Combined effects of nanomaterials and chemicals: interactions with regard to internalization and effects in environmental organisms
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Numerous chemicals are already present in our environment and engineered nanomaterials (ENMs) are a group of substances with expected increasing release. Both, certain chemicals and nanomaterials are known to exert adverse effects on environmental organisms. Little is known so far on the combined effects ENMs and chemicals may exert in environmental organsims upon interaction. E.g., ENMs are suspected to act as carriers for pollutants, facilitating their uptake and subsequently increasing their toxicity (´Trojan horse´ mechanism). Opposed to that, also decreased bioavailability due to the sorption of contaminants to ENMs resulting in a reduced toxicity were described.
Hence, a review of existing literature dealing with ENM-chemical mixtures was conducted in order to evaluate the current state of knowledge. Overall, 98 studies assessing combined exposures of ENMs and chemicals in environmental in vitro and in vivo models were collected. The chemical substances were classified as polar and nonpolar organic compounds, drugs, as well as inorganic substances and heavy metals. The classes of nanomaterials included were carbonaceous materials (e.g. SWCNTs, MWCNTs), metal and metal oxide particles (e.g. AuNPs, TiO2), semi-conductor nanocrystals (e.g. quantum dots), and polymers. The influence of a combined exposure was assessed with regard to contaminant bioavailability, bioaccumulation, and toxicity. The aim was to give an overview on combined effects observed between ENMs and chemicals, specifically on the importance of the postulated Trojan-horse mechanism, and accordingly deduce recommendation for future research on mixture toxicity.
From the reviewed studies it can be concluded, that ENMs and chemicals do interact in most cases and that toxicity of one or both components is modified by the interaction. Evidence for both, enhanced and reduced toxicity as a consequence of increased or decreased bioaccumulation of a given compound in the presence of ENM was found. However, only few studies assess both, bioaccumulation and toxicity, hence direct links to compound uptake were not possible in most cases. Some combinations of ENM and chemicals showing specific interactions not conforming to the Trojan-horse mechanism, were identified, 
As a conclusion, we consider it inevitable to determine internal doses of both, the ENM and the compound. This will improve the interpretation of toxicological results (assigning effects to NM, the contaminant or both). In addition, a more detailed description of the physical-chemical interaction of a compound and an ENM is demanded. 
Keywords: combined effects, mixture toxicity, bioaccumulation, pollutants

