditions édaphiques à savoir que la bioturbation des vers de terre était plus élevée dans les sols à forte concentration en MO, ce qui a sans doute participé à la dispersion des NMC dans le sol et qui pourrait ainsi avoir mené aux différences de transfert des ETM chez la laitue observées avec celles exposées aux sols moins contaminés en ETM avec moins de MO. Les liens et interactions entre espèces inféodés à un même écosystème sont étroits or la plupart des études réalisées à ce jour ne permettent pas que ces interactions entre espèces puissent se réaliser. En effet, la majorité des designs expérimentaux des études de la bibliographie sont construits de façon à caractériser l'écotoxicité des contaminants sur une seule espèce. Aussi, grâce à l'évolution des outils en écologie de nouveaux indicateurs s'offrent aux écotoxicologues afin d'avoir une vision plus globale du fonctionnement de l'écosystème comme les approches à l'aide d'index multifonctionnel, afin d'accompagner les interprétations des marqueurs à l'échelle individuelle. Ainsi, il a été observé dans l'expérience du chapitre 3 que des effets toxiques sur les biomarqueurs à l'échelle individuelle pouvaient être prononcés mais ne pas être mis en évidence par les écomarqueurs (index multifonctionnel) puisque compensés à l'échelle globale du système.

☛☛

  et ceci soulève des questions quant aux devenir de ces contaminants dans les agrosystèmes et dans les écosystèmes connexes. Une fois intégrés dans les écosystèmes, les NMC agiront ils comme vecteurs d'entrée des pesticides comme il a pu être observé avec les ETM ? Aussi, qu'en est-il du devenir des NMC s'ils sont appliqués directement sur les plantes d'intérêt agronomique ? Par exemple, une étude intéressante de Gao et al. 65 a mis en évidence une diminution du transfert de Cd de 19% et 33% dans les racines et feuilles respectivement suite à une pulvérisation foliaire de GO, qui a provoqué des effets antagonistes sur la qualité nutritive (vitamine C) en diminuant la toxicité du Cd du sol chez Lactuca sativa. Cette voie d'exposition semble donc aussi encline aux interactions NMC/ETM et bien que spéculatif, les résultats peuvent laisser penser à ce que les NMC pulvérisé soient transporté hors de la plante dans la rhizosphère, comme ce qui a été démontré avec des nanoparticule d'or 66 . Enfin, la plupart des designs expérimentaux utilisés dans la littérature ne permettent pas de mettre en évidence les possibles interactions entre contaminants notamment les phénomènes de synergie et d'antagonisme puisqu'ils ne testent pas l'effet individuel à la fois des NMC et des ETM et les effets conjoints de ces deux contaminants. Afin d'établir un diagnostic complet et des réponses quant aux effets des interactions des contaminants en mélange, il est plus que nécessaire de réaliser des études aux designs expérimentaux qui permettent de caractériser les interactions. Le document "Mélanges de polluants, toxicité, écotoxicité et évaluation des risques" paru en 2011 67 fournit de multiples possibilités dans les outils statistiques et méthodes qui permettent de caractériser les interactions des contaminants en mélange tel que les iso-bologrammes, polygonogrammes et des méthodes où les effets des mélanges sont comparés à deux modèles de références (addition des effets et modèle d'indépendance d'action). Toutefois, les compétences et connaissances requises pour utiliser de tels outils ne sont, à ce jour, pas assez maîtrisées par les chercheurs/institutions gouvernementales et la communication et leur formation à ces outils semble plus que nécessaire dans le cadre où des interactions entre contaminants sont évidentes. Les effets synergiques et/ou antagonistes en raison de l'exposition conjointe NMC/ETM qui ont été répertoriés dans la littérature et observés dans le présent manuscrit ne permettent pas d'établir des généralisations tant les facteurs qui régissent les interactions entre contaminants sont importants et tant les réponses biologiques diffèrent. Organisation de la journée des doctorants (03 janvier 2022 -12 mai 2022) Laboratoire d'écologie fonctionnelle et environnement 5 heures enregistrées par : SDU2E -Sciences de l'Univers, de l'Environnement et de l'Espace. Total du nombre d'heures pour la catégorie Qualité de vie au travail : 5 h Catégorie : Éthique et intégrité scientifique ☛ Ethique et intégrité scientifique (04 mai 2021 -4 mai 2021) Université Fédérale de Toulouse Midi Pyrénées -Maison de la Recherche et de la Valorisation (MRV), 75 Cours des Sciences, 118 route de Narbonne 6 heures Total du nombre d'heures pour la catégorie Éthique et intégrité scientifique : 6 h Catégorie : International, Langues ☛ Cours d'anglais/English Le lieu et la salle ne pourront être communiqués qu'au moment de l'organisation du cours 15 heures Note : 13 Total du nombre d'heures pour la catégorie International, Langues : par : SDU2E -Sciences de l'Univers, de l'Environnement et de l'Espace. par : SDU2E -Sciences de l'Univers, de l'Environnement et de l'Espace. La formation participe à l'objectif suivant : conforter la culture scientifique des doctorants dans leur champ disciplinaire ou en interdisciplinaire ☛ Séminaire d'Écologie Politique (SÉMÉCOL) -Ecologie et travail : Réinventer le travail pour des sociétés d'heures pour la catégorie Interdisciplinarité / Scientifique : 12 h Catégorie : Méthodologie de la thèse recherche documentaire et publication ☛ MOOC : Rédiger et publier un article scientifique (28 juin 2021 -27 juin 2022) Formation à distance 16 heures Total du nombre d'heures pour la catégorie Méthodologie de la thèse recherche documentaire et publication : 16 h Catégorie : Pratiques pédagogiques pour l'Université ☛ Améliorer les situations d'enseignement/apprentissage pour rendre les étudiants acteurs de leur apprentissage (07 juin 2021 -7 juin 2021) Université Fédérale de Toulouse Midi Pyrénées-Maison de la Recherche et de la Valorisation (MRV) 75 Cours des Sciences 118 route de Narbonne 6 heures ☛ MOOC : Se former pour enseigner dans le supérieur (08 septembre 2021) Formation à distance 24 heures Pratiques théatrales pour la didactique (04 juin 2021) Université Fédérale de Toulouse Midi Pyrénées -Maison de la Recherche et de la Valorisation (MRV) 75 Cours des Sciences, 118 route de Narbonne 6 heures Total du nombre d'heures pour la catégorie : 36 h Total participation : 90 heures / 10 modules

  

  

  

  

  

  

  

  

  

  

  

  

  

en mg.kg -1 ms) Concentrations limites autorisées dans les boues de STEP (mg.kg -1 ms)

  Tableau 1 : Concentrations limites des ETM dans les sols agricoles européens et dans les boues de STEP à usage agricole enEurope (Directive 86/278/EEC53 , ms = matière sèche).

		Concentrations limites
	ETM	autorisées dans les sols (6 <
	pH < 7 Cd	1-3	20-40
	Cu		50-140	1000-1750
	Ni		30-75	300-400
	Pb		50-300	750-1200
	Zn		150-300	2500-4000
	Hg		1-1.5	16-25
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Table 2 :

 2 

		Cd	Cr	Cu	Hg	Ni	Pb	Zn
		(n=20)	(n=13)	(n=17)	(n=19)	(n=9)	(n=20)	(n=19)
	qmCNT	12.4 (± 9.9)	3.1 (n=1)	22.9 (± 2.6)	24.4 (± 38.9)	11.1 (± 3.8)	30.9 (± 2.6)	35.6 (± 9.4)
	qmCNT-oxidized	35.9 (± 28.2)	21.3 (± 11.7)	37.4 (± 27.3)	27.3 (n = 1)	49.2 (n = 1)	75.7 (± 31.3)	24.4 (± 28.8)
	qmGO	306.9 (± 315.7)	-	183.3 (± 156.6)	-	84.4 (± 19.7)	1280.7 (± 516.5)	

Mean of maximum adsorption (qm = mg.g -1 ) of metal(loid)s (Cd, Cr, Cu, Hg, Ni, Pb and Zn) on the surface of carbon nanotubes (CNT), oxidized carbon nanotubes (CNT-oxidized) and graphene oxide (GO) in monoelemental conditions extracted from the reported studies in Table

S1

described with Langmuir model. Data were selected on restricted pH range (4 < pH < 8) in which adsorption is favored (ntot=117).

Table 3 :

 3 Maximum adsorption capacity of different CNM established by adsorption models for various metal(loid)s in multi-elemental conditions extracted from the cited articles (SSA = specific area (m 2 .g -1 ), qm = maximum modelled adsorption (mg.g -1 ), R 2 = correlation coefficient, C = metal concentration range (mg.L -1 ), A = Adsorbent dosage (mg.L -1 ), T = temperature (°C), Ct = Contact time (hours), RPM = agitation (Rotation Per Minutes))

				Isotherm model					Parameters
	M n+	Adsorbent	SSA	Langmuir qm R2	C	A	Seq affinity	T Ct pH RPM	References
	Cd(II),									
	Cu(II), Pb(II),	MWCNT	61.5			1	2500 to 15 000	Cu>Zn>Pb>Cd		2 7 400 Salam et al. 65
	Zn(II)									
	Cu(II), Pb(II), phenol	N2H4-SH-Fe3O4/o-MWCNT		Pb: 40, 56 Zn: 21, Phenol:	Pb: 0.91, 0.9 Zn: 0.96, Phenol:	20 to 60	200	Pb>Cu	25 12 6	Jiang et al. 69
	Pb(II), Cu(II), Ni(II)	carbonaceous nanofibers	150.3	Pb: Ni: 64.6 470.3, Cu: 98.5,		0.1 to 0.6 mmol.L -1 5.9 to 35 mg.L -1 ) (Pb: 20.7 to 124.3 ; Cu: 6.5 to 39.3 ; Ni:	200	Pb>Cu>Ni	25	5.5	Ding et al. 70
	Cd(II),			Cd: 66.8,						
	Hg(II),	GO		Hg: 55.4,			333.3	Cd>Hg>As		
	As(II)			As: 23.7							Alimohammady
	Cd(II), Hg(II), As(II)	GO-3-aminopyrazole		Cd: 85.3, As: 38.3 Hg: 74.6,		20	333.3	Cd>Hg>As		2 8 250	et al. 71
	Cd(II),									
	Cu(II), Pb(II),	GO				5 µmol.g -1 of GO	100	Pb>Cu>Cd>Zn			Sitko et al. 66
	Zn(II)									

Table 4 :

 4 Effects of simultaneous CNM-metal(loid) exposure on transfer and associated toxicity for three representative agrosystem organisms (bacteria, earthworms and plants). The light bluelines represent studies with hydroponic exposure and the dark blue lines represent studies with soil exposure (SOD = superoxide dismutase, POD = peroxidase, MDA = malondialdehyde, CAT = catalase, GR = glutathione reductase, GP = glutathione peroxidase, Chlo = chlorophyll, n.p = data not provided).

	Type and		Type and						
	CNM concentratio	CNM size	metal(loid) concentratio	Organisms	Exposure medium	Exposure duration	Transfer effects	Interactive toxicological effects	References
	n		n						
	GO (0, 1 and 10 mg.kg -1 )	n.p	Cd (0 and 1 mg.L -1 )	Plant: Oryza sativa	Culture solution	30 days	Increase of Cd transfer: +15% and +32% of Cd in roots and shoots with addition of 10 mg.L -1 GO compared to control (without GO with Cd)	No interactive effects on germination and dry biomass of roots and shoots	Li et al. 23
	GO (0.1, 1, 10 mg.L -1 )	n.p	As (0 and 10 mg.L -1 )	Plant: Triticum aestivum	Water	n.p	Compared with the 19.9% rate of As uptake recorded without GO exposure, the uptake rate of As increased to 24.6% and 32.1%, then decreased to 1 and 10 mg.L -1 , respectively 16.1% in the presence of GO concentrations of 0.1,	Synergic effects in the presence of both contaminants: reduction of root number and pigments (chlo a/b) and POD), decrease of photosynthetic fresh biomass, reduction of root length, increase of antioxidant enzymes activity (SOD	Hu et al. 24
								Synergic effects: decrease in dry mass of roots	
	GO (0, 1, 2.5,							and shoots, decrease in chlorophyll	
	5, 10, 20, and	n.p	Cd (0, 1, and 5 mg.L -1 )	Plant: Triticum aestivum	Water	7 days	Increase of Cd transfer in roots and leaves at every GO and Cd concentrations tested.	concentration and rubisco, increase in H2O2 and O2 concentration in roots and leaves,	Gao et al. 25
	40 mg L -1 )							increase in antioxidant enzymes activity	
								(MDA, POD and SOD)	

Table S2 .

 S2 Mean of lowest metal(loid) amount added that resulted in a decrease in the rate of basal respiration of soil bacteria (LOAED) or the highest amount of metal added that did not produce an effect (HNOED) for Cd, Cr, Cu, Hg, Ni, Pb and Zn according to McGrath et al.46 (unit : µg.g -1 ).

	n+ As(III) As(V) Cd(II) Co(II) Cr(III) Cr(VI) Cu(II) Hg(II) Ni(II) Zn(II) Pb(II)	Adsorbent MWCNT-ZrO2 Fe-MWCNT ethylenediamine-MWNCT-Fe 2+ ethylenediamine-MWNCT-Fe 3+ Fe-MWCNT Fe-MWCNT O-CNT O-Carbon nanofibers HNO3-modified CNT O-MWCNT ethylenediamine-functionalized-MWCNT MWCNT Oxidized CNT SWCNT-COOH SWCNT GO GO Oxidized CNT CNT soaked in HNO3 CNT refluxed in HNO3 GO O-MWCNT Oxidized MWCNT CNT Oxidized CNT acid-refluxed CNT aligned Ceria CNT O-MWCNT HNO3-modified CNT CNT CNT-calcium alginate MWCNT Sulfonate-MWCNT Oxidized CNT SWCNT-COOH SWCNT CNT soaked in HNO3 CNT refluxed in HNO3 As-produced CNT HNO3-modified CNT NaOCl-modified CNT As-grown CNT Oxidized CNT GO GO GO MWCNT MWCNT MWNCT MWCNT 3-Mercaptopropyltriethoxysilane (MPTS) grafted MWCNT-Fe3O4 O-MWCNT OH-MWCNT COOH-MWCNT MWCNT 3-Mercaptopropyltriethoxysilane (MPTS) grafted MWCNT-Fe3O4 SWCNT-SH SWCNT MWCNT MWCNT-Ox MWCNT-Iodide MWCNT-Suflur MWCNT MWCNT iron-ox MWCNT-ox MWCNT-arsenic MWCNT-Fe3O4 MnO2/CNT MWCNT GO GO-glycine GO Acidified MWCNT Acidified MWCNT HNO3-modified CNT Acidified MWCNT Oxidized CNT GO GO GO MWCNT-ox CNT soaked in HNO3 CNT refluxed in HNO3 MWCNT-ox TiO2/MWCNT composites MWCNT Oxidized CNT SWCNT SWCNT-COOH MWCNT LOAED Cd 593.8 Cr 411.5 SWCNT Cu 499.9 SWCNT Hg 257.5 Ni 576.5 MWCNT Pb 506.2 Zn 696.9	SSA 152 198.5 240.9 170 35.1 78.49 101.24 187.58 400 40-600 197 156 170 250.55 87.4 153 28 169.7 0.96 Freudlich Thermodynamics Langmuir n R 2 qm R 2 1.02 0.99 0.2 1 3.24 0.99 4 0.99 0.1 C 0.1 0.43 0.99 18.05 0.96 0 to 4 0.45 0.99 20.66 0.95 0.48 0.99 23.47 0.95 0.43 0.99 10.56 0.96 0.46 0.99 12.29 0.95 0.47 0.99 13.74 0.96 1.18 0.99 1.72 0.99 0.1 1.94 0.99 189 0.99 0.1 3.66 0.9 4.35 0.99 ? 3.70 0.77 0.93 0.96 ? 10.86 0.99 2 to 15 0.6 0.97 22.39 0.99 0.1 to 5 0.59 0.96 22.97 0.99 0.57 0.96 24.15 0.99 0.6 0.97 21.67 0.99 0.56 0.96 23.28 0.99 0.53 0.97 25.7 0.99 0.52 0.97 1.26 0.99 0.54 0.96 2.2 0.99 0.54 0.96 3.19 0.99 0.41 0.95 92.59 0.91 100 to 1200 10.01 0.99 50.23 0.99 10 to 50 10.59 0.99 52.35 0.99 11.03 0.99 55.34 0.99 11.09 0.99 58.89 0.99 9.76 0.99 16.13 0.99 11.07 0.99 18.87 0.99 13.34 0.99 21.23 0.99 17.05 0.99 24.06 0.99 3.4 0.95 530 0.99 0 to 80 4.25 0.94 83.8 0.99 5 to 100 0.42 0.99 85.74 0.95 100 to 1200 1.05 0.99 1 to 20 1 0.98 2.43 0.99 21.28 0.96 2 to 25 2.48 0.95 0.38 0.91 ? 14.53 0.97 2.6 0.99 10 11.74 0.99 2.87 0.99 11.82 0.95 3.04 0.99 2.01 0.79 3.11 0.97 5.99 0.28 1.31 0.92 26.11 0.99 2 to 14 26.47 0.98 26.67 0.99 26.88 0.97 23.81 0.99 16.11 0.99 4.01 0.97 26.81 0.93 2-35 4 0.97 28.49 0.96 2-35 4.16 0.95 31.55 0.99 2-35 2.8 0.97 26.04 0.99 2-35 1.75 0.95 23.26 0.99 2-35 1.55 0.99 85.83 0.96 20-500 28.49 0.98 5 to 30 3.87 0.97 26.41 0.99 5 to 40 1.84 0.95 84.88 0.99 0.94 10 to 100 28.7 1.39 0.98 0.52 0.99 64.93 0.89 100 to 1200 400 6.33 0.99 65.12 0.99 10 to 50 7.97 0.99 68.96 0.99 8.99 0.99 72.33 0.99 10 0.99 77 0.99 9.32 0.99 19.89 0.99 9.86 0.99 21 0.99 10.31 0.99 22.87 0.99 10.79 0.99 24.29 0.99 40-600 1.01 0.99 1 to 20 0.99 0.99 82.2 1.32 0.9 6.39 0.89 0 to 120 1.6 0.86 7.87 0.91 1.74 0.86 8.25 0.84 2.06 0.8 9.34 0.8 2.29 0.61 10.17 0.64 64.3 1.45 0.86 12.46 0.9 2.4 0.94 13.1 0.92 2.33 0.99 13.87 0.96 3.24 0.7 15.11 0.97 2.84 0.7 16.04 0.94 94.9 2.89 0.87 44.64 0.99 3.61 0.94 45.87 0.99 5.33 0.99 47.39 0.97 5.54 0.95 49.02 0.95 7.71 0.87 51.81 0.93 0.59 0.93 16.55 0.97 6 to 30 1.23 0.89 28.49 0.98 3 0.97 294 0.99 0 to 80 3.58 0.96 72.6 0.99 5 to 100 46.6 0.99 0 to 40 1.17 0.99 13.16 0.99 0 to 5.8 4.54 0.99 78.12 0.99 15 to 145 35.4 0.99 87.72 0.99 36.5 0.99 93.45 0.99 233 0.61 0.93 0.41 0.99 0.02 20-A 1000-10000 100-200 100 1000 to 10000 1000 to 10000 150 mg 500 100 2000 25 T 25 35 45 25 35 45 R 25 35 45 25 35 45 25 35 45 50 10 20 30 40 10 20 30 40 200 25 200 30 2000 25 50 1000 25 5-400 mg 750 20 165 2.88 Parameters Ct pH RPM 6 6 175 8 1.67 4 12 4 175 12 4 175 2 7 4 5 0.75 8 100 4 5 2 5 5.7 200 100 4 9 5.5 7 150 1250 1250 1000 4.5 5.5 6.5 7.5 8.5 9.5 1000 25 24 3.0 5.0 7.0 9.0 11.0 750 0.67 2.5 to 4.0 500 R 4 5 500 25 2 5 500 25 6 2000 25 100 50 10 4 5 20 30 40 10 20 30 40 50 4 9 500 7 24 6 125 17 27 37 47 7 17 27 37 47 7 17 27 37 47 50 2 5.2 200 25 2 5 200 30 5.7 200 500 12 5 40 mg 8 50 24 6.7 27 37 500 24 0.91 0.89 32.4 0.88 4 197 1.09 0.92 8.77 0.99 0 to 14 750 18 6.55 300 1.04 0.96 9.43 0.99 30 1.04 0.96 9.52 0.99 40 1.11 0.9 9.8 0.99 0.20 6.8 60 90 1000 25 6.5 100 15.69 0.99 to 1000 23 -0.01 6.5 0.20 6.8 5 to 15.69 0.99 to 1000 23 -17 1.28 0.97 0.43 0.99 0.02 0.9 0.89 120.1 0.95 4 0.54 0.91 0.51 0.99 0.02 1.18 0.85 127.6 0.99 4 0.13 0.78 3.83 0.98 1-10 250 25 7 0.12 0.7 1.32 0.97 0.32 0.84 3.75 0.94 0.98 0.93 2.06 0.99 0.06 0.87 0.7 0.93 0.29 0.7 0.7 0.93 97.163 2.27 0.98 65.52 0.99 5 to 90 1000 6.5 100 1.95 0.95 131.58 0.97 10 to 80 250 25 1 5.0 1.83 0.98 40.16 0.97 85.1 2.5 0.99 5.48 0.97 10 to 120 1000 4 6 152.5 3.04 0.98 27.32 0.97 153 2.07 0.93 123.45 0.99 155.3 1.83 0.94 151.51 0.99 102 1.67 0.95 17.86 0.97 10 to 30 800 25 56.78 2.48 0.96 9.18 0.98 0 to 14 750 25 24 6.4 145 1.72 0.98 49.26 to 200 200 6 134 1.51 0.98 18.08 0.97 97.163 2.2 0.95 65.4 0.01 6.5 0.99 0.20 6.8 0.97 10 275 3.96 0.87 82.6 0.99 to 10.46 0.97 to 1000 23 -60 500 25 2 5 210 0.01 6.5 3.25 0.97 100 0.92 10 to 25 1000 25 0.83 6 2.34 0.99 90.9 0.88 1.94 0.95 62.3 0.99 5 to 100 200 30 5.7 200 1.8 0.99 1.66 0.99 2 to 14 500 R 6 3 1.91 0.99 17.44 0.99 2 to 14 500 R 6 5 1.09 0.99 49.95 2 to 14 500 R 6 7 122-153 4.53 0.99 10 to 80 500 7 5 4.48 0.97 10 to 4.34 0.98 10 to 80 500 48 5 97.08 0.99 to 60 500 R 4 5 237.33 0.19 0.86 49.71 0.99 10 to 60 500 10 6 5 210 0.2 0.88 51.81 0.99 to 10 1200 60 500 50 6 5 0.5 0.94 74.63 0.88 to 2000 25 100 210 100 10 100 6 5.86 0.98 1150 0.98 4.72 0.96 1850 0.99 4.5 0.97 1119 0.98 0 to 150 25 2 5 3.1 0.96 345 0.99 80 200 25 2 5 0 to 60 900 40 250 0.23 0.99 1.05 0.99 1.1 to 5.33 0.91 842 0.98 20 300 10 40-600 0.94 0.99 0.94 80 0.99 256 27.2 0.99 to 500 12 180 20 50 4 9 10 1 to 4.65 0.98 34.36 0.98 45 80 500 25 5 1.42 0.97 137 0.99 2000 20 2.5 0.01 6.5 6 15.04 0.97 to 1000 23 -2.11 0.93 33 0.99 2000 20 2.5 0.20 6.8 6 0.41 423 0.29 0.94 43.66 0.99 10 0.98 117.65 0.93 100 to 1200 2000 25 7 100 400 3.89 0.99 90.23 0.99 10 to 50 50 10 4 5 4.11 0.99 92.59 0.99 to 500 25 12 7 180 297 0.24 0.94 32.68 0.99 HNOED 80 3.3 0.98 37.03 0.99 169.7 5 3.47 0.98 40.65 0.99 127.3 15 20 4.32 0.99 94.69 0.99 423 3.46 0.98 41.84 0.99 25 1315.9 30 4.522 0.99 96.02 0.99 40 9.21 0.99 27.11 0.99 10 9.9 0.99 29.85 0.99 20 10.11 0.99 31.23 0.99 30 13 0.99 33.54 0.99 4.57 0.97 33.78 0.98 35 40 3.28 0.97 45.45 0.99 35 60.0 10 to 80 500 12 7 180 3.31 0.97 46.94 0.99 45 1837.6 297 3.53 0.98 30.3 0.98 5 4.13 0.98 31.74 0.99 3956.7 15 4.03 0.98 33.33 0.98 25 252.7	References Addo Ntim et al. 1 Tawabini et al . 2 Veličković et al. 3 Addo Ntim et al. 4 Addo Ntim et al. 4 Ihsanullah et al. 5 Li et al. 6 Vuković et al. 7 Tofighy et al. 8 Moradi et al. 9 Sitko et al. 10 Tan et al. 11 Tofighy et al. 8 Stafiej et al. 12 Lingamdinne et al. 13 Atieh et al. 14 Hu et al. 15 Ihsanullah et al. 16 Di et al. 17 Di et al. 18 Kumar et al. 19 Li et al. 6 Li et al. 20 Ge et al. 21 Tofighy et al. 8 Moradi et al. 9 Stafiej et al. 12 Wu et al. 22 Li et al. 23 Sitko et al. 10 Tan et al. 11 Yang et al. 24 Tawabini et al. 25 Shadbad et al. 26 Chen et al. 27 Chen et al. 34 Zhang et al. 29 Cho et al. 42 El-Sheikh et al. 28 Zhang et al. 29 Bandaru et al. 30 Gupta et al. 30 Mobasherpour et al . 31 Kandah et al. 33 Wang et al. 39 Chen et al. 32 Najafi et al. 35 Tan et al. 11 Li et al. 36 Li et al. 37 Tofighy et al. 8 Wang et al. 38 Zhao et al. 41 Sitko et al. 10 Sitko et al. 10 Mubarak et al. 45 Li et al. 6 Lu et al. 44 Stafiej et al. 12 Zhao et al. 40 Tofighy et al. 8 Moradi et al. 9 Lu et al. 43 Lu et al. 24
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  Brunauer, Emmet et Teller (BET)1 . Cette méthode se base sur la quantité d'azote (N2) adsorbée sur l'échantillon en supposant la formation d'une monocouche atomique, mesurée lors d'une désorption soudaine. Connaissant la surface occupée par une molécule individuelle de N2, la mesure de la quantité de gaz désorbé permet de calculer la surface réelle (disponible pour le gaz) des grains de poudre. Avant l'analyse, les échantillons de poudre de NTC ont été soumis à un dégazage à 100°C sous atmosphère d'azote pendant 2 heures afin d'éliminer tout contaminant de la surface (comme l'eau adsorbée, par exemple). Par la suite, les échantillons ont été refroidis à 77 K (température de l'azote liquide) pour permettre l'adsorption d'une monocouche de molécules de N2. Après le refroidissement, les échantillons ont été ramenés à température ambiante, et le pic de désorption du N2 a été enregistré. Le processus de détection de la diffusion Raman se fait en mesurant la différence de fréquence entre la lumière incidente et la lumière diffusée inélastiquement (appelée décalage Raman)3 . Le décalage Raman est exprimé en nombre d'onde (cm -1 ) et correspond à la fréquence de vibration moléculaire spécifique. La spectroscopie Raman nécessite un spectromètre Raman, composé principalement d'un laser, d'un système de focalisation pour concentrer la lumière sur l'échantillon, d'un dispositif de dispersion pour séparer la lumière diffusée et d'un détecteur pour enregistrer le spectre Raman (Figure6). Lorsque la lumière laser est focalisée sur l'échantillon, les molécules vibrent

La désorption du N2 a été mesurée en utilisant l'appareil Micrometrics Flow Sorb II 2300. Une calibration a été réalisée en injectant une quantité connue de N2 dans les mêmes conditions que pour la mesure de l'échantillon. L'incertitude de la mesure est évaluée à 3%. Cette analyse a été réalisé par Marie-Claire BARTHELEMY au CIRIMAT (Toulouse, France).

1.2. Spectroscopie Raman

La spectroscopie Raman est une technique d'analyse qui permet d'étudier les vibrations moléculaires d'un échantillon en utilisant la diffusion inélastique de la lumière. Le phénomène de diffusion Raman tire son nom du physicien indien C.V. Raman, qui a découvert cette interaction lumineuse avec la matière en 1928 2 et a été honoré par le prix Nobel de physique en 1930 . Le principe fondamental de la spectroscopie Raman repose sur l'interaction entre la lumière incidente et les molécules de l'échantillon. Lorsque de la lumière, généralement un laser, est dirigée vers l'échantillon, une partie de cette lumière est diffusée de manière élastique, c'est-à-dire qu'elle conserve son énergie et sa longueur d'onde d'origine. Cependant, une petite fraction de la lumière est diffusée de manière inélastique. Lors de cette diffusion inélastique, la lumière transfère de l'énergie aux molécules de l'échantillon, provoquant des vibrations moléculaires. Les vibrations moléculaires résultent de changements dans la distribution des charges électriques à l'intérieur des molécules. Ces vibrations sont spécifiques à chaque type de liaison chimique et à chaque molécule, ce qui permet à la spectroscopie Raman de fournir des informations précises sur la composition chimique de l'échantillon. et diffusent la lumière Raman. Cette lumière est ensuite dispersée par le dispositif de dispersion, qui sépare les différentes fréquences de vibration. Le détecteur enregistre ensuite le spectre Raman, qui montre l'intensité de la lumière diffusée en fonction du décalage Raman.

  ). d'isothermes tels que celui de Freundlich, Redlich-Peterson, Sips, Toth, Temkin et Dubinin-Radushkevich permettent aussi de caractériser les interactions adsorbant-adsorbat, chacun possédant sa spécificité13 . La modélisation de Langmuir a été choisi car il permet de décrire la formation d'une monocouche d'adsorbat sur une surface, qui est le cas dans les interactions NTC et ETM.

	2.1.1.2. Isotherme de Langmuir		
	L'équation de Langmuir est valable pour une adsorption en monocouche sur une surface avec un
	nombre fini de sites identiques. Elle s'exprime par l'équation (1) ou par sa forme linéaire (2) :
	(1) 𝑞 𝑒 = 𝑘 𝐿 𝑞 𝑚 𝐶 𝑒 / (1 + 𝑘 𝐿 𝐶 𝑒 )		
	(2) 1/𝑞 𝑒 =	1 𝑞 𝑚𝑎𝑥	+ ( 𝑞 𝑚𝑎𝑥 × 𝐾 𝐿 1	) ×	1 𝐶 𝑒
	avec :				

  où ils subissent une ionisation, c'est-à-dire qu'ils perdent des électrons pour former des ions. Ce processus se fait généralement en utilisant un faisceau d'électrons, un laser ou une source d'ions. Les ions ainsi formés sont ensuite accélérés dans un champ électrique afin de leur donner une énergie cinétique suffisante. Les ions accélérés entrent dans un analyseur de masse. Dans le cas des isotopes légers, les ions de rapport masse sur charge (m/z) plus élevé seront moins déviés que les ions de m/z plus faible par le champ magnétique, permettant ainsi leur séparation. Les ions séparés atteignent un détecteur, où ils sont dénombrés. Les rapports isotopiques de l'échantillon sont déterminés en comparant l'intensité des ions mesurés aux intensités d'un standard de référence ayant

	F.Bourdiol 21 , l'enrichissement doit être très largement supérieur à 20% afin d'espérer leur
	détection dans des matrices biologiques 21 .

3.1. Quantification du 13 C par py-IRMS (pyrolysis-Isotope Ratio Mass Spectrometry)

L'IRMS est basée sur la mesure précise des rapports isotopiques d'éléments spécifiques, tels que le carbone, l'hydrogène, l'azote, l'oxygène, le soufre. Ces éléments existent sous différentes formes isotopiques, ayant des masses différentes en raison du nombre différent de neutrons dans leur noyau. L'IRMS permet de mesurer la proportion de chaque isotope dans un échantillon par rapport à un isotope de référence

19,20 

. Cette technique est utilisée dans notre cas pour mesurer les rapports des isotopes non radiogéniques (non issus de réactions de désintégrations nucléaires) ¹³C/¹²C. Les NTC utilisés pour l'expérience de transfert trophique étant enrichis à 100% de ¹³C, le rapport isotopique ¹³C/¹²C permet alors de renseigner sur la quantité de NTC accumulée par l'organisme considéré. Ces NTC ont été enrichis à hauteur de 100% afin de d'améliorer la sensibilité de la technique puisque selon Afin de mettre en oeuvre l'IRMS, l'échantillon (masse minimale = 500 µg) doit être préparé pour l'analyse c'est-à-dire préalablement séché et broyé. Ensuite, l'échantillon est pyrolysé de manière à le convertir en gaz simple (par exemple le CO2, N2, H2, SO2). Ces gaz sont ensuite analysés par un spectromètre de masse des rapports isotopiques connus. Les rapports isotopiques de l'échantillon sont calculés et exprimés en termes de δ (delta) en pour mille (‰) par rapport au standard de référence

19,20 

. L'ensemble des analyses IRMS a été réalisé à la plateforme GISMO de l'UMR 6282 Biogéosciences par Anne-Lise SANTONI à l'aide d'un FlashSmar tEA couplé à un Delta 5 advantage Fisher (Dijon, France).

  La µRBS est une technique d'analyse utilisée pour étudier la composition des matériaux en mesurant la diffusion élastique des particules à haute énergie (généralement des ions) par les noyaux des atomes constituant l'échantillon. Lorsque ces particules interagissent avec les noyaux des atomes du matériau cible, elles subissent une déviation dans leur trajectoire et certaines d'entre elles subissent une rétrodiffusion, c'est-à-dire qu'elles sont renvoyées dans la direction opposée à leur direction initiale.La quantité d'énergie perdue par les particules pendant leur interaction avec les noyaux est également mesurée. La mesure de la rétrodiffusion des particules permet d'obtenir des informations sur la composition élémentaire et la structure atomique du matériau cible. En effet, les noyaux des différents

	grâce à l'énergie élevée de la source incidente (de l'ordre du MeV), la profondeur analysée varie de 0,1
	à 150 µm selon le type d'échantillon. Toutefois, les éléments légers (C, H, O, N, etc.) échappent à la
	détection par le détecteur PIXE.

La lacune ainsi créée est ensuite comblée par un électron d'une couche supérieure, entraînant l'émission d'un photon dont l'énergie est caractéristique de chaque élément. Ces photons sont recueillis par un détecteur qui transforme ce signal en un spectre. Dans le spectre, la plupart du temps, chaque pic correspond à un élément, mais certaines superpositions peuvent compliquer l'identification. La déconvolution des pics du spectre sur chaque pixel analysé permet d'obtenir des cartographies élémentaires. Sur chaque pixel, le nombre de coups pour chaque élément considéré est disponible, permettant de créer une image avec une intensité de couleur proportionnelle au nombre de coups. La technique µPIXE présente plusieurs avantages par rapport à d'autres méthodes de fluorescence des rayons X. En particulier, éléments présents dans l'échantillon ont des masses différentes, ce qui entraîne des angles de rétrodiffusion caractéristiques pour chaque élément

23 

. En analysant ces angles, on peut déterminer les éléments présents dans l'échantillon et leur concentration en profondeur. La RBS est particulièrement utile pour l'analyse de matériaux minces et de couches superficielles, car elle offre une excellente résolution en profondeur, permettant de caractériser les différentes couches composant un matériau multicouches

23 

. Cette technique complète la µPIXE puisqu'elle permet d'obtenir des renseignements concernant les atomes légers (C, H, O et N) non déterminés en µPIXE. L'analyse µNRA est basée sur l'étude des rayons gamma électromagnétiques ou des particules émises lors des interactions nucléaires entre un faisceau d'ions à haute énergie et le noyau de la cible étudiée. Cette technique permet la détection et le dosage des éléments légers (de l'hélium au fluor) et de leurs isotopes, quelle que soit la nature de la matrice. Ainsi, cette technique a été utilisée afin de renseigner sur le transfert trophique de NTC dopés au C 13 utilisés dans l'expérience en chapitre n°6 La profondeur d'analyse est comprise entre 50 Å et 150 µm, en fonction de la matrice et des conditions du faisceau 23 . Les analyses ont été conduites au Centre d'Études Nucléaires de Bordeaux-Gradignan (CENBG) sur la microsonde AIFIRA (Applications Interdisciplinaires des Faisceaux d'Ions en Région Aquitaine) avec le soutien technique de Stéphanie SORIEUL.

  la PCR classique mais avec l'ajout d'un colorant fluorescent appelé SYBR Green. Le SYBR Green est un colorant qui se lie spécifiquement à l'ADN double brin, et lorsque le colorant est lié à l'ADN en cours d'amplification, il émet de la fluorescence. La quantité de fluorescence émise est directement proportionnelle à la quantité d'ADN amplifié pendant la réaction de PCR.

	L'ADN est extrait à partir de l'échantillon biologique d'intérêt (sol) à l'aide d'un kit d'extraction (DNeasy
	PowerSoil kit ©QIAGEN). L'échantillon peut être de l'ADN génomique, de l'ARN qui sera converti en
	ADN complémentaire (ADNc), ou de l'ADN plasmidique. Le mélange réactionnel de la qPCR contient
	l'ADN cible à amplifier, des amorces spécifiques à la séquence cible, une ADN polymérase thermostable

4.1. sur la détermination des quantités d'ADN des taxons bactériens reliés aux cycles biogéochimiques du C et N par qPCR puisque le principe de cette technique n'est pas détaillé ailleurs et que la bonne compréhension des résultats peut s'avérer difficile sans le détail du fonctionnement de cette technique.

4.1. qPCR (quantitative Polymerase Chain Reaction)

La qPCR est une méthode d'amplification de l'ADN en temps réel qui permet de quantifier la quantité d'ADN spécifique dans un échantillon. La qPCR menée au cours des expériences est basée sur le principe de (généralement la Taq polymérase), des nucléotides (dNTPs) et des tampons réactionnels. Le colorant SYBR Green est également inclus dans le mélange réactionnel. S'en suivent différentes phases de qPCR
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(Figure
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) :

Table 6

 6 Two types of contrasted soil were studied. The first one is a loamy sand soil (LUFA-Speyer) named Lufa 2.1 sieved to 2 mm with 86.0% of sand, 12.6% of loam and 1.4% of clay. It contained 0.58 wt. % of organic carbon, 0.04 wt. % of nitrogen, with a pH of 5.0 ± 0.1 and a cation exchange capacity of 2.9 ± 0.2

	meq.100g -1 . The second soil is a clayey soil (Lufa 6S) sieved to 2 mm with 22.4% of sand, 35.1% of loam
	and 42.5% of clay. It contained 1.50% of organic carbon, 0.17% of nitrogen, with a pH of 7.3 ± 0.1 and

and SI Figure S1 and S2. Stock solutions of Cd(II), Cu(II), Pb(II) and Zn(II) were prepared by dissolving Cd(NO3)2 • 4H2O, Cu(NO3)2 • 2.5H2O, Pb(NO3)2 and Zn(NO3)2 • 6H2O (98% purity, Sigma-Aldrich, USA) in ultrapure water. a cation exchange capacity of 18.7 ± 1.2 meq.100g -1 . Soil solutions were prepared by adaptation of the standard AFNOR NF EN 12457-4

Table 6 :

 6 

	Materials Lenght (µm)	Diameter/ Thickness (nm)	Specific surface area (m2.g -1 )	Id/Ig % of C % of O
	AC	5 to 20	-	1500-1800	1.21	-	-
	DWCNT	1 to 100	2.1 ± 0.7	854	0.23	89.7	2.2
	8CNT	< 1.5	10.2 ± 1.1	229	1.87	91.8	1.2
	GO	0.2 to 8.0	-	228	1.09	69.0	31.0
	o-DWCNT	1 to 100	2.1 ± 0.7	218	0.23	76.9	17.2
	o-MWCNT	1 to 20	24.2 ± 8.6	60	1.31	93.2	6.8

Characteristics (Length, diameter, specific surface area, Id/Ig and % of C and O) of CNM (graphene oxide (GO), oxidized double-walled CNT (o-DWCNT), oxidized multi-walled CNT (o-MWCNT), double-walled CNT (DWCNT), commercial pristine MWCNT (8CNT) and activated carbon (AC)

) used in this study. Measure correspond to the average of 3 values. Thickness of AC and GO were not provided. % of C and O for AC were not dtermined.

Table 7 :

 7 Summary of adsorption experiment parameters (H = Hours, OM = organic matter, o-DWCNT= oxidized double walled carbon nanotube, o-MWCNT= oxidized multi walled carbon nanotube, AC = activated carbon, 8CNT = commercialpristine MWCNT, GO = graphen oxide).

	Tested parameter	CNM nature and concentration	Metal nature and concentration	Other component concentration nature and	pH solution	Contact Time
			Mixture of 4			
	pH	o-DWCNT 10 mg.L -1	metals (Cd(II), Cu(II), Pb(II) and Zn(II)), all at	-	5.0, 6.0, 7.0, 8.0	3 H
			1 mM			
	Elemental ratio	o-DWCNT 10 mg.L -1				

  suggested that this order is in agreement with metal electronegativity and the first stability constant of the associated metal hydroxide (Me 2+ + OH -↔

	Me(OH) + ; log K1 = 7.82, 7.0, 4.17, 4.4 for Pb(OH)

+ , Cu(OH) + , Cd-(OH) + and Zn(OH) + , respectively)

19,57 

and carboxylic acid (Me 2+ + CA -↔ Me(CA) + ; log K1 = 2.52, 2.16, 1.5 and 1.5 for Pb(CA) + , Cu(CA) + , Cd(CA) + and Zn(CA) + , respectively). Although Sitko et al.

19 

hypothesis is a step in the right direction, it does not, on its own, fully explain the results we have observed. Additionally, this sequence also fits with what we highlighted in mono-metallic systems in our review paper (Leroy et al.

14 

) with the following sequence based on qmax values for oxidized CNT: Pb(II) > Ni(II) > Cu(II) ≥ Cd(II) > Hg(II) ≥ Cr(II)

  efficience des cultures à utiliser cette ressource en eau. En effet, des études ont mis en évidence que les nanomatériaux provoquaient des signes d'un stress hydrique chez les végétaux8,9 .Dans ce contexte, l'étude a porté sur l'impact d'une contamination en NTC sur le cycle du C en mesurant l'abondance bactérienne, la décomposition de la MO, la concentration en chlorophylle contenue dans les feuilles des plantes ainsi que leur rendement quantique et l'émission de CO2 et CH4 au niveau du système. Pour le cycle du N, l'impact de la contamination en NTC sur l'abondance des taxons bactériens reliés à la nitrification (gènes amoA-AOA et gène amoA-AOB) et à la dénitrification (gènes nirK et nosZ) a été analysé. Le cycle de l'eau a été approximé par l'étude de la teneur en eau des plantes ainsi que par les échanges d'H2O dans le système.Les résultats des expériences de ce chapitre ont montré des effets contrastés des NTC sur l'agrosystème, dépendants de la concentration en NTC dans le sol. Avec l'ajout de 0.1 mg.kg -1 ,

	PRINCIPAUX RESULTATS
	l'abondance bactérienne du sol et la concentration en chlorophylle, tannins et composés
	phénoliques dans les feuilles de maïs ont été diminuées. Malgré la diminution de l'abondance
	bactérienne et de la chlorophylle, aucune modification de la décomposition de la litière et
	d'émission de CO2 et CH4 respectivement n'ont été détectées. La diminution des tannins et
	composés phénoliques pourraient diminuer la capacité du maïs à réagir face aux stress
	Un focus spécial a aussi été porté sur le cycle de l'eau. Le récent changement du régime des
	précipitations et des pénuries aiguës d'eau combinés à une demande accrue de nourriture ont

1,2 

. En effet, des gaz à effets de serres tels que le CO2, le CH4 et le N2O font partie des cycles biogéochimiques de ces deux éléments et une augmentation de leurs émissions pourrait avoir des conséquences dramatiques pour la planète puisque la production alimentaire contribue à hauteur de 30% de l'empreinte écologique de la civilisation humaine (notamment via l'apport d'engrais organiques et inorganiques azotés)

3 

. profondément modifié la disponibilité de la ressource en eau pour les agrosystèmes. Dans de telles circonstances, il convient de prévoir les effets des contaminants émergents sur cette ressource et en particulier sur l'Pour rendre compte de l'impact toxicologique sur les plantes et le rendement des agrosystèmes, les composés phénoliques, tanins et flavonoïdes et la production de biomasse d'une plante d'intérêt agricole (mais) ont été étudiés.

Enfin, de manière à avoir une approche intégrative et multifonctionnelle, les différentes fonctions ont été insérées dans un unique index qui renseigne sur la multifonctionnalité de l'agrosystème. De cette façon, il a été possible d'obtenir une vision plus globale de l'impact des NTC sur l'agrosystème. Cette analyse a été couplée à une modélisation par équations structurelles afin de rendre compte de la prépondérance de chaque variable et de leurs inter-relations. environnementaux. Avec l'ajout de 10 mg.kg -1 de CNT, l'abondance bactérienne du sol, les copies de gène des archées impliquées dans le processus de nitrification (amoA-AOA) et la décomposition de la litière ont été augmentées. L'augmentation de l'abondance bactérienne du sol pourrait être responsable d'une augmentation du processus de décomposition. Cette augmentation de la décomposition pourrait elle-même être responsable d'une libération accrue d'amonium, qui est le cation à l'origine du processus de nitrification, et être responsable de l'augmentation d'une partie des communautés de bactéries nitrifiantes. Chez le maïs, la concentration chlorophyllienne des feuilles a diminué et la teneur en eau du maïs augmenté, ce

Table S2 :

 S2 Soil physico-chemical characterization after exposure. Average and standard deviation for clay, silt, sand, C/N, N, organic C (Corg) and pH for the 3 CNT modalities (0 = 0 mg kg -1 , 0.1 = 0.1 mg kg -1 , 10 = 10 mg kg-1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA (pH, loam, C/N, N and C) or Kruskal-

	Wallis test (clay, sand and Corg) (n = 5)
	Table S3: Soil elemental concentrations quantified by ICP-AES after exposure for the 3 CNT modalities (0 = 0 mg kg -1 , 0.1 =
	0.1 mg kg -1 , 10 = 10 mg kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05)
	following an ANOVA (B, Ca, Cd, Fe, Mg, Mn, Ni, P, Pb and Zn) or Kruskal-Wallis test (Cu, Na and S) (n = 5)

Table S3 :

 S3 

	CNT concentration	B	Ca	Cd	Cu	Fe	Mg
	0	4.85 ± 0.7 a 1238.9 ± 91.6 a 0.01 ± 0.002 a 0.61 ± 0.02 a 5.83 ± 0.6 b 811.39 ± 8.0 a
	0.1	5.53 ± 0.4 a 1370.59 ± 90.3 a 0.012 ± 0.002 a 0.61 ± 0.1 a	3.97 ± 0.1 a 962.24 ± 93.4 b
	10	7.92 ± 0.5 b 1274.4 ± 63.5 a 0.01 ± 0.003 a	0.59 ± 0.1 a	5.27 ± 0.5 b 957.5 ± 42.6 b
	Mn	Na	Ni	P	Pb	S	Zn
	20.22 ± 3.8 a	16.0 ± 2.9 ab 0.12 ± 0.03 a 1321.06 ± 44.4 b 0.07 ± 0.005 a 189.71 ± 23.2 a 6.62 ± 1.5 a
	24.72 ± 4.4 a	12.44 ± 3.0 a 0.11 ± 0.02 a 1812.48 ± 160.3 a	0.12 a	186.92 ± 19.0 a 11.18 ± 2.5 b
	19.66 ± 3.8 a	27.93 ± 5.8 b 0.09 ± 0.02 a 1399.51 ± 163.2 b 0.13 ± 0.1 a 203.52 ± 15.6 a 10.45 ± 1.7 b

Elemental concentrations in maize leaves for the 3 CNT modalities (0 = 0 mg.kg -1 , 0.1 = 0.1 mg.kg -1 , 10 = 10 mg.kg - 1 ) after a six week-exposure in soil. Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following an ANOVA (B, Ca, Cd, Fe, Mg, Mn, Ni, P, Pb and Zn) or Kruskal-Wallis test (C, Na and S) (n = 5)

Table 8 :

 8 Average total concentrations and standard deviation of Cd, Cu, Pb and Zn in the soil in the two levels of contamination (CTRL: control soils and TME: soils with trace metal addition, unit: mg.kg-1 ).

	Same lowercase letters indicate

  ). Two TME modalities were tested in experiments as one control soil without TME and a second one with TME added in soil

		Cd	Cu	Pb	Zn
	CTRL	0.20 ± 0.05 a 1.93 ± 0.36 a 10.82 ± 2.84 a 9.34 ± 1.68 a
	TME	0.40 ± 0.06 b 9.13 ± 1.03 b 31.76 ± 3.82 b 52.42 ± 7.91 b

(Table

Table 9 :

 9 Average concentrations and standard deviation of Cd, Cu, Pb and Zn after trophic transfer experiment in (A) lettuce leaves grown on contaminated soils, (B) digestive glands and (C) snail faeces feeding on lettuce grown in contaminated soil (mg.kg -1 ) for the six exposure modalities used in experiment (0: control soils without CNT, 0.1: CNT exposure at 0.1 mg.kg -1 , 10: CNT exposure at 10 mg.kg -1 , TME: soils with added trace metals (final concentration:s Cd: 0.40, Cu: 9.13, Pb: 31.76, Zn: 52.42 mg.kg -1 ), TME 0.1: soils with added trace metals and CNT exposure at 0.1 mg.kg -1 and TME 10: soils with added trace metals and CNT exposure at 10 mg.kg -1 ). Same lowercase letters indicate treatments that do not differ significantly (p-value > 0.05) following a Kruskal Wallis test for Cd, Cu and Zn and 2 way ANOVA test for Pb for lettuce, a 2 way ANOVA test for Cd, Cu and Pb and Kruskal Wallis test for Zn for digestive glands and a 2 way ANOVA for each metals for snail faeces. Time exposure for lettuces and snails: 2 weeks. (n = 5)

  La première interrogation soulevée visait à déterminer quels étaient les paramètres physico-chimiques qui régissent les interactions entre NMC et ETM dans un contexte faisant intervenir des conditions représentatives de l'environnement. L'analyse bibliographique, essentiellement par l'intermédiaire d'expériences d'adsorption monospécifique en ETM, a permis de mettre en évidence que des facteurs tels que 1) les propriétés intrinsèques des NMC (SSA, degré d'oxydation et nombre de parois) et 2) les conditions expérimentales (concentrations en NMC et en ETM, nature de l'ETM, pH du milieu et durée de contact) influencent l'adsorption des ETM à la surface des NMC1 . Aussi, d'autres études davantage orientées sur l'influence de paramètres associés aux conditions intrinsèques des écosystèmes naturels comme la présence de MO ont mis en évidence à la fois une diminution 2 ou une augmentation3,4 de par exemple) pour décrire l'adsorption d'un ETM en surface des NMC, tant sur un rapport de concentrations que sur la vitesse d'adsorption se sont aussi avérées adaptées pour caractériser l'adsorption de plusieurs ETM lorsqu'ils sont en mélange dans le milieu. Il a aussi été confirmé que les quantités d'adsorption des ETM en surface des NMC dépendent du pH du milieu en tout premier lieu et varient selon la nature des ETM étudiés (Cd, Cu, Pb et Zn). Une hypothèse envisageable est que la nature des liaisons (chimisorption ou physisorption) varie en fonction du pH du milieu. De la même manière, l'expérience visant à mettre en évidence l'influence du degré d'oxydation du NMC révèle des comportements d'adsorption différents selon l'ETM considéré, de sorte que le Cu et Pb s'adsorbent davantage sur des NMC oxydés que le Cd et Zn. Il a été montré que la présence de MO diminue l'adsorption des ETM qui possèdent le plus d'affinité pour les sites d'adsorption (Cu et Pb), et des interactions complexes entre ETM, NMC et MO sont certainement en jeu. Les composés contenus dans la solution de sol ne semblent pas modifier l'adsorption des ETM en surface des NMC et une grande variabilité dans les résultats est à l'oeuvre lorsque le milieu se complexifie. En tentant de généraliser à un milieu sol complexe les résultats obtenus dans le chapitre 3 en milieu simplifié, les quantités d'ETM adsorbés en surface des NMC oxydés seraient différentes selon le type de sol. Dans un sol à faible pH acide (pH = 4-6), il y aurait de faibles quantités d'ETM adsorbés en surface des NMC et l'adsorption serait homogène entre les différents ETM présents (à pH

l'adsorption des ETM en surface des NMC, pour lesquelles les mécanismes ne sont pas encore très bien compris. Enfin, les études d'adsorption des ETM dans des milieux aux niveaux de complexité qui se rapprochent des écosystèmes naturels (solutions de sol et sol) restent très rares à ce jour 1 , principalement en raison de la complexité du système.

Dans le chapitre 3, les études d'adsorption multispécifique en ETM qui ont été menées ont tout d'abord permis de confirmer que les modélisations largement utilisées (modèles de Langmuir et de pseudo-second ordre,

  ). La solution de sol (contenant des argiles et les ions « libres ») ne semble pas agir sur l'adsorption des ETM en surface des NMC. En revanche, la littérature suggère que selon la granulométrie du sol, les NMC sont plus mobiles dans un sol sableux que dans un sol argileux[5][6][7][8] ce qui pourrait également entrainer différents comportement d'adsorption.Aussi, la chimie de surface des silicates et de la silice est différente et est plus favorable pour les interactions avec les ETM dans le cas des silicates. Il serait donc attendu que les argiles interagissent davantage avec les ETM du milieu et par conséquent modifierait le comportement d'adsorption des ETM en surface des NMC s'ils sont présents.Malgré le travail mené dans le cadre de cette thèse, davantage de recherches doivent être entreprises afin d'établir plus clairement le rôle et l'influence des composés contenus dans la solution de sol sur les interactions NMC/ETM. La deuxième question de recherche visait à déterminer quels étaient les impacts des NTC en tant que tels sur les cycles biogéochimiques du carbone et de l'azote et de l'eau dans un agrosystème, aspect encore peu étudié dans la littérature. La bibliographie fait état d'effets contrastés des NTC seuls sur les plantes d'intérêt agronomique tant sur leur développement que sur leur fonctionnement9 , une déterminer la toxicité des NTC sur les fonctions d'un agrosystème en combinant des biomarqueurs à l'échelle individuelle et des écomarqueurs intégratifs et émergents en écologie à la fois sur les bactéries du sol et sur des végétaux. Cette expérience a permis de mettre en évidence des effets contrastés des NTC sur l'agrosystème en fonction de la concentration dans le sol. Sur le cycle du carbone, l'ajout de quantités de NTC de l'ordre du mg.kg -1 a augmenté la décomposition de la litière, le nombre de copies du gène universel rARN 16S -indiquant une augmentation des décomposeurs décomposition de la litière. La concentration en chlorophylle dans les feuilles de maïs a aussi été diminuée. Toutefois, ces diminutions semblent avoir été compensées à l'échelle de l'écosystème puisqu'aucune modification dans l'émission de CO2 et CH4 n'a été révélée. En ce qui concerne le cycle de l'azote, les copies de gène des archées impliquées dans le processus de nitrification (amoA-AOA) ont augmenté avec l'ajout de 10 mg.kg -1 de NTC dans le sol. Aucun effet n'a été observé sur les gènes liés à la dénitrification (nosZ et nirK), suggérant un effet toxique des NTC plus prononcé sur acteurs de la nitrification que sur ceux de la dénitrification. En ce qui concerne le cycle de l'eau, le contenu en matière sèche des plantes exposées à 10 mg.kg -1 de NTC était 17% plus important que celui des plantes témoins. Cette augmentation dans le contenu de matière sèche n'était pas visible à 0,1 mg.kg -1 de NTC. de manière individuelle dans le milieu1 . A ce jour, trop peu d'études de la bibliographie se sont intéressées aux effets conjoints des NTC et ETM dans des systèmes intégratifs, systèmes dans lesquels les interactions entre espèces représentatives d'un même écosystème sont prononcées. Bien que les approches intégratives soient plus complexes dans leurs interprétations, les interactions entre espèces tout comme le vieillissement des contaminants peuvent moduler le transfert et la toxicité des contaminants présents pour l'écosystème, et être témoin d'effets toxiques plus ou moins prononcés lorsque les effets des contaminants sont considérés simultanément (synergie vs antagonisme) que s'ils avaient été considérés individuellement.En ce sens, la première expérience du chapitre 5 réalisée sur un sol standard de référence dans lequel les contaminations ont été apportées a permis d'indiquer résultats qu'après une exposition de 8 'ailleurs, les composés phénoliques, connus pour être impliqué dans la réponse au stress hydrique à dans le milieu diminue la toxicité des NTC. La seconde expérience, réalisée avec un sol à la contamination métallique historique suite à des rejets industriels a permis d'établir qu'aucun effet de l'ajout de NTC dans ces sols n'a été détecté sur la concentration bactérienne ou la croissance des vers de terre. En revanche, des effets interactifs entre les NTC et les ETM ont été observés de sorte que dans le sol contenant des concentrations élevées en ETM, l'ajout de 0,1 mg kg -1 de NTC a entraîné une diminution de 29% et 30% du transfert de Cd et de Zn depuis le sol jusqu'aux feuilles de laitues (pas d'effet à 10 mg.kg -1 ) et une perte de biomasse (-22%). Parallèlement, l'ajout de NTC a eu des effets différents selon les caractéristiques physico-chimiques du sol sur l'absorption des éléments dans les feuilles de laitue, probablement en rapport avec la teneur en MO du sol puisque qu'avec l'ajout de 10 mg.kg -1 de NTC dans les sols plus pauvres en MO, il y a eu augmentation de transfert de Cd et Pb de 37% et 21% comparativement aux témoins. Pour les vers de terre, l'ajout de 10 mg kg -1 de NTC a associés à la toxicité des contaminants. Globalement, peu d'effets synergiques/antagonistes ont été mis en évidence. Toutefois, il semble que le vieillissement des contaminants soient responsables d'une façon générale de l'atténuation de la toxicité associé des NTC. Dans la littérature, des études ont mis en évidence l'internalisation de NTC chez certains végétaux9,22 notamment en conditions hydroponiques[23][24][25][26][27] . Toutefois, la caractérisation du transfert des NTC dans des conditions « environnementalement » pertinentes (sur sol) au sein d'une chaîne trophique sont à ce jour peu représentée dans la bibliographie. De plus, dans le cas des agrosystèmes, Suite à l'expérience qui compose le sixième chapitre, l'internalisation et l'accumulation de NTC chez la plante exposée à 10 mg kg -1 de NTC ont pu être mis en évidence grâce au dopage en13 C des NTC, modifiant uniquement le transfert du Zn. En revanche, le transfert des NTC depuis la laitue ou le sol jusqu'aux escargots n'a pas pu être démontré de façon significative. Le transfert des ETM chez 'évaluation des risques écologiques pour les mélanges reste à ce jour basée sur l'additivité des risques liés à chacun des composés considérés indépendamment et alors que de nombreux éléments dans la littérature suggèrent que des interactions entre contaminants entrent en jeu invalidant ce modèle. De plus, il s'avère que le comportement écotoxique des NMC diffère sur de nombreux points par rapport aux contaminants « historiques » comme les ETM, tel que le mettent en avant les documents produits par différentes agences gouvernementales. Ces différents éléments génèrent donc des interrogations quant à la robustesse de notre modèle d'évaluation des risques écologiques pour garantir non seulement la pérennité de la bonne santé des agrosystèmes mais également la sécurité sanitaire.Par exemple, la toxicité associée aux ETM suit un schéma classiquement retrouvé pour de nombreux contaminants à savoir des courbes d'effets doses dépendantes où la toxicité augmente avec la concentration du contaminant, pour lesquelles des EC50 sont calculées permettant de fixer des seuils quantitatifs liés à la toxicité. Pour les NMC, les EC50 qui ont été calculées atteignent des valeurs extrêmement élevées par rapport aux autres contaminants 1 (1480.3 mg.kg -1 pour les vers de terre et 389 mg.L -1 pour LOECNTC des plantes) et ne reflètent pas la toxicité des NMC. En effet, de nombreux effets (diminution ou induction) ont été observés à de faibles concentrations mais n'étaient pas visibles ou inversés aux plus fortes concentrations. Par exemple, une diminution de l'abondance bactérienne et des communautés nitrifiantes a été observée avec l'exposition à 0,1 mg.kg -1 de NTC tandis qu'une induction de ces 2 mêmes communautés a été observée avec l'exposition à 10 mg.kg -1 de NTC (cf.De plus, nos résultats rejoignent ceux de la bibliographie sur le fait que l'adsorption des ETM en surface des NMC peut dans certains cas modifier leur transfert, provoquant alors une toxicité différente par rapport à une situation où les ETM et les NTC seraient appliqués seuls séparément. Il est également important de noter que les modifications de transfert des ETM en raison des interactions avec les NMC se réalisent dès de faibles concentrations. Par exemple dans l'étude n°2 du chapitre 5, une diminution de 29% et 30% du transfert de Cd et de Zn depuis le sol jusqu'aux feuilles de laitues a été observée Dans la littérature également, Zhao et al.29 ont observé une diminution à hauteur de 60% et 67% de la concentration de Cu dans les racines et les tiges de Triticum aestivum avec l'ajout dans le sol de 5 mg.L - 1 de sphères de GO pendant 14 jours. De la même façon que pour la toxicité, la modification du transfert n'apparait pas nécessairement dose dépendante, ce qui peut être lié au comportement d'agglomération des NMC aux fortes concentrations en milieu liquide28 comme spécifié précédemment. Parmi les études réalisées dans ce manuscrit, la modification de transfert des ETM par les NMC chez la plante n'a été détecté que pour la laitue contrairement au maïs, laissant penser que les caractéristiques physiologiques/morphologiques de la plantes peuvent être responsables du comportement du transfert des NMC et des interactions entre NMC/ETM. Différents schémas de modifications du transfert des ETM par l'ajout des NMC dans le milieu ont été observé chez la plante, le vers de terre et l'escargot, soit par augmentation ou diminution du transfert des ETM vraisemblablement lié aux conditions édaphiques.

	l'enjeu est double puisque la compréhension quantitative du transfert des NTC depuis le sol jusqu'aux
	plantes d'intérêts agronomiques permettrait d'évaluer l'exposition et le risque associé des NTC pour
	l'environnement et l'Homme.
	été augmenté (30%). L'ajout des ETM dans le sol à uniquement diminué la biomasse du maïs. A Discussion générale
	La troisième question s'intéressait aux effets d'une contamination conjointe en NTC et ETM sur un l'échelle de l'écosystèmes, la respiration ainsi que la productivité primaire ont été diminué en raison
	agrosystème en prenant en compte la notion de vieillissement des contaminants dans de l'exposition des ETM. En revanche, aucune modification n'a été observé sur l'émission de CO2 avec
	l'environnement. Les résultats répertoriés dans la bibliographie, en raison des interactions NMC/ETM, l'ajout de NTC. Le vieillissement du sol tend à atténuer les effets toxiques imposés par les NTC. De
	nombreuses interactions ont été mises en évidence sur l'activité enzymatique lié au carbone

toxicité chez les bactéries

[10][11][12] 

pouvant aboutir à une baisse de l'activité microbienne

[12][13][14][15] 

, une modification de la structure des communautés bactériennes

12,[15][16][17] 

et donc une possible perturbation des processus tels que la minéralisation et le cycle de l'azote

[18][19][20][21] 

. Pour mieux comprendre les effets d'un contaminant à l'échelle d'un écosystème, il est important de prendre en compte à la fois les composantes abiotiques et biotiques et les différentes interactions qu'elles entretiennent ce qui est rarement fait dans la littérature à ce jour.

Dans le chapitre 4, pour répondre à cette question, une expérience a été mise en place visant à bactériens -et a conduit à une diminution de la concentration en chlorophylle dans les feuilles de maïs.

Avec l'ajout de 0,1 mg.kg -1 de NTC, l'abondance bactérienne du sol a été diminuée sans modification de la Toutefois, une diminution de l'émission de l'H2O a été observée aux deux concentrations en NTC, suggérant un impact de ces derniers sur le cycle de l'eau aux deux concentrations testées. Une obstruction du transport d'eau depuis le sol jusqu'aux racines en raison de NTC accolés sur les racines pourrait expliquer les effets observés sur le cycle de l'eau. Enfin, malgré les modifications énumérées précédemment sur les biomarqueurs à l'échelle individuelle, l'approche intégrative par l'intermédiaire d'écomarqueurs tels que l'index de multifonctionnalité de l'agrosystème n'a pas permis de mettre en évidence d'effet significatif de l'ajout de NTC, quelle que soit la concentration. Ainsi, les effets des NTC seuls sur les cycles biogéochimiques du carbone, de l'azote et de l'eau dans un agrosystème s'avèrent contrastés et dépendants de la concentration en NTC, mais vraisemblablement compensés sur le plan fonctionnel à l'échelle de l'écosystème. témoignent d'une modification de transfert des ETM suite à l'ajout de NTC dans le milieu pour les vers de terre et les plantes, responsable d'une modification de toxicité des contaminants par rapport à s'ils étaient appliqués semaines, l'abondance des communautés fongiques et la décomposition de la matière organique ont été diminué avec l'ajout de 0.025 mg.kg -1 de NTC tandis que l'activité enzymatique lié au cycle du carbone (pyranosidase) a été augmenté à la même concentration. L'exposition aux ETM n'a eu que peu d'effets sur les marqueurs des processus du sol (communautés fongiques, activités enzymatiques liés au carbone, azote et phosphore et decomposition de la litière). Chez le maïs, l'ajout de NTC dans le milieu n'a pas modifié le transfert des ETM. L'ajout de 0.025 mg.kg -1 de NTC a diminué la transpiration du maïs (16%) et bien que pas statistiquement mis en évidence, la teneur en matière sèche du maïs a été augmenté à la même concentration (22%) ce qui témoigne d'un stress hydrique. D(pyranosidase), la décomposition de la litière, la transpiration et la concentration en composés phénoliques. Pour tous ces marqueurs, des effets antagonistes sont à l'oeuvre c'est à dire que l'ajout des ETM entraîné une augmentation du transfert élémentaire dans les tissus après exposition dans le sol à la plus forte teneur en MO (Pb : +34% et Zn : +25%) sans répercussion sur les marqueurs de toxicité étudiés. Les résultats obtenus à l'issue de ces deux expériences permettent d'apporter des éléments de réponse à la question de recherche posée dans ce chapitre ; en effet il semble que les effets conjoints des NTC/ETM dans un agrosystème dépendent fortement du type de sols (teneur en MO en particulier) qui a des répercussions à la fois sur l'adsorption entre ETM/NTC (cf chapitre 3) mais également sur le comportement des organismes considérés. Parmi les deux expériences de ce chapitre, seule la première (sur le maïs) permet de mettre en évidence de possibles effets synergiques/antagonistes Enfin, la dernière question abordée dans cette thèse visait à identifier le transfert des NTC au sein d'une chaîne trophique reconstituée et de déterminer si les NTC modifiaient le transfert et la toxicité des ETM. l'escargot n'a pas été modifié en raison de l'ajout de NTC par exposition trophique, en revanche la concentration du Cu a été augmentée de 61% dans le cas de l'exposition par le sol suite l'ajout à 10 mg kg -1 de NTC. Le transfert de nutriment de la laitue et de l'escargot n'a pas été modifié par l'ajout de NTC dans le milieu. La biomasse des escargots n'a pas été modifié par l'exposition simultanée en NTC et ETM, quel que soit l'exposition. Les résultats de ce chapitre ne sont pas complets et d'autres résultats sur le transfert des NTC par voie sédimentaire chez l'escargot ainsi que des inducteurs de stress oxydatif chez la plante complèterons ultérieurement ce chapitre. Lchapitre 4). De même, dans l'expérience n°2 du chapitre 5, la biomasse fraiche des salades a été diminuée de 22% à 0,1 mg.kg -1 de NTC tandis qu'aucune modification n'a été observée avec une exposition à 10 mg.kg -1 de NTC dans le sol. Ces résultats pourraient être mis en lien avec le comportement d'homo-agglomération des NTC lorsqu'ils sont présents à fortes concentrations (diminuant leur SSA et leurs possibilités d'interactions avec d'autres composants)
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. avec l'ajout de 0.1 mg.kg -1 de NTC (concentration pertinente d'un point de vue environnemental dans les agrosystèmes) et bien que non significatif, le transfert du Pb a lui aussi été diminué de 32%.

) are the rate constants of the pseudo-first-order, pseudo-second-order, respectively.

)

; for instance after exposure to the co-contamination SOD increased by 426%, while it increased by
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interactions among CNT, OM and metals. In addition, Sheng et al. 24 also demonstrated a decrease of Cu adsorption onto MWCNT when pH > 7.5, supporting pH influence on CNT/OM/metal interactions.

Additionally, the nature of OM could also influence interactions and conducted to disparities in metal adsorption results. Surprisingly, some of adsorption results were negative, one explanation is that metallic ions (Cu(II) and Pb(II)) could interact with the OM in control conditions which would lead to their solubilisation in the medium. The addition of CNT in the medium could modify these interactions leading to adsorption of the OM on CNT surface and thus to a better stabilisation of the ions in the medium. For example, during the adsorption of OM on the surface of CNT, H + may be released into the aqueous medium, which could interact with Cu and Pb in particular, increasing their solubility in the medium. In our case, no metals were adsorbed onto OM (see SI Figure S12).

In France, the great plains of intensive cultivation contained 1 to 2% of OM 64 which corresponds to concentration tested in our experiment. It suggest thus that Metal adsorption would be limited in agricultural soil. Although weak, the adsorption of OM on o-DWCNT could gradually decrease its availability for decomposers and consequently decreases the minerals present in the soil available for the food web of agrosystems. 

Abstract

Since the discovery of the potential of carbon nanotubes (CNT) in agriculture to improve crop yield, many studies have been conducted to understand which effects CNT could have on agrosystem components. However, to date, very little is known about their impacts on ecosystem functions such as biogeochemical cycles or primary production and consequently on the multifunctionality of agrosystems. In this study, we aimed at understanding the impact of CNT in microcosms including soil bacteria and a crop plant (maize) with a special focus on H2O, C and N cycles. After a 6-week exposure, bacterial concentration was decreased by 51% in soils exposed to 0.1 mg.kg -1 while the organic matter decomposition rate was enhanced with the addition of 10 mg.kg -1 of CNT. A dose dependent increase of nitrifier abundance was found with archaeal amoA copy numbers reaching +145% in soils exposed to 10 mg.kg -1 of CNT. Maize exposed to 0.1 mg.kg -1 of CNT had in average 34%, 18% and 15% lower chlorophyll, tannin and phenolic compounds, respectively but no impact was detected on the biomass production. Maize plants were water-stressed after exposure to 10 mg.kg -1 of CNT with a significant 17% increase of the dry matter compared to unexposed maize. As a result, the multifunctionality of the agrosystem was significantly decreased at 0.1 mg.kg -1 while it increased at 10 mg.kg -1 .

Keywords: bacteria, crop, emerging contaminant, gas exchange, nanomaterial, water stress

Highlights

-CNT impact on agrosystem was assessed by an integrative approach: organism to "ecosystem".

-CNT disrupted C cycle by increasing bacteria number and litter decomposition rate.

-H2O cycle changed at both organism (plant dry matter) and ecosystem (gas exchange) scales.

universal 16S rRNA gene. The following genes related to N cycle were quantified: ammonia monooxygenase A gene (amoA) of ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB), nitrite reductase (nirK) and nitrous oxide reductase (nosZ) genes. The same experimental procedure as described in Vijayaraj et al. 43 was used. Results were expressed relative to the initial gene abundances at the beginning of experiment to account for initial variability among microcosms (Figure S2; absolute results after exposure are also available in Figure S3).

Plant morphology and metabolism

Upon exposure, indicators of C cycle and biomass production were gathered through the determination of the effective quantum yield of maize plants (Diving-Pam underwater fluorometer, Walz, United Kingdom), the height, the fresh and dry biomasses and the leaf surface area (using Image J software). Part of the leaf biomass was oven-dried (60°C until constant weight) to determine elemental concentrations by ICP-AES (see section 2.7). The remaining biomass was used fresh for methanol-based extraction to quantify photosynthetic pigments (chlorophyll a and b) and secondary metabolites i.e. total phenolic compounds, flavonoids and tannins as described in Leroy et al. 44 .

Gas measurements and analysis

When plants were sufficiently high (i.e. sixth week), H2O, CO2 and CH4 exchanges were recorded every second for 3 minutes. To do so, an airtight flux chamber (V = 0.06 m 3 ) was connected to a trace gas analyser (LI-7810, ©LI-COR inc, United States).

Net ecosystem exchange of CO2 (NEE) was measured using a transparent chamber and a LED light while ecosystem CO2 respiration (RECO) was measured using a darkened chamber. Gross primary productivity (GPP: CO2 uptake as a result of photosynthesis), was calculated as the difference between NEE and RECO. Bacterial abundance decreased by 51% in soils exposed to 0.1 mg.kg -1 of CNT when compared to control soils (pbacteria concentration = 0.04, Figure 21A) as revealed by flow cytometry, while no effect was found with the addition of 10 mg.kg -1 . Decomposition rate of the litter was faster in soils exposed to 10 mg.kg -1 of CNT compared to the other conditions (plitter decomposition < 0.01) with on average 9.1 mg.j -1 vs. 7.8 mg.j -1 (Figure 21B). In soils exposed to 10 mg.kg -1 of CNT, the dynamics of 16S rRNA and amoA-AOA gene abundances exhibited significant differences (pARN 16S < 0.01 and pAmoaA-AOA < 0.01, Figure 21C), with a 80% and 145% increase while both gene abundances tended to decrease in control conditions. demonstrated an impairment of some of the major geochemical cycles with consequences both at the organism and at the ecosystem level.

Results

Microbial responses to CNT exposure

Supporting information Carbon nanotube impacts on geochemical cycles in an agrosystem: an integrative approach
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Material and Methods

CNT synthesis and characterization

Assessing the impact of a mixture of carbon nanotube and metals and their aging on agrosystems

Recently, scientists showed that CNMs can adsorb TME onto their surface 1,[16][17][18][19] . This phenomenon raises question about the influence of CNMs on TME transfer and toxicity. Indeed, there are many examples in the literature reporting an increase [20][21][22][23][24][25][26][27][28] or a decrease 20,23,25,26,29,30 in TME transfer from soil to crops upon CNM application followed by the mitigation of TME toxicity (synergic effects 20,22 or antagonist effects 29,31 ). In particular, Chen et al. 32 observed a decrease in As concentration in Solanum nigrum L. stem (-25%) and leaf (-34%) upon addition of 100 mg.kg -1 of multi-walled carbon nanotubes (MWCNT) highlighting an antagonist effect; these same MWCNT promoted an increase in molecules implied in oxidative stress chain (malondialdehyde and proline) 32 . A similar study observed the opposite results (synergic effect) with an enhancement of As uptake upon addition of GO (going from 19.9% in the control condition to 24.6% and 32.1% in the presence of GO concentrations of 0.1 and 1 mg.L -1 , respectively) and also led to an enhanced decrease in dry biomass of roots and shoots, chlorophyll and rubisco concentrations 22 . Additionally, Zhao et al. 23 observed a decrease in Cu concentration in roots and stems by 60% and 67% (resp.) with the addition of 5 mg.L -1 GO compared to Cu single contamination, but did not observe interactive effects on growth (biomass, root, stem and leaf lengths) and cellular parameters (photosynthesis, transpiration and stomatal conductance) 23 .

In addition, the influence of contaminant aging has already been highlighted for TME 33 with for instance a modeling study predicting that total soil metal concentrations yielding 10% inhibition in freshly amended soils were up to two orders of magnitude smaller than those in corresponding aged soils or field-contaminated soils. However, the impact of ageing on nanomaterial transfer and toxicity is still very scarce not mentioning the impact on nanomaterial interactions with other contaminants.

Some authors evidenced contrasted impact of aging processes on CNT toxicity on plants; root growth inhibition was differentially impacted according to CNT nominal diameter: it was reduced following CNT aging in sludge for a diameter < 10 nm whereas it was increased for CNT with a diameter ranging from 40 to 60 nm 34 . Furthermore, it has been shown that natural aging (simulated by dielectric barrier discharge plasma reactor) could modify CNT structure: decreased specific surface area, increased

Toxicity of CNT and TME on crop

The addition of TME led to a significant decrease of maize biomass (-52%, pBiomass < 0.01, Figure 33A), and total phenolic compounds (-56%, pphenolic < 0.01, Figure 33B) while it enhanced tannin concentration (+52%, ptanin < 0.01, Figure 33C).

Likewise, CNT addition impacted maize metabolism with a decreased in leaf transpiration rate (-16%, pTranspiration < 0.01, Figure 33C). Phenol and tannin concentrations were also impacted but with opposite effects compared to TME addition: phenol was significantly increased (+30%, pPhenolic < 0.01, Figure 33B)

while tannin was decreased (-19%, ptanin < 0.01, Figure 33C).

The contamination aging step globally led to a decrease of both transpiration rate (-13%, pTranspiration < 0.01, Figure 33C) and chlorophyll concentration in leaves (-41% pChlorophyll < 0.01, Figure 33C). Some interactive effects were detected between CNT and TME such as maize exposed to CNT alone experienced a 168% increase in total phenolic compounds while maize exposed to both CNT and TME underwent through a 24% decreased of the same molecule (pPhenolic < 0.01, Figure 33B). Likewise, for the transpiration rate, TME addition seemed to mitigate the impact of CNT: the transpiration rate decreased of 26% after addition of CNT alone while it decreased only of 9% with the addition of both TME and CNT (pTranspiration < 0.01, Figure 33C).

The DW/FW was not different among modalities exposure with an average 0.14 (Figure 33B).

Additionally, plant exposure to CNT decreased tannin concentration by 19%, a metabolite implied in several stress defense mechanisms such as high light, low temperatures, pathogen infection, herbivores, nutrient deficiency and exposure to metals 52,53 . Defense capabilities of maize could in the long term be less efficient due to CNT exposure.

TME exposure impacts

No differences were detected for TME addition on fungal population despite soil exposed to TME had 69% less ergosterol than unexposed of TME. The statistical test used to assess differences in these results was a non-parametric test as the data were non-parametric which could explain the lower power to detect significant differences. Thus, these results suggest an acute toxicity of TME on fungal populations with the application of Cd, Pb and Zn which was worsen in aged soils. These results are in agreement with the literature as toxicity of metals on fungal communities is well known 54,55 and detected through DNA damage, inhibition of transcription and cell division, disruption of membrane integrity and protein denaturation 54,55 .

Pyranosidase (implied in C cycle) was the only enzyme affected by TME addition with a decrease of the activity. A meta-analysis with 671 observations demonstrates that Pb, Zn, Cd, Cu and As contamination could reduce the activities of all enzymes including pyranosidase corroboring our results. Interestingly, authors observed much stronger impact of TME on living microorganisms and their endoenzymes than on extracellular enzymes as studied in our work because these last ones can be stabilized on clay minerals and organic matter. This hypothesis could be an explanation why there were no modifications detected for the other tested enzymes.

On maize development, experiment conducted in the present study revealed an acute toxicity of TME on the biomass which was reduced by 52%, as already demonstrated in the literature 56 . At the metabolic level, the addition of metals to fresh soil reduced the concentration of total phenolic
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Material and methods

Soil characterization and contamination

Table S1 : Soil physico-chemical characterization after exposure. Average and standard deviation for clay, silt, sand, pH, organic C (C) for the 9 exposure modalities (F0, F0.025, F2.5: Fresh soils (F) without TME and with 0, 0.025 and 2. Trophic transfer and soil exposure to a cocktail of contaminants (carbon nanotubes and trace metal) in a terrestrial food chain 

Intoduction

The properties of carbon nanomaterials (CNM) have made it possible to initiate a great deal of research on these materials and their applications in various sectors are striking. As the use of CNM in everyday consumer products begin to become widespread and on the light of past experience with poor preliminary risk assessment, notably with asbestos fibers, (eco)toxicological studies have been set up in parallel with CNM development to estimate potential risks to the environment.

With 20 years of research, the scientific corpus on the ecotoxicity of CNM is increasing and several reviews report the effects of CNM on terrestrial organisms [1][2][3][4][5][6][7][8][9] . Among the terrestrial ecosystems most likely to accumulate CNM are agrosystems. Indeed, some studies suggest that CNM would offer agricultural opportunities since they could increase crop yields 5,10 . In addition, sewage sludge, which is spread on agrosystems as fertilizer, is known to accumulate CNM and could be a major source of entry Isotopic Δ C 13 /C 12 in lettuce leaves was significantly higher up to 3% for lettuce exposed to 10 mg.kg -1 than control lettuce (without CNT, p < 0.01, Figure 38A). It was not the case for lettuce exposed to 0.1 mg.kg -1 with on average -30.7.

Supporting Information

Trophic transfer and soil exposure to a cocktail of contaminants (carbon nanotubes and trace metal) in a terrestrial food chain Transfer factor of Cd, Cu, Pb and Zn to digestive glands of snails were 60%, 73%, 98% and 57% higher in the trophic exposure than soil exposure, respectively (pCd < 0.01, pCu < 0.01, pPb < 0.01, pZn < 0.01, Table SI1).