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Kurzzusammenfassung 

In der vorliegenden Arbeit wurden 119 Studien evaluiert, die die Mischungseffekte von 

Nanomaterialien (NM) und Chemikalien auf ökotoxikologische in vitro und in vivo Modelle 

beschreiben. NM finden aufgrund ihrer Eigenschaften vielfältige Anwendung in Produkten und 

können so in die Umwelt freigesetzt werden. Der sogenannte „Trojanisches Pferd“ Effekt 

beschreibt bisher die erleichterte Aufnahme der Chemikalie durch das NM. Dabei bleibt unklar, ob 

dies ein genereller Mechanismus ist und wie die Toxizität durch die Mischungsexposition 

beeinflusst wird. Neben der Akkumulation und der auftretenden Effekte durch die Ko-exposition 

wurden ebenfalls der Einfluss von Adsorptionsaffinitäten zwischen NM und Chemikalien, die 

resultierende Bioverfügbarkeit, verschiedene Spezies, sowie Umweltparameter untersucht und 

diskutiert. Es konnte gezeigt werden, dass neben dem „Trojanischen Pferd“ Effekt noch andere 

Mechanismen existieren und entsprechend zu berücksichtigen sind. 

  



 

 
 

Zusammenfassung 

Industriell hergestellte Nanomaterialen finden aufgrund ihrer spezifischen Eigenschaften vielfältige 

Anwendung in Nahrungsmitteln, Kosmetika und anderen Verbraucherprodukten. Zeitgleich 

wachsen Befürchtungen, dass die Freisetzung dieser Materialen in die Umwelt zu schädlichen 

Effekten bei Organismen führen kann. Einmal freigesetzt können Nanomaterialien mit anderen 

Chemikalien in der Umwelt reagieren und so in einer erhöhten Exposition und dem Auftreten 

biologischer Effekte bei Umweltorganismen resultieren. 

Nanomaterialien können dabei als Träger für Chemikalien die Aufnahme dieser Substanzen in 

Zellen und Organismen erleichtern und so die Toxizität erhöhen. In der Literatur wird der Begriff 

„Trojanisches Pferd“ genutzt um diesen Mechanismus zu beschrieben. Dennoch gibt es bisher kein 

grundsätzliches Verständnis darüber, ob (1) dies ein generell auftretender Mechanismus ist und (2) 

wie die Toxizität aufgrund der Mischungsexposition von Nanomaterialien und Chemikalien 

beeinflusst wird. Deshalb wurde innerhalb der vorliegenden Arbeit die verfügbare Literatur evaluiert 

und insgesamt 119 Studien, die die Effekte von Nanomaterialien-Chemikalien Mischungen auf 

ökotoxikologisch relevante in vitro und in vivo Testmodelle untersuchen, kategorisiert.  

Die Studien wurden hinsichtlich der Akkumulation der Chemikalie und des Nanomaterials, sowie 

dem damit verbundenen Auftreten biologischer Effekte bewertet. Die Bewertung von 

Mischungseffekten erfolgte anschließend durch Vergleich von Beobachtungen während der 

Mischungsexposition mit denen einer entsprechenden Einzelsubstanz-Exposition unter gleichen 

Bedingungen. Zusätzlich wurde der Einfluss von Adsorptionsaffinitäten zwischen Nanomaterialien 

und Chemikalien, die resultierende Bioverfügbarkeit der Substanz, Unterschiede zwischen 

verschiedenen Spezies, als auch Umweltparameter diskutiert.  

Die Ergebnisse der Arbeit zeigen, dass für die Mehrzahl an Nanomaterial-Chemikalien Mischungen 

eine erhöhte Akkumulation der Chemikalie in Gegenwart von Nanomaterialien gemessen werden 

können. Somit wurde das Auftreten des „Trojanischen Pferd“ Effekts bestätigt. Dies bedeutet 

allerdings nicht automatisch das vermehrte Auftreten toxikologischer Effekte in Folge der Ko-

exposition. Vielmehr konnte durch diese Arbeit gezeigt werden, dass durch die Verknüpfung von 

Informationen zur Akkumulations- und zu biologischen Effekten andere Prozesse deutlich werden, 

die auf ein vielfältigeres Bild schließen lassen. 



 

 
 

Summary 

The usage of engineered nanomaterials (NM) promises many novel products and applications with 

advanced features, but at the same time concerns with regard to detrimental effects towards 

organisms have been raised. Upon release into the environment, NM may interact with other 

chemicals present in the environment, potentially leading to a co-exposure of organisms and 

occurrence of mixture effects.  

The inherent idea is that NM may act as carriers of chemicals facilitating the entry of these 

substances into cells or organisms, subsequently leading to increased toxicity. In the literature, the 

term ‘Trojan-horse effect’ describes this mechanism. However, so far there is no general 

understanding whether this is (1) a general mechanism, and (2) how toxicity is modulated upon 

mixture exposure of NM and chemicals. Hence, a systematic review has been performed, including 

119 studies investigating mixture exposure of NM and chemicals in ecotoxicological in vitro and in 

vivo test models.  

The studies were analyzed with regard to substance accumulation and effects upon both individual 

and joint exposure with NMs. In addition, the impact of different adsorption affinities between NM 

and chemicals, the resulting bioavailability of a substance, differences between species, as well as 

environmental parameters are discussed.  

It can be deduced that the “Trojan-horse effect” is existing in the sense that increased internal 

concentrations of chemicals are observed after mixture exposure. This does, however, not 

automatically lead to an enhanced toxicological outcome by the NP-chemical co-exposure. Rather, 

by linking accumulation and the effects we found evidence for other processes, making the picture 

more diverse.  
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1. Introduction 

In recent years, nanomaterials (NM) have been detected in different parts of the environment, e.g. 

in the effluents of waste water treatment plants, surface waters, water pipelines or bio-solids.
1-3

 

However, environmental concentrations of NMs are yet not experimentally observed but estimated 

based on modeling only.
4
 For example, Ag-NP and TiO2-NP were reported as the NMs with the 

highest predicted environmental concentrations (PEC) of 0.66 and 0.53 ng L
-1

 for surface water in 

the EU, respectively
4
.
 
 

The occurrence and distribution of NMs in the environment leads to the potential interaction with 

chemicals which possibly alters the environmental hazard profile of the single compounds as 

categorized on a theoretical basis by Hartmann and Baun et al.
5
. The interaction between NMs and 

chemicals depends on the individual properties of all components, the environmental conditions 

(e.g., temperature or pH), the environmental compartment (soil, water or air), and the respective 

biosystem considered.
6
 Especially, the surface area and the number of binding sites of NMs 

contribute to their sorption capacity. Thus, NMs may act as substantial carriers for various organic 

chemicals and heavy metals.
1
 The NM specific properties result in a high adsorption capacity, 

which is also utilized in applications such as ‘nanoshuttles’, ‘nanocides’ and other products in the 

field of medicine and agriculture.
6, 7

 Additionally, the high adsorption rates of chemicals to NMs 

were applied for remediation of contaminated water and soil up to the field scale.
8-10

  

Limbach et al.
11

 published one of the first reports indicating the occurrence of mixture effects for 

NM and chemicals by assessing the ROS formation in human lung epithelial cells upon exposure to 

different metal-doped silica particles. On the basis of their results the term “Trojan-horse 

mechanism” was introduced in 2007, describing the increase of a biological effect of a chemical 

due to the presence of a NM. Two mechanisms were postulated to be potentially responsible, 

namely (i) an enhanced uptake of partially soluble materials into cells or organisms, and (ii) a 

catalytic action of NM, which may induce additional damage. In that sense, the term “Trojan-horse 

mechanism” covers both, an alteration in the accumulation of the chemical as well as alterations on 

the effect level. 

The body of literature seems fragmented, with many NM-substance combinations analyzed in 

different biological models. Many studies focus on either the accumulation or the toxicity, and few 



Environmental mixture effects of NM and chemicals                                                                          1. Introduction 
 

8 
 

allow drawing conclusions on whether the presence of NM actually induces a Trojan-horse like 

mechanism. Single chapters of reviews
1
, short communications

5
 and a review on mixture effects 

linked to TiO2-particles
12

 summarized some 80 studies from 2007 to 2013. Recently, Canesi et al.
13

 

summarized studies conducted with freshwater and marine organisms, focusing on studies 

investigating mixture effects of chemicals with carbon based NMs and TiO2-NPs. 

The aim of this study was hence to review the existing literature to clarify the relevance of the 

Trojan-horse mechanism for potentially altered biological effects in NM-chemical mixture studies. 

Mixture studies conducted in in vivo or in vitro systems which are relevant for environmental testing 

were collected. The term ‘chemicals’ is defined for the purpose of this review as substances 

classified as polar and nonpolar organic compounds, highly functionalized compounds such as 

drugs and hormones, as well as organometallic substances, amphiphilic substances, and heavy 

metals. All studies dealing with mixture effects of NMs with natural organic substances, such as 

natural organic carbon (NOM) or humic acid (HA) were excluded. The classes of NMs included in 

this review were carbonaceous materials (SWCNTs, MWCNTs, C60), metal and metal oxide 

particles (e.g. AuNPs, TiO2), semi-conductor nanocrystals (e.g. quantum dots), and polymers with 

the exception of carbon black and related materials. We attempt to identify mixture effects 

independent of environmental compartments and for different organism species, in order to 

establish a concise nomenclature and deduce principle mechanisms. This will hopefully contribute 

to a more concise and improved evaluation of potential risks of NM-chemical mixtures on human 

health and the environment.  

 

1.1 Review methods 

The keywords used for the literature search were ‘combined effects’, ‘nanomaterials and 

chemicals’, or ‘mixture toxicity’. The search by these terms resulted in a poor outcome since the 

reviewed topic relates to diverse research fields and nomenclature is not consistent. For these 

reasons also cross-linked literature in identified studies was considered. In total a number of 119 

studies
2, 13-129

 were found matching to our criteria as mentioned in the introduction. The last search 

was performed in March 2016. The number of annually published studies on the topic of mixture 

effects of NMs and chemicals is constantly increasing from 2007 on with the highest number of 26 

publications in 2015 (Fig. 1).  
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In a first step, the 119 studies found within the literature search were categorized according to the 

NM and chemical studied, as well as the in vitro or in vivo test model used (Fig. 2). A detailed 

overview on the collected studies can be found in the Appendix. 

 
Fig. 1: Publications investigating mixture exposure of NMs and chemicals.   

 

In a second step, the studies were grouped related to the performed experiments, by differentiating 

a set of three groups: (1) accumulation studies (including the uptake quantification of the chemical 

and/or the NM), (2) toxicity studies (including the investigation of the toxicological potential of the 

chemical and/or the NM), and (3) studies which performed both, the investigation of the 

accumulation and the toxicity. On the basis of these groups, differences in the accumulation or 

toxic outcome between a single substance and a mixture exposure were compared.  

 
Fig. 2: Number of studies investigating mixture exposure classified by a) the NM tested, or b) the 

biological test system. In total 119 studies were retrieved for analysis. The chemicals used in the 

mixture exposure were grouped to polar and nonpolar organics, metals, organometallic substances 

or surfactants. 

 

Subsequently, the studies were assigned to different categories based on whether an increase or 

decrease in accumulation was followed by an increase or decrease in biological effects. An 



Environmental mixture effects of NM and chemicals                                                                          1. Introduction 
 

10 
 

increase in substance uptake and biological effect due to the mixture exposure was considered as 

a Trojan horse effect.  

Finally, all studies were screened in detail for specific interactions between NMs and chemicals. 

Specifically, the question was tackled how a NM-chemical interaction influenced the accumulation 

and the respective biological effect they exerted in organisms. 

 

1.2 Nanomaterials 

The evaluation of studies published within the last 10 years revealed that the majority of studies 

dealt with TiO2-NPs as metal oxide NMs and carbonaceous based NMs were chosen for a co-

exposure with different classes of chemicals (Fig. 2a). TiO2 was mostly tested together with heavy 

metals whereas for carbonaceous materials the combination with organic substances was 

dominating. This is probably related to anticipated future applications of these NMs, e.g. for 

environmental remediation or as ‘nanocides’. Other NMs which are also produced in large scales 

were less considered for mixture effect studies, e.g., ZnO- or SiO2-NPs.
130

   

Different adsorption strengths and efficiencies were reported for the different NM classes. The 

sorption behavior has a great influence on the bioavailability of the chemical, the potential 

subsequent release in cells and organisms, and accordingly on the emergence of biological effects. 

In this context, Tao et al.
97

 described two different interactions: a competitive adsorption with a 

potential subsequent substance release or an irreversible adsorption. In the study of Tao et al.
97

 

the first case, a competitive adsorption between C60 and copper was observed with a high sorption 

affinity, but a subsequent release of copper from the C60. Yang et al.
118

 described an irreversible 

adsorption for the mixture exposure of TiO2-NPs and cadmium. The concentration of free cadmium 

ions in the media was decreased, as well as the internal concentrations. This indicates a reduced 

bioavailability of cadmium in the presence of TiO2-NPs.  

For organic compounds (PAHs, PCBs, PFCs) often hydrodynamic binding processes were 

observed.
113

 On the contrary, electrostatic interactions drive the binding process of inorganic 

substances or metals to the particle surface. As well, the charge of metal ions influences the 

adsorption to the NP surface. For TiO2 particles, a stronger binding of Cu
2+

 and As
5+

 was observed 

compared to Ag
+
.
76
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In general, organic substances and heavy metals show a time-dependent adsorption at the particle 

surface with a fast achievement of an equilibrium state within 30 to 60 min.
92, 99

 Some studies 

allowed the mixture of NM and chemical to reach the adsorption equilibrium before exposure start 

by pre-incubation for a certain amount of time (24 h in Park et al.
70

, 5 d in Su et al.
90

), whereas 

others chose a direct dosing approach and added one component just before the start of 

exposure.
115 

 

1.3 Influence of environmental parameters 

Besides of the NM properties, the characteristics of the chemicals, and the test system, also the 

surrounding environmental compartment (water, soil, air) influences the NM-chemical interaction, 

and also the interaction with biological test system. Both, the spatial likelihood of interaction as well 

as the dependency of the interaction on the prevailing environmental parameters (e.g., pH, salinity) 

needs consideration.  

One essential parameter was found to be pH, as it may influence the adsorption of chemicals by 

NM. In consequence, modulated toxicity was observed in dependency on pH, for example for a 

mixture of lead and either nano-CeO2 or nano-TiO2 
51

 as well as for a mixture of MWCNTs and 

nickel
107

. In these studies, a lower pH led to a higher adsorption of the chemical, which 

subsequently resulted in an increase in toxicity. 

For studies involving marine organisms the ionic strength plays an important role, as NMs are 

prone to agglomeration in media with high ionic strength.
129

 This process leads to high 

sedimentation of NM in seawater, probably reducing the fraction bioavailable to organisms. Further, 

adsorption rates are different from those of NMs in freshwater.
17, 99, 129

 For example, Tian et al.99 

showed that in seawater more phenanthrene was adsorbed by TiO2-NPs compared to freshwater, 

whereas less cadmium is bound by TiO2 in seawater
17

. 

Studies dealing with soil and sediment organisms such as worms and plants need to additionally 

consider the complex interaction between NMs, soil and sediment particles and organic matter. 

Chemicals will sorb not only to NMs but likewise to soil and sediment, which may alter the 

availability to organism. Shen et al.
85

 described for example higher adsorption capacities of 
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contaminants for nanomaterials compared to soil particles, resulting in an increase of contaminant 

uptake in sediment-dwelling C. plumosus larvae.  

 

1.4 Biological test systems 

As summarized in Fig 2, mixture effects were evaluated in various in vitro and in vivo biological test 

systems, the in vivo systems were roughly assigned to bacteria, algae, mussels, crustaceans, fish 

worms and plants. The majority of studies were conducted using fish and crustaceans (41 %) 

representing frequently used aquatic test organisms (Fig. 2b).  

The selection of the biological test system has major implications on uptake and fate of a NM-

chemical mixture. With regard to uptake, for most algae species, rarely NM incorporation into the 

cell was observed. Still, NM-chemical mixtures were shown to enhance the uptake of chemicals. 

For this organism group, the NM attachment at the cell wall may lead to a local enrichment of 

bound substances, as demonstrated by Schwab et al.
82

 for the green algae C. vulgaris, showing 

the enhanced uptake of diuron through the cell wall upon co-exposure with CNTs. Studies applying 

bacteria, primary cells and cell lines mainly aimed at investigating the principles of uptake and 

distribution of NM-bound chemicals since these in vitro test systems are able to actively incorporate 

particles
3
. For example, mixtures of Ag-NPs and antibiotics were studied in bacteria in order to 

investigate facilitated uptake of antibiotic molecules.
68, 62

 Filter feeders such as daphnids, for which 

the majority of studies considered in this review were retrieved, actively incorporate NM into their 

gut, possibly facilitating the uptake of bound chemicals.
95, 97

 However, with regard to the fate of an 

NM-chemical mixture, incorporated NM-bound chemicals may not be bioactive when they are not 

released from the particles.
16, 24, 33, 76

 Further, a release of NM-bound chemicals from the particle 

surface may take place, e.g., due to changes of pH inside the organism.
1
 For example, Tian et al.

99
 

described the influence of digestive fluids on the desorption of phenanthrene from the surface of 

TiO2-NPs within the gut of the marine bivalve S. subcrenata.  

In addition, secondary effects such as the damage of plant cells due to piercing by CNTs can result 

in a facilitated uptake of chemicals even when no sorption of the chemical to the NM surface takes 

place.
63, 112

 In addition, organism specific protection mechanisms prevent the uptake of NMs and 

NM-bound chemicals, e.g. mussels closing their valves
98

 and the avoidance behavior of worms
49

.
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1.5 Test designs  

The majority of studies performed acute tests with exposure durations of 24 h 
50

 to 96h 
116

. Only a 

few studies applied chronic test conditions, for example investigating the reproduction of 

crustaceans.
2, 43, 117

 Also studies applying mussel or fish species investigated longer exposure 

periods, e.g. 7-25 days for fish
29, 128

 or 3-10 days for mussels
14, 102

. Della Torre et al.
28

, however, 

reported that a 96 h exposure of marine mussels will result in higher 2,3,7,8-TCDD uptake 

compared to a 7 day fish exposure due to the waterborne exposure. The study of Park et al.
56

 is 

one of the first which investigated the accumulation of estradiol in combination with fullerene in the 

food chain, by a dietary exposure of zebrafish to treated artemia. Furthermore, Kelsey and White
71

 

investigated the effects of a combined exposure of C60 and DDE/DDT metabolite in a multispecies 

approach consisting of a worm species (E. fetida) and a plant (C. pepo).  

The test design in the selected studies varied greatly in terms of selection of exposure 

concentrations, the addition of NM and chemicals to test system, as well as the ambient conditions. 

Exposure concentrations for the NM/chemical mixtures were in best case chosen based on pre-

testing, providing the opportunity to select non-toxic concentrations. For example, Tao et al.
97

 

applied the 48h NOEC of C60 (100 µg L
-1

) and the same copper concentration for their mixture 

experiments on D. magna. In contrast, Zou et al.
130

 selected the EC50 concentration of As (V) (0.1 

mg L
-1

) and two nominal concentrations of Fe3O4 particles (10, 20 mg L
-1

) for their experiments on 

the protozoa T. Pyriformis. The majority of studies tested binary mixtures with one NM and 

chemical the same time. A few investigated the influence of a contaminant mixture and one NM on 

the accumulation and biological outcome.
38, 55, 72

 In the case of Pavagadhi et al.
72

, zebrafish 

embryos were exposed with TiO2 or Ag-NP and a 12 element mixture (Ni, Mg, Zn, Cu, Cd, Fe, Cr, 

Hg, As, Al, Pb, Mn) whereby either an increase, decrease or constant uptake of elements were 

measured. Both, the uptake of the NP as well as the chemical was dependent on each other. 

Ferguson et al.
38

 and Josko et al.
55

 applied contaminated sediments either by adding organic 

chemicals in the lab (PAHs, PCBs, PBDEs) or from a contaminated site (contaminated with oils, 

heavy metals, organotin and PAH compounds). In both studies the influence of mixtures with CNTs 

were investigated. Ferguson et al.
38

 determined species differences in uptake showing an increase 

of chemical uptake by copepods and a decrease by the polychaete S. benedicti. Josko et al.
55

 

demonstrated that the reduction of toxicity in the cress L. sativum is dependent on the diameter of 
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the applied MWCNTs. Smaller diameters (<40 nm) where more effective in the reduction of toxicity 

due to a larger surface area.  

Due to the presence of a NM the chemical properties may change or chemicals are transformed 

into substances exerting a lower or higher toxicity. In these cases, an enhanced accumulation of 

the chemical due to the association to NM is resulting in a modulated toxicity. Here it may be 

differentiated between metabolization by the organism/cell, and reactive or catalytic processes 

mediated by the NM. E.g. it has been demonstrated for the photocatalytic activity of TiO2-particles, 

leading to a transformation of arsenic-species which are less toxic than the initial substance.
93

 Seitz 

et al.
83

 observed the detoxification of pirimicarb in D. magna due to the photocatalytic activity of 

TiO2-NPs under UV-light. A reduction in pirimicarb concentration of 30 % in the media and a 

reduction in toxicity of 80 % was observed in comparison to the mixture exposure without UV-light. 

In addition, Fang et al.
35

 reported the enhanced metabolism of PCP to tetrachlorohydroquinone in 

zebrafish embryos in presence of TiO2-NPs, resulting in increased oxidative damage and 

developmental toxicity. An influence of the photocatalytic activity of TiO2-NPs was also described 

for mixtures with heavy metals. Sun et al.
93

 observed the speciation of As(III) to As(V) in carp in the 

presence of sunlight and TiO2 particles. The transformation to the less toxic As(V) species was 

almost complete (73 %) within one hour.  

In addition, the selected studies used different feeding regimes, with either food provided to the 

organisms
20

 or not
17, 102

. In addition, fish were either exposed via the water phase
116

 or 

trophically
71, 79

 Rosenfeldt et al.
76

 showed that the presence of algae as food for D. magna changes 

the adsorption, uptake and excretion of Zn and Cd bound to TiO2-NP. Furthermore, algal feeding 

changed the filtration activity and reduced the duration time of NPs, chemicals and food in the gut. 
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2. Influence of nanomaterials on the bioaccumulation of chemicals 

Limbach et al.
11

 were the first in 2007 to report on NMs acting as potential carriers for chemicals 

facilitating the entry of these substances into cells. The ‘Trojan-horse mechanism’ designates an 

enhancement of chemical uptake in the presence of NM. This chapter tackles the question, 

whether co-exposure of chemicals with NM leads to an enhanced bioaccumulation of chemicals in 

biological test systems. To address this question, 85 of the retrieved studies could be taken into 

account as they quantified the uptake of chemicals. In the best cases, the concentration of the NM 

as well as of the chemical within the test system/organism was quantified, and single substance 

exposure was compared to the mixture exposure. However, there are only some studies 

investigating both, the uptake of the NM as well as that of the chemical (24 %). Most of the 

evaluated studies focus on the quantification of the chemical (76 %) since they expected a direct 

correlation to the amount of NM internalized. In total, 71 % of the studies determined the NM 

uptake within their mixture experiments.  

 

Fig. 3: a) Number of studies determining the uptake of the NM and/or the chemical, b) percentage 

of studies analyzing the accumulation of the chemical. In these studies, the change in internal 

concentration after mixture is exposure is given relative to the single substance exposure under 

equal conditions. 

 

Based on the evaluated literature, the majority of studies (59 %) reported an enhanced 

accumulation of a chemical within the test system, indicating a widespread occurrence of the 

‘Trojan-horse effect’ (Fig. 3). By contrast, only 29 % of all studies reported a reduced internalization 

of chemicals in the presence of a NM in comparison to the respective single substance exposure. 

The adsorption strength between the NM and the chemical was found to be crucial for the uptake 

of chemicals, and adsorption strength and efficiency may differ upon internalization by an 

organism. For instance, the study of Dalai et al.
24

 highlighted the interaction between the 
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adsorption strength of a NM, the NM and chemical internalization and the influence on 

bioavailability. In their study on the freshwater microalgae S. obliquus, the influence of the 

adsorption strength of chromium was compared for Al2O3 and TiO2 particles. A stronger chromium 

adsorption was observed for TiO2 (94 %) compared to Al2O3 (79 %). Interestingly an active particle 

uptake by the algae was observed with the uptake of TiO2-NPs being 10-fold higher than that of 

Al2O3-NPs. Therefore, enhanced chromium concentrations were determined for the exposure with 

TiO2-NPs leading to a higher bioavailable chromium fraction within the algae. 

In contrast, for the combination of organic chemicals with metallic and carbonaceous NMs, often a 

reduced internalization of the chemicals is observed
27, 35-36

. All three studies reported for the 

mixture exposure a constant or even increase in NM uptake compared to single NM exposure. At 

the same time, a decrease in the accumulation of the chemical by ~40 % was observed. Probably, 

the NM-bound chemical is internalized by the organism but the chemical is transformed due to the 

presence of the NM (as described under ‘Test design’).  

In addition, the bioavailability of a chemical may be reduced by nanoparticle agglomeration and 

subsequent sedimentation, especially in seawater with a high ionic strength. This phenomenon was 

observed by Farkas et al.
36

 for the co-exposure of blue mussels with B[a]P and TiO2-NPs. Most of 

the B[a]P was bound to the particles, and sedimentation of the particles resulted in a low 

bioavailability of the chemical.  

Moreover, NMs also indirectly increase the uptake of chemicals, as demonstrated for algae
82

 and 

plants
63, 112

 For example; the damage of plant cells due to piercing by CNTs can result in a 

facilitated uptake of chemicals even when no sorption to the NM surface takes place 
112

. Hartmann 

et al.
45

 explained the increased internal Cd concentrations in D. magna in the presence of TiO2 by 

the facilitated uptake of Cd during the TiO2 internalisation independent of the adsorbed Cd fraction. 

Hence, in summary, the presence of NM was found to modulate the uptake of chemicals when (i) 

adsorption of the chemical takes place and (ii) the NM is internalized by the biological system. 

When both conditions apply, a clear Trojan-horse effects occurs. In addition, transformation 

processes between NM and chemicals may occur, leading to the disruption of an internalized 

chemical, as well as indirect effects. In case these processes play a role, no Trojan-horse 

mechanism occurs. 
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3. Modulation of toxicity upon NM – chemical mixture exposure  

As described in the previous chapter, the bioavailability of chemicals is influenced by the presence 

of NM in various ways. The aim of this chapter is to shed light on the impact of NM-chemical 

mixtures on biological effects and to assess toxicity. In all, 114 studies were identified reporting on 

the toxicity of NM-chemical mixtures. The datasets for the single substance exposure were 

compared to those of the mixture exposure on a qualitative basis, in order to identify modulating 

effects elucidated by chemical co-exposure in the presence of NMs. The majority of the set of 

mixture studies investigating the biological outcome reported an enhanced toxicity (66 %) (Fig. 4a). 

Of the remaining studies, 19 % reported a decrease in toxicity and in 15 % of the studies the 

toxicity was not changed by the presence of an NM. These overall numbers are in line with the 

reported frequencies of the Trojan-horse effect, so at first glance one may see concordance. 

 

Fig. 4: a) Number of toxicological effect studies, b) percentage of studies analyzing the effects of 

the chemical. The change in toxicity (increase, decrease or unchanged) observed during a mixture 

exposure is given relative to the effect level determined for single substance exposure under equal 

conditions. 

 

Mixture studies reporting on an enhanced toxicity of the chemicals occur over all NM-chemical 

mixtures retrieved from the literature: inorganic NM / inorganic chemical
42, 66, 111

, inorganic 

NM / organic chemical
30, 59

, organic NM / inorganic chemical 
21, 57

, and organic NM / organic 

chemical
25, 48

. In most of these studies the increased toxicity is directly correlated to an enhanced 

uptake of the chemical in case it was investigated.
31, 39, 94

  

Furthermore, it was found that mainly the chemical rather than the NM is responsible for an 

enhanced toxicity.
24

 An explanation might by the fact that often no toxicological effects can be 

observed for the NM alone
22

 or the NM toxicity is masked by the high toxicity of the chemical
24

.  
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In addition, an increase in toxicity may result from the formation of toxic substances due to the 

transformation of the chemical inside the organism/cell. The conversion of tetrahydrofuran to the 

more toxic degradation product γ-butyrolactone
46

, as well as the transformation of BDE-209
110

 and 

pentachlorophenol
35

 in zebrafish larvae in the presence of fullerenes and TiO2-NPs were reported. 

Hence, the Trojan-horse like mechanism resulting in an enhanced chemical uptake may also lead 

to a reduced toxicological outcome due to transformation processes in the biological test system.  

With regard to the studies reporting no modulation of toxicity, for the majority of the studies an 

enhanced uptake
24, 45

 or no uptake of the chemical at all
89, 98, 102

 was observed if investigated. In 

some of the studies reporting no toxic effect, no interaction between the NM and the chemical was 

determined leading to an internal concentration of the chemical comparable to that of chemical 

exposure only 
102, 103

. The sedimentation
36

, agglomeration, dissolution
89

 and modification
101

 of the 

NMs within the test media (especially soil, marine water) might be additional reasons for an 

absence of interaction.  

Only a few studies investigated the mixture effects by the application of chronic test conditions 

related to reproduction. The study of Brausch et al.
2
 reported no toxicological effects on the 

reproduction when they exposed D. magna to functionalized C60 and bifenthrin or tribufos, for 70 or 

21 days, respectively. In contrast, Han et al.
43

 and Yan et al.
117 

observed up to 20 % reduction in 

the reproduction rate of crustaceans by an exposure to atrazine in combination with either C60 or 

nano-CeO2, for 14 or 15 days of exposure in comparison to the exposure with the single 

substances, respectively.  

Overall, the interaction of NM with chemicals in many of the reported cases led to a modulation of 

the chemicals toxicity, which seems to be determined by factors such as an enhanced chemical 

uptake in the presence of NM or toxification / detoxification due to transformation / degradation 

processes. The sedimentation of particles and sorbed chemicals can also lead to a reduced 

bioavailability of the chemical to the organism compared to a single substance exposure and 

therefore reduce the toxic outcome compared to the occurrence of the chemical on its own.
76
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4. Linking accumulation and toxicity of NM-chemicals mixtures  

As described in the previous chapters, the bioavailability of chemicals may be influenced by the 

presence of NM in various ways. While the Trojan-horse mechanism leads to an increased 

accumulation of the chemical within the biological test system, other mechanisms may reduce the 

uptake of a chemical. On the level of toxicology, likewise both decrease and increase in effects 

were observed. Accordingly, the aim of this chapter is to improve our understanding on the impact 

of altered bioaccumulation on toxicological effects of NM-chemical mixtures. A subset of 38 studies 

investigate the accumulation along with the toxicological outcome in a quantitative manner upon 

mixture exposure. In order to allow the discussion based on quantitative information, the values for 

accumulation and toxicity were transformed into % change for a mixture in comparison to the single 

substance exposure. Fig. 5 shows a direct comparison of the changes in chemical accumulation 

and toxicity after mixture exposure. 

In order to identify the prevalence of typical patterns, 7 categories describing the NM-chemical 

interaction could be discriminated (see Fig. 5): 

(1) an increase in accumulation and toxicity  

(2) an increase in accumulation and no change in toxicity  

(3) an increase in accumulation and a decrease in toxicity  

(4) no change in accumulation and toxicity  

(5) no change in accumulation and a decrease in toxicity  

(6) a decrease in accumulation and toxicity 

(7) a decrease in accumulation and an increase in toxicity  

According to this categorization, more than 53 % of the studies considered fall under the first 

category. This is a clear indication that an increase in bioaccumulation was in the majority of 

cases accompanied by the increase in biological effects. However, the degree to which an 

increase in accumulation leads to an increase in toxicity differs. For example, Qu et al.
74

 showed 

350 % increase in chemical uptake resulting in 20 % increase in toxicity, whereas Zhang et al.
127

 

found a 20 % increase in accumulation to result in a more than 100 % facilitation of toxicity. This 

illustrates that the internalized dose and effects must not be linearly related. 
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However, an enhanced accumulation of the chemical is not always related to an increased toxicity. 

The release of the chemical from the particle surface once being internalized plays a crucial role.
16

 

In some cases, the NM-chemical adsorption is strong and thus no release of the chemical takes 

place. This process leads to a decreased availability of the chemical and results in unchanged or 

reduced toxicity of a mixture (category 2-3). Overall, 13 % and 5 % of all quantitative studies 

resulted in an enhanced accumulation but no change (category 2) or reduced (category 3) 

effects. 

 

Fig. 5: Change of accumulation (upper panel) and toxicity (lower panel) in quantitative studies on 

NM-chemical mixtures in % compared to results obtained by a single chemical exposure. The 

studies were assigned to 7 categories: Increased accumulation and toxicity (category 1), increased 

accumulation and no change in toxicity (category 2), increased accumulation and decrease of 

toxicity (category 3), no change of accumulation and toxicity (category 4), no change in 

accumulation and a decrease in toxicity (category 5), decrease in accumulation and toxicity 

(category 6) and decrease in accumulation and increase in toxicity (category 7) of the chemical by 

a NM mixture exposure.  
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The mixtures of carbonaceous NMs and organic substances were allocated to the categories 1 

and 2, and the experiments conducted with these mixtures resulted for 25 % of the studies in 

reduced toxic effects and for 25 % in an unchanged outcome compared to the single substance 

exposure (Fig. 4b). This indicates that NMs may prevent toxicological effects by reducing the 

bioavailable fraction of the chemical without subsequent release.
16

  

A reduced toxic effect despite an increased accumulation of the NM-bound chemical was described 

by Fang et al.
33

 and Rosenfeldt et al.
76

. Both determined an increased accumulation (2 to 6-fold) of 

the chemical inside the organism (D. magna). However, the increased concentration of the 

chemical did not lead to an enhanced toxicity. In contrast, the toxicity was reduced up to 100 % 

probably due to the high sorption strength between the applied NM and chemical. In addition, the 

possibility of a modification or encapsulation of the chemical within the gastrointestinal tract was 

discussed.
76

 In the study of Fang et al.
33

, 75 % of the total mass of the chemical was sorbed to the 

NM and was shown to be unavailable for the organism. Both studies determined the sorption 

behavior and clearly showed an enhanced accumulation, but a reduced bioavailability of the 

chemical. The reduced bioavailability of the chemical can be explained by various mechanisms 

such as adsorption, transformation, or sedimentation. 

Whether the chemical in a mixture with NM is bioavailable to the biological system further depends 

on: 

- the NM properties, e.g. agglomeration and sedimentation behavior within the media 

- the type, strength and capacity of the NM-chemical interaction (competitive or irreversible 

binding) 

- internal bioavailability depends on desorption properties 

- catalytic activity of the NM, e.g. formation of chemical metabolites 

 

Under category 4 those studies are summarized showing neither a change in accumulation nor in 

toxicity. Hence, there is no interaction between chemical and NM and the effects correspond to 

those of an exposure to the individual substances.
45, 89, 102

 Specifically these mixtures consist of 

metal oxide NMs/heavy metals
16, 17, 24

 and carbonaceous NMs/organic chemicals
33

 occurred under 

this category. Related to the individual substances, the toxicological outcome seems to be mainly 

driven by the chemical as long as the NM does not exert toxicity by itself, nor interacts with the 
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chemical. This is supported by Tourinho et al.
101

 showing that the mixture of CeO2 and 

phenanthrene has no effect on isopods and springtails.  

No change in accumulation but a decrease in toxicity (category 5) was described by Nigro et al.
69

 

for a mixture exposure of a sea bass (D. labrax) with TiO2-NPs and Cd. Depending on the chosen 

endpoint an reduced effect (67 % decrease compared to Cd alone exposure) on the genome 

template stability reduction was found. However, this effect was identified as being due to the 

hematotoxicity and the altered cell division induced by cadmium, rather than by a truly antagonistic 

interaction of the two components. 

A reduced accumulation as well as a decrease in the toxicity of the chemical was observed in co-

exposure with TiO2-NPs (category 6).
76, 83, 120

 In the study of Rosenfeldt et al.
76

 an influence of the 

elemental identity on the uptake and toxicity of different metals (Cu, As, Ag) in presence of TiO2-

NPs by D. magna was observed. Only the mixture experiments with copper showed a reduced 

accumulation (14-fold) and toxicity (27 %) of the chemical in comparison to the exposure against 

the single substance. The rapid sedimentation of the TiO2-NPs together with the associated Cu 

seemed to explain the reduced exposure.  

In contrast to all other studies, Farkas et al.
36

 and Fang et al.
35

 reported a decreased uptake of the 

chemical, but an increased toxicity by a co-exposure with a NM (category 7) on the blue mussel 

M. edulis and the zebrafish embryo (D. rerio), respectively. In the study of Farkas et al.
36

, the 

benzo[a]pyrene availability was reduced by the presence of TiO2-NPs. However, the biological 

outcome on the enzymatic and chromosomal level was enhanced leading to assume that the NM 

acts as a potential stressor or an activator of the chemical and its toxicity. This study is of high 

interest since it described a gradually altered toxicological effect occurring by the mixture exposure 

in comparison to the exposure to the individual substances. In contrast, the decreased internal 

PCP concentrations and increased toxicity in the presence of TiO2 observed by Fang et al.
35

 can 

be explained by the formation of reactive metabolites, namely tetrachlorohydroquinone. 

In general, with regard to the type NM, no clear trend towards the assignment to one category can 

be observed, as for example TiO2 appears throughout the categories 1-6. However, this might be 

biased by the low number of studies in the categories 2-7. In any case, the reviewed studies 

demonstrate that NM typically can be expected to influence the bioavailability of the chemical 

(adsorption, sedimentation) resulting in a modulation of toxicity. Hence, quantitative information on 
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both, the change in accumulation and toxicity of the chemical due to a mixture exposure are 

required to gain knowledge on the probability of altered effects of mixtures. In that regard it is 

crucial to consider the internal fate of a NM bound chemical, as internalization alone does not 

imply that the chemical is available to exert adverse effects in the organism. In order to be able to 

predict such effects knowledge on the free versus the bound fraction of a chemical is needed.
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5. Conclusion and recommendations 

Nanomaterials and other substances such as organic chemicals or heavy metals can be released 

into the environment and occur in aquatic and terrestrial compartments. Therefore, it is necessary 

to investigate joint effects of both components with regard to their ecotoxicity. The evaluation of in 

total 119 studies on the mixture exposure of NMs and chemicals revealed that NMs may modify the 

effects of substances on organisms in various ways. The final toxicological outcome, however, 

depends on the individual substance, its sorption affinity to the particulate NM, the resulting 

bioavailability and potential fate within the biological system.  

In order to characterize the mixture it is important to study the adsorption process with regard to 

time and strength. This allows predicting whether an increased accumulation of the substance in a 

biological organism is to be expected. In a second step, both the uptake of NM and chemical 

should be analyzed in a quantitative manner upon exposure to non-toxic concentrations. However, 

for the specific case of mixtures involving NM, also the internal fate of a chemical needs to the 

considered, as the bioactive fraction may not correspond to the internalized fraction. Under the 

selection of appropriate endpoints finally the toxicological effects of the single substances as well 

as the mixture should be assessed. The dataset obtained for the NM as well as for the chemical 

can be linked to increase the mechanic understanding of NM-chemical mixture effects. 

Future studies should especially focus on the fate of the NM-chemical complex inside the biological 

system. To enable this, new imaging and detection methods will have to be developed to allow 

visualizing NM-chemical complexes within biological matrices. 
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Appendix I 



 

 
 

Classification of combined effect studies  
1
 The observations are always related to changes in the accumulation behavior or toxicity of the pollutant. (+) represents an enhanced accumulation or toxic effect, (-) symbolize an 

effect reduction, (+/-) imply a comparable accumulation behavior or toxicity with regard to a single substance exposure and (+)/(-) means that both, reduced and enhanced effects 

were observed due to different types of endpoints, different contaminant properties or different exposure duration in one study 

 

Table 1: Collection of combined ecotoxicological effect studies on isolated fish and mussel primary cells and cell lines, as well as unicellular organisms. 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Rainbow trout gill cells 
(Oncorhynchus mykiss) 

Tungsten-Carbide (WC) Cobalt (CoCl2) - Cell viability (+/-) Kühnel et al. (2009) 

European eel gill cells 
(Anguilla anguilla) 

Fe3O4 Mercury - 
Enzyme activity (+)/(-),  
Lipid peroxidation (+) 

Srikanth et al. (2014) 

European eel brain cells 
(Anguilla anguilla) 

Fe3O4 Mercury - Acute toxicity (+), chronic toxicity (-) Anjum et al. (2014) 

European eel blood cells 
(Anguilla anguilla) 

Fe3O4 Mercury - Genotoxicity (+), Lipid peroxidation (+) Mohmood et al. (2015) 

Ciliated protozoa (T. Pyriformis) Fe3O4 Arsenic (V) - Survival rate (+), ROS formation (+) Zou et al. (2013) 

Protozoan  
(Tetrahymena thermophile) 

TiO2 Cadmium (+) Acute toxicity (+) Yang et al. (2014) 

Mussel hemocytes 
(Mytilus edulis) 

TiO2 Benzo[a]pyrene - 
Genotoxicity (+), cell damage (+) 

micronucleus frequency (+) 
Bergum (2013) 

Mussel hemocytes and gill cells 
(Mytilus galloprovincialis) 

TiO2 TCDD (+) in vivo 
Genotoxicity (+), efflux activity (-) 

phagocytotic activity (+) 
Canesi et al. (2013) 

Mussel hemocytes (Unio tumidus) ZnO 
Nifedipine,  

fungicide (Tattoo) 
- 

Acute toxicity (+), Lipid peroxidation (+), 
DNA damage (+) 

Falfushynska et al. 
(2015) 

Zebrafish hepatocytes ZFL  
(Danio rerio) 

Fullerene (C60) Arsenic (III) (+) ROS formation (-) 
Azevedo Costa et al. 

(2012) 

Zebrafish hepatocytes ZFL  
(Danio rerio) 

Fullerene (C60) Benzo[a]pyrene (+) 
Cell viability (-), 

ROS formation (-) 
Ferreira et al. (2014) 

Topminnow hepatoma cells PLHC 
(Poeciliopsis lucida) 

Graphene oxide, 
carboxyl graphene 

β-Naphthoflavone, 
benzo(k)fluoranthene, 

hexachlorobiphenyl 
- Cyp1A induction (+) Lammel et al. (2015) 

 

 



 

 
 

Table 2: Collection of combined ecotoxicological effect studies on bacteria and fungi species. 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Eight different bacteria (gram-
negative and gram-positive) 

AgNP 
Antibiotics with different 

mode of action 
- Toxicity (+), antibacterial activity (+) Naqvi et al. (2013) 

Four different bacteria (gram-
negative and gram-positive) 

AgNP 
Antibiotics with different 

mode of action 
- 

Toxicity (+), antibacterial activity (+),  
bacterial growth (-) 

Fayaz et al. (2010) 

Gram-negative and gram-positive 
bacteria 

AgNP 
Hexadecylpyridinium 

salicylate 
- Antibacterial activity (+) Silveira et al. (2015) 

Salmonella thyphimurium AgNP 
Antibiotics with different 

mode of action 
(+) 

Toxicity (+), antibacterial activity (+),  
bacterial growth (-) 

McShan et al. (2015) 

E. coli, S. aureus AgNP Antibiotics - Toxicity (+), antibacterial activity (+) Shahverdi et al. (2007) 

E. coli AgNP Amoxicillin - 
Toxicity (+), bactericidal efficiency (+),  

bacterial growth (-) 
Li et al. (2005) 

Phoma glomerata, Phoma 
herbarum, Fusarium semitectum, 

Trichoderma sp., Candida albicans 
AgNP Fluconazole - Toxicity (+), antibacterial activity (+) Gajbhiye et al. (2009) 

Pseudomonas putida, 
Pseudomonas chlororaphis 

ZnO Aluminum - 
Toxicity (+), light output (-),  
siderophore production (-),  

IAA production (-) 
Fang et al. (2013) 

E.coli CeO2 
Non-ionic surfactants: PVP, 

Tween 80, Triton X-100 
- Toxicity (+), antibacterial activity (+) 

Cuahtecontzi-Delint et 
al. (2013) 

E. coli Al2O3, TiO2 Cadmium - Toxicity (+)/(-) Santaella et al. (2014) 

Anabaena sp. TiO2 Zinc (ZnSO4*7H2O) - 
Low NM-conc. toxicity (+),  
high NM-conc. Toxicity (-) 

Tang et al. (2013) 

E. coli Fullerene (C60) THF-peroxide - 
Toxicity (+), antibacterial activity (+),  

bacterial growth (-) 
Zhang et al. (2008) 

V. fischeri Fullerene (C60) 
Nonylphenol, triclosan, 
malathion, glyphosate 

- Toxicity (-) Sanchis et al. (2015) 

Mycobacterium vanbaalenii SWCNT Phenanthrene - Toxicity (+), microbial mineralization (-) Cui et al. (2011) 

Agrobacterium MWCNT Phenanthrene - Microbial mineralization (-) Xia et al. (2010) 

 



 

 
 

Table 3: Collection of combined ecotoxicological effect studies on algae species 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Walled and wall-less green 
algae (Chlamydomonas 
reinhardtii), Green algae  

(Chlorella kesslerii) 

CdSe/ZnS QDs 
Copper (Cu(NO3)2), 

lead (Pb(NO3)2) 
Walled algae (-),  

wall-less algae (+) 
- Worms et al. (2012) 

Green algae 
(Scenedesmus obliquus) 

TiO2, Al2O3 Chromium (K2Cr2O7) (+) 
Toxicity in presence of TiO2 (+), toxicity in 

presence of Al2O3 (+/-), oxidative stress (+) 
Dalai et al. (2014) 

Green micro-algae 
(Dunaliella salina) 

TiO2 Cadmium (+) Toxicity (+), growth rate (-) Han et al. (2011) 

Green algae  
(Chlamydomonas reinhardtii) 

TiO2 Cadmium (-) Toxicity (-) Yang et al. (2012) 

Green algae  
(Chlamydomonas reinhardtii) 

TiO2 Cadmium (-) Toxicity (-) Yang et al. (2012) 

Green algae 
(Pseudokirchneriella 

subcapitata) 
Three types of  TiO2 Cadmium - Toxicity (-), growth rate (-) Hartmann et al. (2010) 

Green algae 
(Pseudokirchneriella subcapitata) 

Fullerene (C60) 

Methylparathione,  
pentachlorophenol,  

phenanthrene,  
atrazine 

- 
Toxicity of strong adsorbed contaminants 

(+),   
toxicity of week adsorbed contaminants (-) 

Baun et al. (2008) 

Green algae  
(Chlorella vulgaris) 

Three modified CNTs Diuron - Toxicity (-) Schwab et al. (2013) 

 

 

 

 

 

 

 



 

 
 

Table 4: Collection of combined ecotoxicological effect studies on crustaceans 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Ceriodaphnia dubia Al2O3 Arsenic (NaH2AsO4*7H2O) (+)  Toxicity (+), mobility (-) Wang et al. (2011) 

Ceriodaphnia dubia Al2O3, Fe2O3 Arsenic (As(V)) (+) Toxicity (+) Hu et al. (2012) 

Daphnia magna CeO2 Atrazine (+)  Toxicity (+), reproduction (-) Han et al. (2012) 

Ceriodaphnia dubia CeO2, TiO2 Lead (Pb(NO3)2 (+) Toxicity (+) Hu et al. (2012) 

Daphnia magna TiO2 Copper (Cu(NO3)2) (+)  
Toxicity (+),  

metallothionein inhibition (+) 
Fan et al. (2011) 

Daphnia magna TiO2 Copper (Cu(NO3)2) (+)  
Toxicity (+), ROS formation (+), Na

+
/K

+
-

ATPase activity (-) 
Fan et al. (2012) 

Daphnia magna TiO2 

Copper  (Cu(NO3)2*3H2O; 
CuSO4*5H2O),  
silver (AgNO3),  

arsenic (Na2HAsO4*7H2O) 

Accumulation Ag, As (+), 
accumulation Cu (-) 

Toxicity Ag (+),  
toxicity As, Cu (-) 

Rosenfeldt et al. (2014) 

Daphnia magna TiO2 Copper  (Cu(NO3)2*3H2O - Toxicity (-) Rosenfeldt et al. (2015) 

Amphipod  
(Gammarus fossarum) 

TiO2 Copper (CuSO4*5H2O) (-) Toxicity (-), lipids (+), assimilation (-) Rosenfeldt et al. (2015) 

Daphnia magna TiO2 
109

Cd, 
65

Zn (+) Excretion efficiency (-) Tan et al. (2011) 

Daphnia magna TiO2 
109

Cd, 
65

Zn (+) 
Toxicity (+), oxidative stress (+/-), 

metallothionein (+/-), excretion (+/-) 
Tan and Wang (2014) 

Daphnia magna Three types of TiO2 Cadmium (+) Toxicity (+/-) Hartmann et al. (2012) 

Ceriodaphnia dubia TiO2 Arsenic (NaH2AsO4*7H2O) (+) Toxicity (+), mobility (-) Wang et al. (2011) 

Daphnia magna TiO2 Pirimicarb (-) Toxicity (+/-) Seitz et al. (2012) 

Daphnia magna TiO2 
Penta-brominated diphenyl 

ether 
- Toxicity (+), mobility (-) Tian et al. (2014) 

Isopod  
(Porcellionides pruinosus) 

CeO2 Phenanthrene - Toxicity (+/-) Tourinho et al. (2015) 

Daphnia magna Fullerene (C60) Copper (+) 
Toxicity (+),  

Cu
2+

-ATPase activity (+) 
Tao et al. (2013) 

Daphnia magna Fullerene (C60) 109
CdCl2, 

65
ZnCl2 (+) Excretion efficiency (-) Yu and Wang (2014) 

Daphnia magna Fullerene (C60) 
Methylparathione, 

pentachlorophenol, 
phenanthrene 

- Toxicity (-) Baun et al. (2008) 



 

 
 

 

 

 

 

 

 

 

 

Daphnia magna Fullerene (C60) Fluoranthene - 
Toxicity, cell damage < 24h exposure (-), 
toxicity, cell damage > 24 h exposure (+) 

Yang et al. (2010) 

Daphnia magna Fullerene (C60) Atrazine - Reproduction (+/-) Yan et al. (2010) 

Daphnia magna Fullerene (C60) Bifenthrin, tribufos - Toxicity (+), reproduction (+/-) Brausch et al. (2010) 

Daphnia magna Fullerene (C60) 
Nonylphenol, triclosan, 
malathion, glyphosate 

- Toxicity (-), toxicity (+) for malathion Sanchis et al. 2015 

brine shrimp 

(Artemia sp.) 
Fullerene (C60) 17α-Ethinyl-estradiol (EE2) (+) - Park et al. (2010) 

Daphnia magna 
Functionalized and  
non-functionalized  

MWCNTs, SWCNTs 

109
Cd, 

65
Zn,  

cadmium (CdCl2), zinc 
(ZnCl2) 

(+)/(-) Dependent on 
functionalization 

Excretion efficiency (-) Yu and Wang (2013) 

Daphnia magna 
Functionalized and  
non-functionalized  

MWCNTs, SWCNTs 
Cadmium (+) Toxicity (+) Wang et al. (2016) 

Daphnia magna SWCNT Copper (+) Toxicity (+) Kim et al. (2010) 

copepod  
(Amphiascus tenuiremis) 

SWCNT 
Mixture of PCBs, PAHs, 

PBDEs 
(+/-) - Ferguson et al. (2008) 

Daphnia magna MWCNT Copper - Toxicity (+), ROS formation (+) Kim et al. (2009) 

Daphnia magna MWCNT Nickel (Ni(NO3)2*6H2O) (+) Toxicity (+) Wang et al. (2014) 

Daphnia magna Nano-charcoal 
Tributyltin ([C4H9]3SnCl),  
dibutyltin ([C4H9]2SnCl2) 

(+) Toxicity (-) Fang et al. (2011) 



 

 
 

Table 5: Collection of combined ecotoxicological effect studies on mussels and snails 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Blue mussel 
(Mytilus edulis) 

Au-NP Menadione (+/-) Toxicity (+/-) Tedesco et al. (2010) 

Mudsnail (Potamopyrgus 
antipodarum)  

AgNP 17α-Ethinyl-estradiol (EE2) - 
Toxicity (+)/(-),  

reproduction (+)/(-), 
gene expression (+)/(-) 

Völker et al. (2014) 

Marine bivalve 
(Mytilus galloprovincialis) 

TiO2 Cadmium (CdCl2) (+/-) 
Toxicity (-),  

metallothionein induction (+), 
immune biomarker response (+) 

Balbi et al. (2014) 

Marine mussel 
(Mytilus galloprovincialis) 

TiO2 Cadmium (CdCl2) - 
Toxicity (-),  

genome template stability (-), 
chromosomal damage (-) 

Rocco et al. (2015) 

Marine mussel 
(Mytilus galloprovincialis) 

TiO2 Cadmium (CdCl2) (-) 
Toxicity (+)/(-),GST activity (-), 

NO production (+),  
DNA damage (-) 

Della Torre et al. (2015) 

Marine mussel 
(Mytilus galloprovincialis) 

TiO2 
Cadmium (CdCl2),  

2,3,7,8 TCDD 
(+) Toxicity (-) Canesi et al. (2015) 

Freshwater bivalve  
(Corbicula fluminea) 

TiO2 Cadmium (+/-) Toxicity (+/-) Vale et al. (2014) 

Blue mussel 
(Mytilus edulis) 

TiO2 Benzo[a]pyrene (+) 
Toxicity (+), NADPH cytochrome 

C reductase activity (+) 
Bergum (2013) 

Blue mussel 
(Mytilus edulis) 

TiO2 Benzo[a]pyrene (-) 
Toxicity (+), DNA damage (+), 

enzymatic acivity (-) 
Farkas (2015) 

Arctic shell 
(Scapharca subcrenata) 

TiO2 Phenanthrene (+) Excretion (+/-) Tian et al. (2014) 

Mediterranean mussel 
(Mytilus galloprovincialis) 

TiO2 2,3,7,8 TCDD (+) Toxicity (+), cell damage (+) Canesi et al. (2014) 

Abalone embryos 
(Haliotis diversicolor supertexta) 

TiO2 Tributyltin (+) 
Toxicity (+), malformations (+), 

hatching rate (-) 
Zhu et al. (2011) 

Mussel hemocytes (Unio tumidus) ZnO Nifedipine,  - Toxicity (+), DNA damage (+), 
Lipid peroxidation (+), 

Falfushynska et al. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fungicide (Tattoo) metallothionein level (+) (2015) 

Mediterranean and blue mussel 
(Mytilus galloprovincialis, Mytilus 

edulis) 
Fullerene (C60) Fluoranthene (+) 

Toxicity (+), DNA damage (+), 
glutathione production (+) 

Al-Subiai et al. (2012) 

Green sea urchin 
(Strongylocentrotus 

droebachiensis) 
SWCNT Silver - 

Toxicity (+),  
gut regionalization (-) 

Magesky et al. (2015) 



 

 
 

Table 6: Collection of combined ecotoxicological effect studies on fish species 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

Turbot 
(Scophthalmus maximus) 

AgNPs 17α-Ethinyl-estradiol (EE2) (+/-) 
Toxicity (+/-),  

plasma vitellogenin induction (+) 
Stanková et al. (2015) 

Zebrafish embryo 
(Danio rerio) 

AgNPs, TiO2 

12 elements  
(Ni, Mg, Zn, Cu, Cd, Fe, Cr, 

Hg, As, Al, Pb, Mn) 
(+/-) - 

Pavagadhi et al. 
(2014) 

Zebrafish embryo 
(Danio rerio) 

CdSe QDs Copper (CuCl2) (+) 
Toxicity (+), malformations (+), 

hatching rate (-) 
Zhang et al. (2012) 

Zebrafish embryo 
(Danio rerio) 

CdTe QDs Copper (CuCl2) (+) 
Toxicity (+), malformations (+), 

hatching rate (-) 
Zhang et al. (2013) 

Zebrafish embryo 
(Danio rerio) 

CeO2 Doxorubicin - 
Toxicity (+), malformations (+), 

hatching rate (-) 
Krysanov and 

Demidova (2012) 

Zebrafish (Danio rerio) TiO2 Cadmium (Cd(NO3)2*4H2O) (+) Toxicity (+) Hu et al. (2011) 

Carp (Cyprinus carpio) TiO2 Cadmium (+) - Zhang et al. (2007) 

European sea bass 
(Dicentrarchus labrax) 

TiO2 Cadmium (CdCl2) (+/-) 
Toxicity (-), chromosomal damage (-), 

genome template stability (+) 
Nigro et al. (2015) 

Carp (Cyprinus carpio) TiO2 
Arsenic (III) (As2O3), 

Arsenic (V) 
(Na3AsO4*12H2O) 

(+) Metabolism (+) Sun et al. (2009) 

Carp (Cyprinus carpio) TiO2 
Arsenic (V) 

(Na3AsO4*12H2O) 
(+) - Sun et al. (2007) 

Tiger fish (Hoplias 
malabaricus) 

TiO2 Lead ((CH3COOH)2Pb) - Toxicity (+), injury index (+),  
serotonin (+) 

Rossi et al. (2014) 

Zebrafish embryo 
(Danio rerio) 

TiO2 Lead (Pb(CH3COO)2*3H2O) (+) 
Toxicity (+), malformations (+), 

locomotion activity (+),  
thyroid hormone levels (-) 

Miao et al. (2015) 

Zebrafish embryo 
(Danio rerio) 

TiO2 
Decabromdiphenyl ether 

(BDE-209) 
(+) 

Toxicity (+), metabolism (+),  
oxidative stress (+/-),  
gene expression (-) 

Wang et al. (2014) 

Zebrafish embryo TiO2 Bisphenol A - Toxicity (+), malformations (+), Yan et al. (2014) 



 

 
 

(Danio rerio) hatching rate (-) 

Zebrafish embryo 
(Danio rerio) 

TiO2 Pentachlorophenol (-) 
Toxicity (+), ROS formation (+), gene 
expression (+), enzymatic activity (-), 

metabolism (+) 
Fang et al. (2015) 

European sea bass 
(Dicentrarchus labrax) 

TiO2 2,3,7,8 TCDD (+/-) Toxicity (-) 
Della Torre et al. 

(2015) 

European sea bass 
(Dicentrarchus labrax) 

TiO2 2,3,7,8 TCDD - Toxicity (+/-), gene expression (+/-) 
Vannuccini et al. 

(2015) 

Zebrafish embryo 
(Danio rerio) 

Fullerene (C60) Mercury (HgCl) - Metallothionein gene expression (+) Henry et al. (2013) 

Medaka (Oryzias latipes) Fullerene (C60) Organochlorine compounds 

Accumulation of low 
hydrophobic contaminants (+), 

Accumulation of strong 
hydrophobic contaminants (-) 

- Hu et al. (2010) 

Medaka embryo 
(Oryzias latipes) 

Fullerene (C60) Atrazine - Hatching rate (-), reproduction (-) Yan et al. (2010) 

Zebrafish (Danio rerio) Fullerene (C60) Tetrahydrofuran - Toxicity (+), metabolism (+) Henry et al. (2007) 

Zebrafish (Danio rerio) Fullerene (C60) 17α-Ethinyl-estradiol (EE2) Accumulation via foodweb (-) - Park et al. (2010) 

Zebrafish embryo 
(Danio rerio) 

Fullerene (C60) 17α-Ethinyl-estradiol (EE2) - Vitellogenin gene expression (-) Park et al. (2011) 

Medaka (Oryzias latipes) SWCNT Phenanthrene 

Accumulation <24h 
exposure (-), 

Accumulation >24h exposure 
(+) 

- Su et al. (2013) 

Goldfish (Carassius auratus) MWCNT Cadmium (3CdSO4*8H2O) (+) Toxicity (+), ROS formation (+) Qu et al. (2014) 

Carp  
(Carassius auratus red var.) 

MWCNT Pentachlorophenol (+) - Sun et al. (2014) 

 

 

 

 



 

 
 

Table 7: Collection of combined ecotoxicological effect studies on terrestrial organisms 

Test model Nanomaterial Contaminant Accumulation
1 

Toxicity
1 

Reference 

   Terrestrial organisms (worm species, fly larvae) 

Blackworm 
(Lumbriculus variegatus) 

Three types of TiO2 Cadmium (+/-) Toxicity (+/-), excretion (+/-) Hartmann et al. (2012) 

Springtail  
(Folsomia candida) 

CeO2 Phenanthrene - Toxicity (+)(-) Tourinho et al. (2015) 

Redworm (Eisenia foetida) Fullerene (C60) p,p-DDE; o,p-DDE (-) - 
Kelsey and White 

(2013) 

Marine Bristle worm 
(Streblospio benedicti) 

SWCNT 
Mixture of PCBs, PAHs, 

PBDEs 
(-) - Ferguson et al. (2008) 

Redworm (Eisenia foetida) SWCNT, MWCNT Pyrene 
Low NM conc. (+/-),  
high NM conc. (-) 

- Petersen et al. (2009) 

Redworm (Eisenia foetida) MWCNT Sodium pentachlorophenate - Behavior (-) Hu et al. (2014) 

Redworm (Eisenia foetida) MWCNT Sodium pentachlorophenate - Toxicity (+), oxidative stress (+) Zhang et al. (2014) 

Redworm (Eisenia foetida) MWCNT Nonylphenol - Toxicity (+), oxidative stress (+) Hu et al. (2013) 

Nematoceran fly larvae 
(Chironomus plumosus) 

Two types of MWCNTs Perfluorochemicals (PFCs) (-) - Xia et al. (2012) 

Nematoceran fly larvae 
(Chironomus plumosus) 

Two types of MWCNTs 
Phenanthrene, pyrene, 

chrysene 
Accumulation low  NM conc. (-), 
accumulation high NM conc. (+) 

- Shen et al. (2012) 

Nematoceran fly larvae 
(Chironomus plumosus) 

MWCNT Pyrene, chrysene (-) - Shen et al. (2014) 

   Plant species 

Rice (Oryza sativa) TiO2, CeO2 Copper - Toxicity (+), bioavailability (-) Wang et al. (2015) 

Pumpkin (Cucurbita pepo),  
soybean (Glycine max) 

AgNP p,p-DDE (-) Lipid peroxidation (+) 
De La Torre-Roche et 

al. (2013) 

Cottonwood (Populus deltoids) Two types of fullerene (C60) Trichloroethylene (+) - Ma and Wang (2010) 



 

 
 

Pumpkin (Cucurbita pepo) Fullerene (C60) p,p-DDE; o,p-DDE (-) - 
Kelsey and White 

(2013) 

Pumpkin (Cucurbita pepo),  
soybean (Glycine max), 

tomato (Solanum lycopersicum) 
Fullerene (C60) p,p-DDE 

Shoot accumulation species-
dependent, root and total plant 

accumulation (+)  
Lipid peroxidation (+) 

De La Torre-Roche et 
al. (2012) 

Pumpkin (Cucurbita pepo),  
soybean (Glycine max), 

tomato (Solanum 
lycopersicum), 

corn (Zea mays) 

Fullerene (C60),  
MWCNT 

DDT-derivates, 
chlordane-derivates 

MWCNT (-), 
fullerene: species and contaminant 

dependent 
- 

De La Torre-Roche et 
al. (2013) 

Broad bean (Vicia faba L.) Functionalized MWCNT Cadmium, lead 
MWCNT concentration  

dependent (+) 
Toxicity (+), cell damage (+), 

oxidative stress (+) 
Wang et al. (2014) 

Lettuce (Lactuca sativa L.) Two types of MWCNT 
p,p-DDE,  

chlordane-derivates 
(-) - Hamdi et al. (2015) 

Garden cress (Lepidium 
sativum) 

Two types of MWCNT Contaminated sediment - Toxicity (-) Jośko et al. (2013) 

Wheat (Triticum L.) MWCNT Phenanthrene - Cell damage (+) Wild and Jones (2009) 

Smooth cordgrass  
(Spartina alterniflora) 

CNT Cadmium 
Low Cd

2+
 conc.:  

accumulation (+) 
high Cd

2+
 conc.: accumulation (-) 

Low Cd
2+

 conc.: plant growth (-) 
high Cd

2+
 conc.:  

plant growth (+/-) 
Chai et al. (2013) 

Wheat (Triticum L.) Graphene oxide Arsenic (+) 

Toxicity (+), chlorophyll (-),  
cell damage (+),  

enzymatic activity (+),  
primary metabolism (-), 

secondary metabolism (+) 

Hu et al. (2014) 
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Abstract The usage of engineered nanomaterials (NM) 15 
promises many novel products and applications with 16 
advanced features, but at the same time concerns with regard 17 
to detrimental effects towards organisms have been raised. 18 
Upon release into the environment, NM may interact with 19 
other chemicals present in the environment, potentially leading 20 
to a co-exposure of organisms and occurrence of mixture 21 
effects. The inherent idea is that NM may act as carriers of 22 
chemicals facilitating the entry of these substances into cells 23 
or organisms, subsequently leading to increased toxicity. In 24 
the literature, the term ‘Trojan-horse effect’ describes this 25 
mechanism. However, so far there is no general 26 
understanding whether this is (1) a general mechanism, and 27 
(2) how toxicity is modulated upon mixture exposure of NM 28 
and chemicals. Hence, a systematic review has been performed, including 119 studies investigating mixture 29 
exposure of NM and chemicals in ecotoxicological in vitro and in vivo test models. The studies were analyzed 30 
with regard to substance accumulation and effects upon both individual and joint exposure with NMs. In 31 
addition, the impact of different adsorption affinities between NM and chemicals, the resulting bioavailability of 32 
a substance, differences between species, as well as environmental parameters are discussed. It can be 33 
deduced that the “Trojan-horse effect” is existing in the sense that increased internal concentrations of 34 
chemicals are observed after mixture exposure. This does, however, not automatically lead to an enhanced 35 
toxicological outcome by the NP-chemical co-exposure. Rather, by linking accumulation and the effects we 36 
found evidence for other processes, making the picture more diverse.  37 

 38 

Introduction In recent years, nanomaterials (NM) 39 
have been detected in different parts of the 40 
environment, e.g. in the effluents of waste water 41 
treatment plants, surface waters, water pipelines 42 
or bio-solids.

1-3
 However, environmental 43 

concentrations of NMs are yet not experimentally 44 
observed but estimated based on modeling only.

4
 45 

For example, Ag-NP and TiO2-NP were reported 46 
as the NMs with the highest predicted 47 
environmental concentrations (PEC) of 0.66 and 48 
0.53 ng L

-1
 for surface water in the EU, 49 

respectively
4

.
 
 50 

The occurrence and distribution of NMs in the 51 
environment leads to the potential interaction with 52 
chemicals which possibly alters the environmental 53 
hazard profile of the single compounds as 54 
categorized on a theoretical basis by Hartmann 55 

and Baun et al.
5
. The interaction between NMs 56 

and chemicals depends on the individual 57 
properties of all components, the environmental 58 
conditions (e.g., temperature or pH), the 59 
environmental compartment (soil, water or air), 60 
and the respective biosystem considered.

6
 61 

Especially, the surface area and the number of 62 
potential binding sites of NMs contribute to their 63 
sorption capacity. Thus, NMs may act as 64 
substantial carriers for various organic chemicals 65 
and heavy metals.

1
 The NM specific properties 66 

result in a high adsorption capacity, which is also 67 
utilized in applications such as ‘nanoshuttles’, 68 
‘nanocides’ and other products in the field of 69 
medicine and agriculture.

6, 7
 Additionally, the high 70 

adsorption rates of chemicals to NMs were applied 71 
for remediation of contaminated water and soil up 72 
to the field scale.

8-10
  73 
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Limbach et al.
11

 published one of the first reports 74 
indicating the occurrence of mixture effects for NM 75 
and chemicals by assessing the ROS formation in 76 
human lung epithelial cells upon exposure to 77 
different metal-doped silica particles. On the basis 78 
of their results the term “Trojan-horse mechanism” 79 
was introduced in 2007, describing the increase of 80 
a biological effect of a chemical due to the 81 
presence of a NM. Two mechanisms were 82 
postulated to be potentially responsible, namely (i) 83 
an enhanced uptake of partially soluble materials 84 
into cells or organisms, and (ii) a catalytic action of 85 
NM, which may induce additional damage. In that 86 
sense, the term “Trojan-horse mechanism” covers 87 
both, an alteration in the accumulation of the 88 
chemical as well as alterations on the effect level. 89 

The body of literature seems fragmented, with 90 
many NM-substance combinations analyzed in 91 
different biological models. Many studies focus on 92 
either the accumulation or the toxicity, and few 93 
allow drawing conclusions on whether the 94 
presence of NM actually induces a Trojan-horse 95 
like mechanism. Single chapters of reviews

1
, short 96 

communications
5
 and a review on mixture effects 97 

linked to TiO2-particles
12

 summarized some 80 98 
studies from 2007 to 2013. Recently, Canesi et 99 
al.

13
 summarized studies conducted with 100 

freshwater and marine organisms, focusing on 101 
studies investigating mixture effects of chemicals 102 
with carbon based NMs and TiO2-NPs. 103 

The aim of this study was hence to review the 104 
existing literature to clarify the relevance of the 105 
Trojan-horse mechanism for potentially altered 106 
biological effects in NM-chemical mixture studies. 107 
Mixture studies conducted in in vivo or in vitro 108 
systems which are relevant for environmental 109 
testing were collected. The term ‘chemicals’ is 110 
defined for the purpose of this review as 111 
substances classified as polar and nonpolar 112 
organic compounds, highly functionalized 113 
compounds such as drugs and hormones, as well 114 
as organometallic substances, amphiphilic 115 
substances, and heavy metals. All studies dealing 116 
with mixture effects of NMs with natural organic 117 
substances, such as natural organic carbon 118 
(NOM) or humic acid (HA) were excluded. The 119 
classes of NMs included in this review were 120 
carbonaceous materials (SWCNTs, MWCNTs, 121 
C60), metal and metal oxide particles (e.g. AuNPs, 122 
TiO2), semi-conductor nanocrystals (e.g. quantum 123 
dots), and polymers with the exception of carbon 124 
black and related materials. We attempt to identify 125 
mixture effects independent of environmental 126 
compartments and for different organism species, 127 
in order to establish a concise nomenclature and 128 
deduce principle mechanisms. This will hopefully 129 
contribute to a more concise and improved 130 
evaluation of potential risks of NM-chemical 131 
mixtures on human health and the environment.  132 

Overview of existing studies 133 

Literature search 134 
The keywords used for the literature search were 135 
‘combined effects’, ‘nanomaterials and chemicals’, 136 
or ‘mixture toxicity’. The search by these terms 137 
resulted in a poor outcome since the reviewed 138 
topic relates to diverse research fields and 139 
nomenclature is not consistent. For these reasons 140 
also cross-linked literature in identified studies 141 
was considered. In total a number of 119 142 
studies

2, 13-130
 were found matching to our criteria. 143 

The last search was performed in March 2016. 144 
The number of annually published studies on the 145 
topic of mixture effects of NMs and chemicals is 146 
constantly increasing from 2007 on with the 147 
highest number of 26 publications in 2015 (Fig. 1). 148 

 149 
Fig. 1: Publications investigating mixture exposure of 150 
NMs and chemicals.   151 

Review Methods 152 
In a first step, the 119 studies found within the 153 
literature search were categorized according to 154 
the NM and chemical studied, as well as the in 155 
vitro or in vivo test model used (Fig. 2). A detailed 156 
overview on the collected studies can be found in 157 
the Supplementary Material.  158 

In a second step, the studies were grouped 159 
related to the performed experiments, by 160 
differentiating a set of three groups: (1) 161 
accumulation studies (including the quantification 162 
of uptake of the chemical and/or the NM), (2) 163 
toxicity studies (including the investigation of the 164 
toxicological potential of the chemical and/or the 165 
NM), and (3) studies which performed both, the 166 
investigation of the accumulation and the 167 
biological effects. On the basis of these groups, 168 
differences in the accumulation or toxic outcome 169 
between a single substance and a mixture 170 
exposure were compared.  171 

Subsequently, the studies were assigned to 172 
different categories based on whether an increase 173 
or decrease in accumulation was followed by an 174 
increase or decrease in biological effects. An 175 
increase in substance uptake and biological effect 176 
due to the mixture exposure was considered as a 177 
Trojan horse effect.  178 



 

 

Fig. 2: Number of studies investigating mixture exposure classified by a) the NM tested, or b) the biological test system. In 179 
total 119 studies were retrieved for analysis. The chemicals used in the mixture exposure were grouped to polar and 180 
nonpolar organics, metals, organometallic substances or surfactants. 181 
 182 

Finally, all studies were screened in detail for 183 
specific interactions between NMs and chemicals. 184 
Specifically, the question was tackled how a NM-185 
chemical interaction influenced the accumulation 186 
and the respective biological effect they exerted in 187 
organisms. 188 

Nanomaterials studied 189 
The evaluation of studies published within the last 190 
10 years revealed that the majority of studies dealt 191 
with TiO2-NPs as metal oxide NMs and 192 
carbonaceous based NMs were chosen for a co-193 
exposure with different classes of chemicals 194 
(Fig. 2a). TiO2 was mostly tested together with 195 
heavy metals whereas for carbonaceous materials 196 
the combination with organic substances was 197 
dominating. This is probably related to anticipated 198 
future applications of these NMs, e.g. for 199 
environmental remediation or as ‘nanocides’. 200 
Other NMs which are also produced in large 201 
scales were less studied in mixture effect studies, 202 
e.g., ZnO- or SiO2-NPs.

130
   203 

Different adsorption strengths and efficiencies 204 
were reported for the different NM classes. The 205 
sorption behavior has a great influence on the 206 
bioavailability of the chemical, the potential 207 
subsequent release in cells and organisms, and 208 
accordingly on the emergence of biological 209 
effects. In this context, Tao et al.

97
 described two 210 

different interactions: a competitive adsorption 211 
with a potential subsequent substance release or 212 
an irreversible adsorption. In the study of Tao et 213 
al.

97
 the first case, a competitive adsorption 214 

between C60 and copper was observed with a high 215 
sorption affinity, but a subsequent release of 216 
copper from the C60. Yang et al.

118
 described an 217 

irreversible adsorption for the mixture exposure of 218 
TiO2-NPs and cadmium. The concentration of free 219 
cadmium ions in the media was decreased, as 220 
well as the internal concentrations. This indicates 221 

a reduced bioavailability of cadmium in the 222 
presence of TiO2-NPs.  223 

For organic compounds (PAHs, PCBs, PFCs) 224 
often hydrodynamic binding processes were 225 
observed.

113
 On the contrary, electrostatic 226 

interactions are a major driver for the binding 227 
process of inorganic substances or metals to the 228 
particle surface. The charge of metal ions 229 
influences the adsorption to the NP surface was 230 
well. For TiO2 particles, a stronger binding of Cu

2+
 231 

and As
5+

 was observed compared to Ag
+
.
76

  232 

In general, organic substances and heavy metals 233 
show a time-dependent adsorption at the particle 234 
surface with an equilibrium state achieved within 235 
30 to 60 min.

92, 99
 Some studies allowed the 236 

mixture of NM and chemical to reach the 237 
adsorption equilibrium before exposure start by 238 
pre-incubation for a certain amount of time (24 h in 239 
Park et al.

70
, 5 d in Su et al.

90
), whereas others 240 

chose a direct dosing approach and added one 241 
component just before the onset of exposure.

115 242 

Environmental Parameters  243 
Besides of the NM properties, the characteristics 244 
of the chemicals, and the test system, also the 245 
surrounding environmental compartment (water, 246 
soil, air) influences the NM-chemical interaction, 247 
and also the interaction with biological test 248 
system. Both, the spatial likelihood of interaction 249 
as well as the dependency of the interaction on 250 
the prevailing environmental parameters (e.g., pH, 251 
salinity) needs consideration.  252 

One essential parameter was found to be pH, as it 253 
may influence the adsorption of chemicals by NM. 254 
In consequence, modulated toxicity was observed 255 
in dependency on pH, for example for a mixture of 256 
lead and either nano-CeO2 or nano-TiO2 

51
 as well 257 

as for a mixture of MWCNTs and nickel
107

. In 258 
these studies, a lower pH led to a higher 259 



 

 

adsorption of the chemical, which subsequently 260 
resulted in an increase in toxicity. 261 

For studies involving marine organisms the ionic 262 
strength plays an important role, as NMs are 263 
prone to agglomeration in media with high ionic 264 
strength

129
. This process leads to high 265 

sedimentation of NM in seawater, probably 266 
reducing the fraction bioavailable to organisms. 267 
Further, adsorption rates are different from those 268 
of NMs in freshwater

17, 99, 129
. For example, Tian et 269 

al.
99

 showed that in seawater more phenanthrene 270 
was adsorbed by TiO2-NPs compared to 271 
freshwater, whereas less cadmium is bound by 272 
TiO2 in seawater

17
. 273 

Studies dealing with soil and sediment organisms 274 
such as worms and plants need to additionally 275 
consider the complex interaction between NMs, 276 
soil and sediment particles and organic matter. 277 
Chemicals will sorb not only to NMs but likewise to 278 
soil and sediment, which may alter the availability 279 
to organism. Shen et al.

85
 described for example 280 

higher adsorption capacities of contaminants for 281 
nanomaterials compared to soil particles, resulting 282 
in an increase of contaminant uptake in sediment-283 
dwelling C. plumosus larvae.  284 

Biological Test Systems 285 
As summarized in Fig 2, mixture effects were 286 
evaluated in various in vitro and in vivo biological 287 
test systems, the in vivo systems were roughly 288 
assigned to bacteria, algae, mussels, crustaceans, 289 
fish worms and plants. The majority of studies 290 
were conducted using fish and crustaceans (41 %) 291 
representing frequently used aquatic test 292 
organisms (Fig. 2b).  293 

The selection of the biological test system has 294 
major implications on uptake and fate of a NM-295 
chemical mixture. With regard to uptake, for most 296 
algae species, rarely NM incorporation into the cell 297 
was observed. Still, NM-chemical mixtures were 298 
shown to enhance the uptake of chemicals. For 299 
this organism group, the NM attachment at the cell 300 
wall may lead to a local enrichment of bound 301 
substances, as demonstrated by Schwab et al.

82
 302 

for the green algae C. vulgaris, showing the 303 
enhanced uptake of diuron through the cell wall 304 
upon co-exposure with CNTs. Studies applying 305 
bacteria, primary cells and cell lines mainly aimed 306 
at investigating the principles of uptake and 307 
distribution of NM-bound chemicals since these in 308 
vitro test systems are able to actively incorporate 309 
particles

3
. For example, mixtures of Ag-NPs and 310 

antibiotics were studied in bacteria in order to 311 
investigate facilitated uptake of antibiotic 312 
molecules 

68, 62
. Filter feeders such as daphnids, 313 

for which the majority of studies considered in this 314 
review were retrieved, actively incorporate NM into 315 
their gut, possibly facilitating the uptake of bound 316 

chemicals 
95, 97

. However, with regard to the fate of 317 
an NM-chemical mixture, incorporated NM-bound 318 
chemicals may not be bioactive when they are not 319 
released from the particles 

16, 24, 33, 76
. Further, a 320 

release of NM-bound chemicals from the particle 321 
surface may take place, e.g., due to changes of 322 
pH inside the organism

1
. For example, Tian et al.

99
 323 

described the influence of digestive fluids on the 324 
desorption of phenanthrene from the surface of 325 
TiO2-NPs within the gut of the marine bivalve 326 
S. subcrenata.  327 

In addition, secondary effects such as the damage 328 
of plant cells due to piercing by CNTs can result in 329 
a facilitated uptake of chemicals even when no 330 
sorption of the chemical to the NM surface takes 331 
place 

63, 112
. In addition, organism specific 332 

protection mechanisms may prevent the uptake of 333 
NMs and NM-bound chemicals, e.g. mussels 334 
closing their valves

98
 and the avoidance behavior 335 

of worms
49

. 336 

Test Design  337 
The majority of studies performed acute tests with 338 
exposure durations of 24 h

50
 to 96h

116
. Only a few 339 

studies applied chronic test conditions, for 340 
example investigating the reproduction of 341 
crustaceans.

2, 43, 117
 Also studies applying mussel 342 

or fish species investigated longer exposure 343 
periods, e.g. 7-25 days for fish

29, 128
 or 3-10 days 344 

for mussels
14, 102

. Della Torre et al.
28

, however, 345 
reported that a 96 h exposure of marine mussels 346 
will result in higher 2,3,7,8-TCDD uptake 347 
compared to a 7 day fish exposure due to the 348 
waterborne exposure. The study of Park et al.

56
 is 349 

one of the first which investigated the 350 
accumulation of estradiol in combination with 351 
fullerene in the food chain, by a dietary exposure 352 
of zebrafish to treated artemia. Furthermore, 353 
Kelsey and White

71
 investigated the effects of a 354 

combined exposure of C60 and DDE/DDT 355 
metabolite in a multispecies approach consisting 356 
of a worm species (E. fetida) and a plant (C. 357 
pepo).  358 

The test design in the selected studies varied 359 
greatly in terms of selection of exposure 360 
concentrations, the addition of NM and chemicals 361 
to test system, as well as the ambient conditions. 362 
Exposure concentrations for the NM/chemical 363 
mixtures were in best case chosen based on pre-364 
testing, providing the opportunity to select non-365 
toxic concentrations. For example, Tao et al.

97
 366 

applied the 48h NOEC of C60 (100 µg L
-1

) and the 367 
same copper concentration for their mixture 368 
experiments on D. magna. In contrast, Zou et 369 
al.

130
 selected the EC50 concentration of As (V) 370 

(0.1 mg L
-1

) and two nominal concentrations of 371 
Fe3O4 particles (10, 20 mg L

-1
) for their 372 

experiments on the protozoa T. Pyriformis. The 373 
majority of studies tested binary mixtures with one 374 



 

 

NM and chemical the same time. A few 375 
investigated the influence of a contaminant 376 
mixture and one NM on the accumulation and 377 
biological outcome.

38, 55, 72
 In the case of 378 

Pavagadhi et al.
72

, zebrafish embryos were 379 
exposed with TiO2 or Ag-NP and a 12 element 380 
mixture (Ni, Mg, Zn, Cu, Cd, Fe, Cr, Hg, As, Al, 381 
Pb, Mn) whereby either an increase, decrease or 382 
constant uptake of elements were measured. 383 
Both, the uptake of the NP as well as the chemical 384 
was dependent on each other. Ferguson et al.

38
 385 

and Josko et al.
55

 applied contaminated sediments 386 
either by adding organic chemicals in the lab 387 
(PAHs, PCBs, PBDEs) or from a contaminated 388 
site (contaminated with oils, heavy metals, 389 
organotin and PAH compounds). In both studies 390 
the influence of mixtures with CNTs were 391 
investigated. Ferguson et al.

38
 determined species 392 

differences in uptake showing an increase of 393 
chemical uptake by copepods and a decrease by 394 
the polychaete S. benedicti. Josko et al.

55
 395 

demonstrated that the reduction of toxicity in the 396 
cress L. sativum is dependent on the diameter of 397 
the applied MWCNTs. Smaller diameters (<40 nm) 398 
where more effective in the reduction of toxicity 399 
due to a larger surface area.  400 

Due to the presence of a NM the chemical 401 
properties may change or chemicals are 402 
transformed into substances exerting a lower or 403 
higher toxicity. In these cases, an enhanced 404 
accumulation of the chemical due to the 405 
association to NM is resulting in a modulated 406 
toxicity. Here it may be differentiated between 407 
metabolization by the organism/cell, and reactive 408 
or catalytic processes mediated by the NM. E.g. it 409 
has been demonstrated for the photocatalytic 410 
activity of TiO2-particles, leading to a 411 
transformation of arsenic-species which are less 412 
toxic than the initial substance.

93
 Seitz et al.

83
 413 

observed the detoxification of pirimicarb in D. 414 
magna due to the photocatalytic activity of TiO2-415 
NPs under UV-light. A reduction in pirimicarb 416 
concentration of 30 % in the media and a 417 
reduction in toxicity of 80 % was observed in 418 
comparison to the mixture exposure without UV-419 
light. In addition, Fang et al.

35
 reported the 420 

enhanced metabolism of PCP to 421 
tetrachlorohydroquinone in zebrafish embryos in 422 
presence of TiO2-NPs, resulting in increased 423 
oxidative damage and developmental toxicity. An 424 
influence of the photocatalytic activity of TiO2-NPs 425 
was also described for mixtures with heavy 426 
metals. Sun et al.

93
 observed the speciation of 427 

As(III) to As(V) in carp in the presence of sunlight 428 
and TiO2 particles. The transformation to the less 429 
toxic As(V) species was almost complete (73 %) 430 
within one hour.  431 

In addition, the selected studies used different 432 
feeding regimes, with either food provided to the 433 

organisms
20

 or not
17, 102

. In addition, fish were 434 
either exposed via the water phase

116
 or 435 

trophically
71, 79

 Rosenfeldt et al.
76

 showed that the 436 
presence of algae as food for D. magna changes 437 
the adsorption, uptake and excretion of Zn and Cd 438 
bound to TiO2-NP. Furthermore, algal feeding 439 
changed the filtration activity and reduced the 440 
duration time of NPs, chemicals and food in the 441 
gut. 442 

Influence of nanomaterials on the bio-443 
accumulation of chemicals 444 

Limbach et al.
11

 were the first in 2007 to report on 445 
NMs acting as potential carriers for chemicals 446 
facilitating the entry of these substances into cells. 447 
The ‘Trojan-horse mechanism’ designates an 448 
enhancement of chemical uptake in the presence 449 
of NM. This chapter tackles the question, whether 450 
co-exposure of chemicals with NM leads to an 451 
enhanced bioaccumulation of chemicals in 452 
biological test systems. To address this question, 453 
85 of the retrieved studies could be taken into 454 
account as they quantified the uptake of 455 
chemicals. In the best cases, the concentration of 456 
the NM as well as of the chemical within the test 457 
system/organism was quantified, and single 458 
substance exposure was compared to the mixture 459 
exposure. However, there are only some studies 460 
investigating both, the uptake of the NM as well as 461 
that of the chemical (24 %). Most of the evaluated 462 
studies focus on the quantification of the chemical 463 
(76 %) since they expected a direct correlation to 464 
the amount of NM internalized. In total, 71 % of 465 
the studies determined the NM uptake within their 466 
mixture experiments.  467 

Based on the evaluated literature, the majority of 468 
studies (59 %) reported an enhanced 469 
accumulation of a chemical within the test system, 470 
indicating a widespread occurrence of the ‘Trojan-471 
horse effect’ (Fig. 3). By contrast, only 29 % of all 472 
studies reported a reduced internalization of 473 
chemicals in the presence of a NM in comparison 474 
to the respective single substance exposure. 475 

The adsorption strength between the NM and the 476 
chemical was found to be crucial for the uptake of 477 
chemicals, and adsorption strength and efficiency 478 
may differ upon internalization by an organism. 479 
For instance, the study of Dalai et al.

24
 highlighted 480 

the interaction between the adsorption strength of 481 
a NM, the NM and chemical internalization and the 482 
influence on bioavailability. In their study on the 483 
freshwater microalgae S. obliquus, the influence of 484 
the adsorption strength of chromium was 485 
compared for Al2O3 and TiO2 particles. A stronger 486 
chromium adsorption was observed for TiO2 487 
(94 %) compared to Al2O3 (79 %). Interestingly an 488 
active particle uptake by the algae was observed 489 
with the uptake of TiO2-NPs being 10-fold higher 490 
than that of Al2O3-NPs. Therefore, enhanced491 



 

 

 492 

Fig. 3: a) Number of studies determining the uptake of the NM and/or the chemical, b) percentage of studies analyzing the 493 
accumulation of the chemical. In these studies, the change in internal concentration after mixture is exposure is given 494 
relative to the single substance exposure under equal conditions. 495 
 496 

chromium concentrations were determined for the 497 
exposure with TiO2-NPs leading to a higher 498 
bioavailable chromium fraction within the algae.  In 499 
contrast, for the combination of organic chemicals 500 
with metallic and carbonaceous NMs, often a 501 
reduced internalization of the chemicals is 502 
observed

27, 35-36
. All three studies reported for the 503 

mixture exposure a constant or even increase in 504 
NM uptake compared to single NM exposure. At 505 
the same time, a decrease in the accumulation of 506 
the chemical by ~40 % was observed. Probably, 507 
the NM-bound chemical is internalized by the 508 
organism but the chemical is transformed due to 509 
the presence of the NM (as described under ‘Test 510 
design’).  511 

In addition, the bioavailability of a chemical may 512 
be reduced by nanoparticle agglomeration and 513 
subsequent sedimentation, especially in seawater 514 
with a high ionic strength. This phenomenon was 515 
observed by Farkas et al.

36
 for the co-exposure of 516 

blue mussels with B[a]P and TiO2-NPs. Most of 517 
the B[a]P was bound to the particles, and 518 
sedimentation of the particles resulted in a low 519 
bioavailability of the chemical.  520 

Moreover, NMs may also indirectly increase the 521 
uptake of chemicals, as demonstrated for algae

82
 522 

and plants
63, 112

 For example; the damage of plant 523 
cells due to piercing by CNTs can result in a 524 
facilitated uptake of chemicals even when no 525 
sorption to the NM surface takes place 

112
. 526 

Hartmann et al.
45

 explained the increased internal 527 
Cd concentrations in D. magna in the presence of 528 
TiO2 by the facilitated uptake of cadmium during 529 
the TiO2 internalisation independent of the 530 
adsorbed Cd fraction. 531 

Hence, in summary, the presence of NM was 532 
found to modulate the uptake of chemicals when 533 
(i) adsorption of the chemical takes place and (ii) 534 
the NM is internalized by the biological system. 535 
When both conditions apply, a clear Trojan-horse 536 

effects occurs. In addition, transformation 537 
processes between NM and chemicals may occur, 538 
leading to the disruption of an internalized 539 
chemical, as well as indirect effects. In case these 540 
processes play a role, no Trojan-horse 541 
mechanism occurs. 542 

Modulation of toxicity upon NM – chemical 543 
mixture exposure  544 

As described in the previous chapter, the 545 
bioavailability of chemicals is influenced by the 546 
presence of NM in various ways. The aim of this 547 
chapter is to shed light on the impact of NM-548 
chemical mixtures on biological effects and to 549 
assess toxicity. In all, 114 studies were identified 550 
reporting on the toxicity of NM-chemical mixtures. 551 
The datasets for the single substance exposure 552 
were compared to those of the mixture exposure 553 
on a qualitative basis, in order to identify 554 
modulating effects elucidated by chemical co-555 
exposure in the presence of NMs. The majority of 556 
the set of mixture studies investigating the 557 
biological outcome reported an enhanced toxicity 558 
(66 %) (Fig. 4a). Of the remaining studies, 19 % 559 
reported a decrease in toxicity and in 15 % of the 560 
studies the toxicity was not changed by the 561 
presence of an NM. These overall numbers are in 562 
line with the reported frequencies of the Trojan-563 
horse effect, so at first glance one may see 564 
concordance. 565 

Mixture studies reporting on an enhanced toxicity 566 
of the chemicals occur over all NM-chemical 567 
mixtures retrieved from the literature: inorganic 568 
NM / inorganic chemical

42, 66, 111
, inorganic 569 

NM / organic chemical
30, 59

, organic NM / inorganic 570 
chemical 

21, 57
, and organic NM / organic 571 

chemical
25, 48

. In most of these studies the 572 
increased toxicity is directly correlated to an 573 
enhanced uptake of the chemical in case it was 574 
investigated.

31, 39, 94
 575 

576 



 

 

 577 

Fig. 4: a) Number of toxicological effect studies, b) percentage of studies analyzing the effects of the chemical. The change 578 
in toxicity (increase, decrease or unchanged) observed during a mixture exposure is given relative to the effect level 579 
determined for single substance exposure under equal conditions. 580 
 581 

Furthermore, it was found that mainly the chemical 582 
rather than the NM is responsible for an enhanced 583 
toxicity.

24
 An explanation might by the fact that 584 

often no toxicological effects can be observed for  585 
the NM alone

22
 or the NM toxicity is masked by 586 

the high toxicity of the chemical
24

. In addition, an 587 
increase in toxicity may result from the formation 588 
of more toxic substances due to the 589 
transformation of the chemical inside the 590 
organism/cell. The conversion of tetrahydrofuran 591 
to the more toxic degradation product γ-592 
butyrolactone

46
, as well as the transformation of 593 

BDE-209
110

 and pentachloro-phenol
35

 in zebrafish 594 
larvae in the presence of fullerenes and TiO2-NPs 595 
were reported. Hence, the Trojan-horse like 596 
mechanism resulting in an enhanced chemical 597 
uptake may also lead to a reduced toxicological 598 
outcome due to transformation processes in the 599 
biological test system.  600 

With regard to the studies reporting no modulation 601 
of toxicity, for the majority of the studies an 602 
enhanced uptake

24, 45
 or no uptake of the chemical 603 

at all
89, 98, 102

 was observed if investigated. In some 604 
of the studies reporting no toxic effect, no 605 
interaction between the NM and the chemical was 606 
determined leading to an internal concentration of 607 
the chemical comparable to that of chemical 608 
exposure only 

102, 103
. The sedimentation

36
, 609 

agglomeration, dissolution
89

 and modification
101

 of 610 
the NMs within the test media (especially soil, 611 
marine water) might be additional reasons for an 612 
absence of interaction.  613 

Only a few studies investigated the mixture effects 614 
by the application of chronic test conditions related 615 
to reproduction. The study of Brausch et al.

2
 616 

reported no toxicological effects on the 617 
reproduction when they exposed D. magna to 618 
functionalized C60 and bifenthrin or tribufos, for 70 619 
or 21 days, respectively. In contrast, Han et al.

43
 620 

and Yan et al.
117 

observed up to 20 % reduction in 621 

the reproduction rate of crustaceans by an 622 
exposure to atrazine in combination with either C60 623 
or nano-CeO2, for 14 or 15 days of exposure in 624 
comparison to the exposure with the single 625 
substances.  626 

Overall, the interaction of NM with chemicals in 627 
many of the reported cases led to a modulation of 628 
the chemicals toxicity, which seems to be 629 
determined by factors such as an enhanced 630 
chemical uptake in the presence of NM or 631 
toxification / detoxification due to transformation 632 
/ degradation processes. The sedimentation of 633 
particles and sorbed chemicals can also lead to a 634 
reduced bioavailability of the chemical to the 635 
organism compared to a single substance 636 
exposure and therefore reduce the toxicological 637 
outcome compared to the occurrence of the 638 
chemical on its own 

76
.
 639 

Linking accumulation and toxicity of NM-640 
chemicals mixtures  641 

As described in the previous chapters, the 642 
bioavailability of chemicals may be influenced by 643 
the presence of NM in various ways. While the 644 
Trojan-horse mechanism leads to an increased 645 
accumulation of the chemical within the biological 646 
test system, other mechanisms may reduce the 647 
uptake of a chemical. On the level of toxicology, 648 
likewise both decrease and increase in effects 649 
were observed. Accordingly, the aim of this 650 
chapter is to improve our understanding on the 651 
impact of altered bioaccumulation on toxicological 652 
effects of NM-chemical mixtures. A subset of 38 653 
studies investigate the accumulation along with 654 
the toxicological outcome in a quantitative manner 655 
upon mixture exposure. In order to allow the 656 
discussion based on quantitative information, the 657 
values for accumulation and toxicity were 658 
transformed into % change for a mixture in 659 
comparison to the single substance exposure. Fig. 660 
5 shows a direct comparison of the changes in 661 



 

 

chemical accumulation and toxicity after mixture 662 
exposure. 663 

In order to identify the prevalence of typical 664 
patterns, 7 categories describing the NM-chemical 665 
interaction could be discriminated (see Fig. 5): 666 

(1)  an increase in accumulation and toxicity  667 
(2)  an increase in accumulation and no 668 

change in toxicity  669 
(3)  an increase in accumulation and a 670 

decrease in toxicity  671 
(4)  no change in accumulation and toxicity  672 
(5)  no change in accumulation and a 673 

decrease in toxicity  674 
(6)  a decrease in accumulation and toxicity 675 
(7)  a decrease in accumulation and an 676 

increase in toxicity  677 

According to this categorization, more than 53 % 678 
of the studies considered fall under the first 679 
category. This is a clear indication that an 680 
increase in bioaccumulation was in the majority of 681 
cases accompanied by the increase in biological 682 
effects. However, the degree to which an 683 
increase in accumulation leads to an increase in 684 
toxicity differs. For example, Qu et al.

74
 showed 685 

350 % increase in chemical uptake resulting in 20 686 
% increase in toxicity, whereas Zhang et al.

127
 687 

found a 20 % increase in accumulation to result in 688 
a more than 100 % facilitation of toxicity. This 689 
illustrates that the internalized dose and effects 690 
must not be linearly related. 691 

However, an enhanced accumulation of the 692 
chemical by a NM is not always related to an 693 
increased toxicity. The release of the chemical 694 
from the particle surface once being internalized 695 
seems to play a crucial role.

16
 In some cases, the 696 

NM-chemical adsorption is quite strong and thus 697 
no release of the chemical takes place. This 698 
process leads to a decreased availability of the 699 
chemical and results in unchanged or reduced 700 
toxicity of a mixture (category 2-3). Overall, 13 % 701 
and 5 % of all quantitative studies resulted in an 702 
enhanced accumulation but no change (category 703 
2) or reduced (category 3) biological effects. 704 

The mixtures of carbonaceous NMs and organic 705 
substances were allocated to the categories 1 706 
and 2, and the experiments conducted with these 707 
mixtures resulted for 25 % of the studies in 708 
reduced toxic effects and for 25 % in an 709 
unchanged outcome compared to the single 710 
substance exposure (Fig. 4b). This indicates that 711 
NMs may prevent toxicological effects by 712 
reducing the bioavailable fraction of the chemical 713 
without subsequent release.

16
  714 

A reduced toxic effect despite an increased 715 
accumulation of the NM-bound chemical was 716 
described by Fang et al.

33
 and Rosenfeldt et al.

76
. 717 

Both determined an increased accumulation (2 to 718 

6-fold) of the chemical inside the organism (D. 719 
magna). However, the increased concentration of 720 
the chemical did not lead to an enhanced toxicity. 721 
In contrast, the toxicity was reduced up to 100 % 722 
probably due to the high sorption strength 723 
between the applied NM and chemical. In addition, 724 
the possibility of a modification or encapsulation of 725 
the chemical within the gastrointestinal tract was 726 
discussed.

76
 In the study of Fang et al.

33
, 75 % of 727 

the total mass of the chemical was sorbed to the 728 
NM and was shown to be unavailable for the 729 
organism. Both studies determined the sorption 730 
behavior and clearly showed an enhanced 731 
accumulation, but a reduced bioavailability of the 732 
chemical. The reduced bioavailability of the 733 
chemical can be explained by various 734 
mechanisms such as adsorption, transformation, 735 
or sedimentation. 736 

Whether the chemical in a mixture with NM is 737 
bioavailable to the biological system further 738 
depends on: 739 
- the NM properties, e.g. agglomeration and 740 

sedimentation behavior within the media 741 
- the type, strength and capacity of the NM-742 

chemical interaction (competitive or 743 
irreversible binding) 744 

- internal bioavailability depends on desorption 745 
properties 746 

- catalytic activity of the NM, e.g. formation of 747 
chemical metabolites 748 

Under category 4 those studies are summarized 749 
showing neither a change in accumulation nor in 750 
toxicity. Hence, there is no interaction between 751 
chemical and NM and the effects correspond to 752 
those of an exposure to the individual 753 
substances.

45, 89, 102
 Specifically these mixtures 754 

consist of metal oxide NMs/heavy metals
16, 17, 24

 755 
and carbonaceous NMs/organic chemicals

33
 756 

occured under this category. Related to the 757 
individual substances, the toxicological outcome 758 
seems to be mainly driven by the chemical as 759 
long as the NM does not exert toxicity by itself, 760 
nor interacts with the chemical. This is supported 761 
by Tourinho et al.

101
 showing that the mixture of 762 

CeO2 and phenanthrene has no effect on isopods 763 
and springtails.  764 

No change in accumulation but a decrease in 765 
toxicity (category 5) was described by Nigro et 766 
al.

69
 for a mixture exposure of a sea bass (D. 767 

labrax) with TiO2-NPs and Cd. Depending on the 768 
chosen endpoint an reduced effect (67 % 769 
decrease compared to Cd alone exposure) on the 770 
genome template stability reduction was found. 771 
However, this effect was identified as being due 772 
to the hematotoxicity and the altered cell division 773 
induced by cadmium, rather than by a truly 774 
antagonistic interaction of the two components. 775 



 

 

 776 

Fig. 5: Change of accumulation (upper panel) and toxicity (lower panel) in quantitative studies on NM-chemical mixtures in 777 
% compared to results obtained by a single chemical exposure. The studies were assigned to 7 categories: Increased 778 
accumulation and toxicity (category 1), increased accumulation and no change in toxicity (category 2), increased 779 
accumulation and decrease of toxicity (category 3), no change of accumulation and toxicity (category 4), no change in 780 
accumulation and a decrease in toxicity (category 5), decrease in accumulation and toxicity (category 6) and decrease in 781 
accumulation and increase in toxicity (category 7) of the chemical by a NM mixture exposure.  782 
 783 
A reduced accumulation as well as a decrease in 784 
the toxicity of the chemical was observed in co-785 
exposure with TiO2-NPs (category 6).

76, 83, 120
 In 786 

the study of Rosenfeldt et al.
76

 an influence of the 787 
elemental identity on the uptake and toxicity of 788 
different metals (Cu, As, Ag) in presence of TiO2-789 
NPs by D. magna was observed. Only the mixture 790 
experiments with copper showed a reduced 791 
accumulation (14-fold) and toxicity (27 %) of the 792 
chemical in comparison to the exposure against 793 
the single substance. The rapid sedimentation of 794 
the TiO2-NPs together with the associated Cu 795 
seemed to explain the reduced exposure.  796 
In contrast to all other studies, Farkas et al.

36
 and 797 

Fang et al.
35

 reported a decreased uptake of the 798 

chemical, but an increased toxicity by a co-799 
exposure with a NM (category 7) on the blue 800 
mussel M. edulis and the zebrafish embryo (D. 801 
rerio), respectively. In the study of Farkas et al.

36
, 802 

the benzo[a]pyrene availability was reduced by 803 
the presence of TiO2-NPs. However, the 804 
biological outcome on the enzymatic and 805 
chromosomal level was enhanced leading to 806 
assume that the NM acts as a potential stressor 807 
or an activator of the chemical and its toxicity. 808 
This study is of high interest since it described a 809 
gradually altered toxicological effect occurring by 810 
the mixture exposure in comparison to the 811 
exposure to the individual substances. In 812 
contrast, the decreased internal PCP 813 



 

 

concentrations and increased toxicity in the 814 
presence of TiO2 observed by Fang et al.

35
 can 815 

be explained by the formation of reactive 816 
metabolites, namely tetrachlorohydroquinone. 817 

In general, with regard to the type NM, no clear 818 
trend towards the assignment to one category 819 
can be observed, as for example TiO2 appears 820 
throughout the categories 1-6. However, this 821 
might be biased by the low number of studies in 822 
the categories 2-7. In any case, the reviewed 823 
studies demonstrate that NM typically can be 824 
expected to influence the bioavailability of the 825 
chemical (adsorption, sedimentation) resulting in 826 
a modulation of toxicity. Hence, quantitative 827 
information on both, the change in accumulation 828 
and toxicity of the chemical due to a mixture 829 
exposure are required to gain knowledge on the 830 
probability of altered effects of mixtures. In that 831 
regard it is crucial to consider the internal fate of 832 
a NM bound chemical, as internalization alone 833 
does not imply that the chemical is available to 834 
exert adverse effects in the organism. In order to 835 
be able to predict such effects knowledge on the 836 
free versus the bound fraction of a chemical is 837 
needed. 838 

Conclusion and recommendations  839 

Nanomaterials and other substances such as 840 
organic chemicals or heavy metals can be 841 
released into the environment and occur in aquatic 842 
and terrestrial compartments. Therefore, it is 843 
necessary to investigate joint effects of both 844 
components with regard to their ecotoxicity. The 845 
evaluation of in total 119 studies on the mixture 846 
exposure of NMs and chemicals revealed that 847 
NMs may modify the effects of substances on 848 
organisms in various ways. The final toxicological 849 
outcome, however, depends on the individual 850 
substance, its sorption affinity to the particulate 851 
NM, the resulting bioavailability and potential fate 852 
within the biological system.  853 

In order to characterize the mixture it is important 854 
to study the adsorption process with regard to time 855 
and strength. This allows predicting whether an 856 
increased accumulation of the substance in a 857 
biological organism is to be expected. In a second 858 
step, both the uptake of NM and chemical should 859 
be analyzed in a quantitative manner upon 860 
exposure to non-toxic concentrations. However, 861 
for the specific case of mixtures involving NM, also 862 
the internal fate of a chemical needs to the 863 
considered, as the bioactive fraction may not 864 
correspond to the internalized fraction. Under the 865 
selection of appropriate endpoints finally the 866 
toxicological effects of the single substances as 867 
well as the mixture should be assessed. The 868 
dataset obtained for the NM as well as for the 869 
chemical can be linked to increase the mechanic 870 
understanding of NM-chemical mixture effects. 871 

Future studies should especially focus on the fate 872 
of the NM-chemical complex inside the biological 873 
system. To enable this, new imaging and 874 
detection methods will have to be developed to 875 
allow visualizing NM-chemical complexes within 876 
biological matrices. 877 
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