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Abstract  

Carbon-based nanomaterials exhibit unique properties that make them suitable for a 

wide variety of industrial and biomedical applications. In this work, we studied the 

acute toxicity of graphite-diamond nanoparticles (GDN) combined with the fungicide 

thiabendazole (TBZ) to the immobilization of the cladoceran Daphnia magna in the 

presence and absence of the micro green algae Raphidocelis subcapitata, supplied as 

food source. The toxicity of GDN to D. magna decreased in the presence of R. 

subcapitata, while that of TBZ increased, the latter suggesting a carrier effect to TBZ. 

GDN-TBZ mixtures were fitted to the most common conceptual models applied to 

mixture toxicity: Concentration Addition (CA), Independent Action (IA) and 

Combination Index (CI). For GDN-TBZ mixtures in the absence of food the best fit was 

obtained with dose ratio deviation from CA model, while in the presence of food, dose 
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level deviation from CA gave a better fit. The binary mixtures of GDN and TBZ 

showed synergistic toxic interactions at low concentrations, which could be attributed to 

the increased bioavailability of TBZ adsorbed on GDN. For higher concentrations of 

GDN, the binary mixtures turned antagonistic due to particle agglomeration. Our study 

provides evidence that deviations from additivity are dose dependent and relevant for 

the risk assessment of mixtures of nanoparticles with other chemical pollutants.  

 

Keywords: Graphite-diamond nanoparticles; thiabendazole; mixture toxicity; Daphnia 

magna; synergism; bioavailability. 

 

 

1. Introduction 

With the recent developments in nanotechnology, carbon-based nanomaterials such as 

fullerenes, carbon nanotubes (CNT), graphene, nanodiamonds and graphite 

nanoparticles, are becoming key materials for many industrial and biomedical uses (De 

Volder et al., 2013; Mundra et al., 2014). Nanodiamonds exhibit the well-known 

features of nanomaterials, which include high surface area, tunable surface chemistry, 

excellent biocompatibility and superior mechanical and optical properties. Considered 

altogether, these properties make nanodiamonds suitable for a wide range of 

applications (Kumar et al., 2019; Mochalin et al., 2011; Schrand et al., 2009). In fact, 

nanodiamonds are one of the few nanomaterials produced at real industrial scale, 

although their synthesis is difficult due to the extreme conditions required and because 

the diamond phase is inherently unstable (Nian et al., 2014). Industrial nanodiamonds 

are not pure. Instead, they consist of an ordered diamond (sp3) core sheltered by a 
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stabilizing graphitic (sp2) layer with different proportions of impurities and oxygen-

containing surface functional groups (Bradac and Osswald, 2018).  

 

Despite its growing market possibilities, the toxicity of nanodiamonds has received 

limited attention so far (van der Laan et al., 2018). Nanodiamonds were found non-toxic 

for tumour cell lines, while graphite nanoparticles exhibited cytotoxicity (Zakrzewska et 

al., 2015). Wierzbicki et al. demonstrated that both diamond and graphite nanoparticles 

inhibit the formation of new blood vessels, called angiogenesis, a crucial process 

involved in cancer progression (Wierzbicki et al., 2013). As for their environmental 

impact, it has been pointed out that invertebrates can be particularly sensitive to 

nanodiamonds, which makes them appropriate to study the potential hazard of 

nanodiamonds (Karpeta-Kaczmarek et al., 2018). Mendonça et al. studied the toxicity 

of diamond nanoparticles to the survival and reproduction of the cladoceran Daphnia 

magna. Their results showed reproduction inhibition at concentrations above 1.3 mg/L. 

The damage was attributed to the adhesion of the nanoparticles to the exoskeleton and 

to the gastrointestinal tract, the latter possibly blocking food absorption (Mendonça et 

al., 2011). 

 

Nanomaterials are not the only emerging pollutants entering aquatic ecosystems. Once 

released, they may interact with other substances, including many anthropogenic 

chemicals. Thiabendazole (TBZ, 2-(4-thiazolyl)-1H-benzimidazole) is a benzimidazole 

derivative initially used as veterinary anthelmintic (Brown et al., 1961). It is also a 

broad-spectrum fungicide, used for controlling fungal fruit and vegetable diseases 

(Robinson et al., 1969). Because of its extensive use in agricultural areas, TBZ can be 

released and widely dispersed and end up in aquatic ecosystems. TBZ was detected in 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

25% of the surface water samples taken from different rivers of the Ebro River basin 

with concentrations reaching 49 ng/L (Ccanccapa et al., 2016). As it happens with many 

other pollutants, TBZ is not completely removed in wastewater treatment plants. 

Consequently, TBZ has been frequently detected in their effluents, which constitute an 

important way of entry to the aquatic environment (Tran et al., 2018). The 

Environmental Protection Agency (EPA) has classified TBZ as highly toxic to 

freshwater fish and invertebrates (EPA, 2002). 

 

The cladoceran D. magna, is a freshwater crustacean widely used as model organism in 

ecotoxicity tests. Aquatic filter feeders constitute a key group at the base of the food 

chains as primary consumers within freshwater ecosystems. Daphnids co-occur with 

algae in the aquatic environment, which constitute the main food source for 

zooplankton. It has been recognized that food limitation increases the sensitivity of 

freshwater zooplankton to contaminants (Antunes et al., 2003; Pieters and Liess, 2006). 

It is also well-known that food levels and their availability vary significantly under 

different environmental conditions (Pereira and Gonçalves, 2007). Algae can increase or 

decrease the toxicity of different compounds by changing their bioavailable for 

daphnids (Taylor et al., 1998). Therefore, testing different feeding conditions in filter 

feeder organisms is relevant since the different conditions may induce changes in the 

toxic responses of the organisms to contaminants (Hansen et al., 2008). In addition, it 

has been reported that the toxicity of silver nanoparticles to D. magna significantly 

decreases in the presence of food (Ribeiro et al., 2014). 

 

Aquatic organisms in natural environments are commonly exposed to complex 

combinations of many contaminants, including nanomaterials (Jośko et al., 2017; Lopes 
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et al., 2016). It has been shown that the co-occurrence of nanoparticles and 

micropollutants may result in non-additive interaction effects, even if the individual 

compounds are present at low concentrations (Martín-de-Lucía et al., 2018). The 

reference concepts, Concentration-Addition (CA) and Independent-Action (IA), are 

widely applied to estimate joint mixture toxicity (Jonker et al., 2005; Loureiro et al., 

2010; Silva et al., 2018). CA model assumes that the individual components share a 

similar mode of action, while IA applies to mixtures of components with dissimilar 

modes of action. Recently, the Combination Index (CI)-isobologram method has been 

proposed to quantify deviations from additivity using a theoretical background taken 

from pharmacology (Martín-de-Lucía et al., 2018; Martín-de-Lucía et al., 2017; Rosal et 

al., 2010). The co-occurrence of anthropogenic pollutants with incipient regulatory 

status in water and wastewater poses an important threat as mixture toxicity is difficult 

to integrate into regulatory frameworks (Godoy and Kummrow, 2017). The mainstream 

opinion is that the toxicological interactions of wastewater pollutants are generally 

negligible and, therefore, CA predicts mixture toxicity with sufficient accuracy for 

regulatory purposes. (EU, 2012). However, it has been shown that non-additive 

interactions do occur in mixtures of chemicals and nanoparticle at least because of 

pollutants adsorption onto the nanoparticle surface (Martín-de-Lucía et al., 2018; 

Sanchís et al., 2016). The purpose of this work was to provide additional data to fill in 

the knowledge gap on this topic by assessing the combined acute toxicity of graphite-

diamond nanoparticles (GDN) and TBZ towards the freshwater crustacean D. magna. 

The experiments were conducted in the presence and absence of the microgreen algae 

Raphidocelis subcapitata, to evaluate the influence of different feeding conditions. The 

combined toxicity of GDN-TBZ was analysed using the CA, IA and CI-isobologram 
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models to elucidate the deviations from additivity for the different concentrations, 

toxicant ratios and affected fractions. 

 

2. Materials and methods 

 

2.1. Test chemicals and analytical methods 

 

Graphite-diamond nanoparticles (GDN, 20 % minimum diamond content, ash content < 

0.3 %, 4 nm average particle size) were supplied from PlasmaChem (Germany) free of 

metals and organic impurities. Stocks of GDN (500 mg/L) were prepared in Milli-Q 

water using ultrasonic dispersion for 1 h followed by 48 h stirring at room temperature. 

For it we used an ultrasonic bath with sine-wave modulation that delivered ultrasonic 

peaks of 600 W. Test GDN suspensions were prepared immediately before being used 

in characterization and toxicity assays by dispersing stocks as appropriate. The 

characterization of GDN suspensions (10 mg/L) was performed in ultrapure water 

(Milli-Q), OECD algal culture medium, and ASTM hard water medium. Hydrodynamic 

particle size and ζ-potential were measured using dynamic light scattering (DLS) and 

electrophoretic light scattering in a Zetasizer Nano apparatus (Malvern Instruments) at 

25 °C. During characterization, GDN suspensions were kept at the same conditions 

(temperature, illumination, and agitation) used in toxicity experiments and a minimum 

of 9 replicates were performed. 

 

Thiabendazole (TBZ, CAS number 148-79-8) ≥ 99 % purity was purchased from 

Sigma-Aldrich. Fresh stocks (50 mg/L) were prepared in ultrapure water with 0.1 % v/v 

dimethyl sulfoxide (DMSO) a few minutes before each toxicity assay. The stock 

solutions were subsequently diluted in OECD algal culture medium and ASTM hard 
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water medium to obtain the appropriate concentrations for the R. subcapitata and D. 

magna toxicity bioassays. 

 

Transmission electronic micrographs (TEM) were taken in a JEOL JEM-1400 1400 

apparatus. Optical micrographs were recorded using an Eclipse E200-LED Nikon 

microscope. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 

spectra were obtained in a Thermo Scientific Nicolet iS10 apparatus with a Smart iTR-

Diamond ATR module. 

 

2.2. Biotests and culture conditions 

 

The freshwater crustacean D. magna, clone K6, was taken from the cultures maintained 

at the University of Aveiro, Portugal. D. magna cultures were maintained in 1 L glass 

beakers (20 individuals/beaker) with 800 mL of ASTM (American Society for Testing 

and Materials) hard water medium (ASTM, 2014). The culture medium was renewed 

and daphnids were fed three times per week with R. subcapitata (3 x 105 cells/mL) and 

a seaweed extract (6 mL/L  added as supply of micronutrients). Cultures were kept in 

controlled laboratory conditions, at a temperature of 20 ± 1 °C and photoperiod cycle of 

16 hours light: 8 hours dark. Acute toxicity was assessed according to the OECD 202 

guideline (OECD, 2004), in the absence and presence of food, for a period of 48 h. 

Neonates < 24 h old were exposed to different concentrations of GDN (1.56, 3.13, 6.25, 

12.5, 25, and 50 mg/L) and TBZ (0.16, 0.31, 0.63, 1.3, 2.5, and 5 mg/L). Five replicates 

with five neonates per replicate were exposed for each treatment plus controls. 

Whenever TBZ was assessed, a DMSO solvent control was incorporated. All toxicity 

experiments were initiated with neonates from the third to the fifth broods. For acute 

tests where food was provided, an initial suspension of 3 x 105 cell/mL of R. 
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subcapitata was added. No additional food was provided until the end of each test. 

After 24 h and 48 h of exposure the number of immobilized daphnids was recorded by 

gently agitating the test vial and observing if swimming movements were or not visible. 

At the end of the tests pH and dissolved oxygen were checked to ensure the validity of 

the tests. The sensitivity of the daphnids was previously assessed by exposure to the 

reference substance, potassium dichromate, following OECD 202 guideline (OECD, 

2004). 

 

Algal toxicity tests were also performed. This assay provided information on chemicals’ 

effects on R. subcapitata, as it was important to understand if the concentrations used 

were enough to induce already effects at the algae level, which was provided as food.  

R. subcapitata was routinely cultured using standard algal culture medium (pH 8.2) at 

23 ± 1 °C under continuous illumination for 72 h (OECD, 2011). Algal cells were 

exposed to different concentrations of GDN (0.78, 1.56, 3.13, 6.25, 12.5, and 25 mg/L) 

and TBZ (0.16, 0.31, 0.63, 1.3, 2.5, 5, 10, and 20 mg/L). Controls containing DMSO at 

the same concentration were also tested and the concentration of DMSO was in all cases 

< 0.1 mL/L (OECD, 2000). Growth experiments were performed with six replicates per 

sample. Biomass growth was estimated by measuring Optical Density at 750 nm 

(OD750nm). The potential shading effect of GDN suspensions was investigated by 

placing 25 mL Erlenmeyer flaks with cultures of R. subcapitata cells (initial OD750nm 

0.1) into 100 mL beakers containing GDN suspensions (1.56, 3.13, 6.25, 12.5, and 25 

mg/L) in OECD culture medium. The arrangement avoided direct contact between GDN 

suspensions and cells. The contribution of shading effect to algal growth inhibition was 

expressed as percentage with respect to experiments without GDN in the outer beaker. 
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2.3. Mixture toxicity assays  

 

The toxic interactions of GDN-TBZ mixtures were studied using two sets of 

experiments, in the presence and absence of food (the microalga R. subcapitata). The 

experimental design follows a full factorial design and is presented in Fig. 1. In the 

absence of food, the concentrations ranged from 0.78 to 12.5 mg/L for GDN and from 

0.16 to 2.5 mg/L for TBZ (Fig. 1 A). In the presence of food, mixtures concentrations 

ranged from 1.56 to 25 mg/L for GDN and from 0.08 to 1.25 mg/L for TBZ (Fig. 1 B). 

The concentrations of each compound in the binary mixtures were chosen based on their 

EC50 values from the single exposures for each experimental setup. Controls containing 

ASTM medium and DMSO solvent control were also included.  

 

 

Figure 1. Experimental design of the combinations used for GDN-TBZ mixtures exposure to 

Daphnia magna in the absence (A), and in the presence of food (B). 

 

2.4. Data analysis 

 

Data were statistically examined by means of R software 3.5.0 (The R Foundation for Statistical 

Computing©) and Rcmdr 2.5–1 package (Fox, 2005). The comparison between different 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

treatments was performed by means of one-way analysis of variance (ANOVA) coupled with 

Tukey’s HSD (honestly significant difference) post-hoc tests. Differences were considered 

statistically significant if  p < 0.05. Dose-response curves of GDN and TBZ were fitted to the 

four-parameter log-logistic model (LL.4, drc) (Ritz et al., 2015). EC50 (effective concentration 

that causes 50% of growth inhibition or immobilization with respect to a non-treated control) 

values of GDN and TBZ, and confidence intervals were computed using the function ED.drc 3.0-

1 (drc) (Ritz and Streibig, 2005). No significant differences were detected between organisms 

exposed to negative and solvent controls. 

 

For predicting mixture toxicity, data were analysed using the MIXTOX tool (Jonker et 

al., 2005), using the reference models CA and IA. The deviations from CA and IA were 

modelled for synergism, antagonism, dose ratio (DR) and dose level (DL) 

dependencies, and computed using two parameters, a and b, forming a nested 

framework. The value of a indicates synergism (a < 0) or antagonism (a > 0) both for 

CA and IA. The parameter bi describes deviations that depend on DR and quantifies the 

degree of antagonism (bi> 0) or synergism (bi < 0) due to the dominant compound. For 

DL dependency, a third parameter bDL indicates the dose level at which synergism 

changes to antagonism or vice versa. A detailed description can be found elsewhere 

(Jonker et al., 2005). Within each conceptual model, data were fitted to the models and 

potential deviations and compared using the maximum likelihood method. When a 

significant deviation was identified, the mathematical parameters a and b were 

converted into biological effects as traduced in Table 1. In addition, the additivity of 

GDN-TBZ mixtures was assessed using the CI-isobologram method (Chou and Talalay, 

1984). Additional details are provided as Supplementary Material (SM). Data analysis 

was performed by means of the computer program CompuSyn (Chou, 2006). 
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Table 1. Interpretation of the parameters defining the functional form of deviation from 

CA and IA models; adapted from (Jonker et al., 2005). 

Deviation pattern Parameter a (CA and IA) Parameter b (CA) Parameter b (IA) 

Synergism/antagonism 

(S/A) 

a > 0: antagonism 

a < 0: synergism 
- - 

Dose ratio dependency 

(DR) 

a > 0: antagonism except 

for those mixture ratios 

where negative b value 

indicates synergism 

 

a < 0: synergism except 

for those mixture ratios 

where positive b value 

indicates antagonism 

bi > 0: antagonism where the toxicity of 

the mixture is caused mainly by toxicant i 

 

bi < 0: synergism where the toxicity of the 

mixture is caused mainly by toxicant i 

Dose level dependency 

(DL) 

a > 0: antagonism at low 

dose level and synergism 

at high dose level 

 

 

a < 0: synergism at low 

dose level and antagonism 

at high dose level 

bDL > 1: change at 

lower EC50 level 

 

bDL = 1: change at 

EC50 level 

 

0 < bDL < 1: change 

at higher EC50 level 

 

bDL < 0: no change 

but the magnitude of 

S/A is DL 

dependent 

bDL > 2: change at 

lower EC50 level 

 

bDL = 2: change at 

EC50 level 

 

1 < bDL < 2: change 

at higher EC50 level 

 

bDL < 1: no change 

but the magnitude of 

S/A is effect level 

dependent 

 

3. Results and discussion 

 

3.1. Characterization of nanoparticle suspensions 

 

Particle size and ζ-potential of GDN suspensions in ultrapure water, OECD algal culture 

medium and ASTM hard water medium (pH 8.0 ± 0.1) are shown in Table S1 (SM). 

The concentration of 10 mg/L was chosen based on the toxicity endpoints obtained for 

D. magna as shown in Table S2 (SM). DLS measurements revealed a tendency of GDN 
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suspensions to aggregate/agglomerate, with mean sizes similar for all assayed media. 

The sizes of the background colloids (191 ± 17 nm for OECD medium and 165 ± 12 nm 

for ASTM medium) suggested heteroaggregation/agglomeration of GDN with culture 

media particles. ζ-potential values were negative in all cases and fall outside the stable 

range (< -30 mV or > +30 mV) indicative of non-stable suspensions. The TEM images 

shown in Fig. S1 (SM) confirmed the presence of aggregates/agglomerates of several 

hundreds of nanometers formed by primary particles of 3-4 nm. 

 

3.2. Effect of GDN and TBZ on algal growth  

 

The toxicity of GDN and TBZ to R. subcapitata was studied by tracking growth 

inhibition during 72 h tests. The dose-response curves are shown in Fig. S2 (SM). The 

EC50 value obtained for GDN was 5.5 ± 0.3 mg/L (EC20 1.6 ± 0.2 mg/L, Table S2, SM). 

To our knowledge no previous data have been reported on GDN toxicity to R. 

subcapitata. We obtained EC50 values comparable with those of algae exposed to other 

carbon nanomaterials, which are generally in the lower tens of mg/L range (Long et al., 

2012; Schwab et al., 2011). Somewhat higher toxicity was reported, however, for 

graphene oxide, with 72 h EC50 of 1.04 mg/L for the growth inhibition of 

Chlamydomonas reinhardtii (Martín-de-Lucía et al., 2018). As other carbon-based 

materials, GDN suspensions absorb visible light and can limit the light available for 

algal cells, which may result in growth inhibition (Baun et al., 2008; Wei et al., 2010). 

The capacity of GDN suspensions to physically block light and, consequently, to impair 

algal growth even in the absence of any direct contact between cells and nanoparticles, 

was assayed by conducting shading experiments (Hu et al., 2018). The comparison 

between cultures grown behind GDN suspensions and control cultures allowed 

calculating the influence of shading to R. subcapitata growth. The results are presented 
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in Fig. S3 (SM). No significant (p < 0.05) 72 h growth inhibition was observed due to 

shading for concentrations up to 25 mg/L meaning that shading played a very minor 

impact on algal growth. Similar particles displayed toxic effects to R. subcapitata due to 

the overproduction of reactive oxygen species (ROS), which eventually induce lipid 

peroxidation and the disruption of cell envelopes, among other toxic effects (Nogueira 

et al., 2015).  

 

Fig. S4 (SM) shows optical micrographs of daphnids after 48 h exposure to different 

GDN concentrations. The images demonstrated the accumulation of GDN within the 

gastrointestinal tract of daphnids as well as particle adhesion to their body surface. At 

the lower tested concentration, 3.13 mg/L, GDN was preferentially ingested by the 

daphnids. At higher GDN concentrations, the images showed considerable amount of 

nanoparticle aggregates adhered to the exoskeleton of daphnids covering their antennae 

and carapace with similar pattern either in the absence and in the presence of food. The 

toxic effect can be attributed at least in part to the limitation of the normal physiological 

activities of daphnids, such as swimming, filtering and moulting behaviour due to GDN 

aggregates. 

 

The effect of TBZ to R. subcapitata growth is also shown in Table S2 (SM). EC50 for 72 

h growth inhibition was 4.5 ± 0.5 mg/L, similar to the 96 h EC50 of 9 mg/L reported 

elsewhere (EU, 2001). Overall, our results indicated that the toxicity of GDN and TBZ 

for R. subcapitata growth was the same order as that observed for D. magna 

immobilization. The results showed that upon exposure concentrations algal growth rate 

was still positive after 72 h exposed to the EC50 values obtained for 48 h D. magna 
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immobilization tests. This means that in joint exposure experiments using algae to feed 

daphnids, algal cells were still growing and serving their role as food source.  

 

3.3. Toxicity of GDN to D. magna  

 

Fig. 2 shows the results of the immobilization tests of D. magna neonates exposed to 

GDN in the absence and presence of food after 24 h and 48 h. After 24 h, no significant 

(p < 0.01) differences were obtained between exposure in the absence and presence of 

food (Fig. 2 A). After 48 h of exposure, and in the absence of food, the immobilization 

of daphnids was significantly (p > 0.001) higher than controls for concentrations ≥ 6.25 

mg/L. D. magna immobilization was also significantly (p < 0.001) higher in the absence 

of food than in assays performed in the presence of R. subcapitata. Fig. 2 B also shows 

that the differences between absence and presence of food were higher in 48 h 

immobilization assays with respect to 24 h data for the experiments performed at 6.25, 

12.5 and 25 mg/L. This is a consequence of the higher resolution of 48 h tests at 

intermediate concentration of toxicants. The EC50 values for 48 h D. magna 

immobilization were 7.8 ± 0.3 mg/L (absence of food) and 18.9 ± 0.4 mg/L (in the 

presence of R. subcapitata). The EC20 values and the results for 24 h exposure are 

included in Table S2 (SM). 
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Figure 2. Effect of GDN, in the absence (grey bars) and presence (green bars) of food 

(R. subcapitata), on the immobilization of D. magna after 24 h (A) and 48 h (B) (error 

bars represent standard deviation, n = 5). Treatments with different letters are 

significantly different from controls (Tukey´s HSD, p < 0.01). Asterisks indicate 

significant differences between groups (p < 0.001). 

 

The toxicity of different carbon nanoparticles to D. magna has been widely reported in 

the literature with values generally coincident with this study. Sanchís et al. obtained 48 

h EC50 values of 11, 14 and 20 mg/L for fullerene soot, multiwalled carbon nanotubes 

(MWCNT) and graphene, respectively (Sanchís et al., 2016). Zhu et al. found 48 h EC50 

values of 8.7 mg/L for MWCNT (Zhu et al., 2009). In another study, it was reported 
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that polyallylamine nanodiamonds and oxidized nanodiamonds induced the production 

of ROS in D. magna (Domínguez et al., 2018). Due to their hydrophobic properties, 

GDN aggregates may adhere to the carapaces of D. magna, which results in abnormal 

swimming behaviour and difficulties to moult (Mendonça et al., 2011; Nasser et al., 

2016). 

 

The toxicity of GDN to D. magna decreased in the presence of R. subcapitata. A similar 

behaviour was observed before for D. magna exposed to silver nanoparticles in the 

presence and absence of food (Allen et al., 2010; Mackevica et al., 2015; Ribeiro et al., 

2014). The lower toxic damage could be attributed to the reduced bioavailability of 

GDN particles due to their heteroaggregation with organic matter and food residues 

(Allen et al., 2010). The relative instability of GDN suspensions as revealed by -

potential supports this hypothesis (Table S1). Heteroaggregation has been shown to 

dominate the interactions between nanoparticles and colloids, including biocolloids 

through different kind of electrostatic and non-electrostatic interactions (Wang et al., 

2015). Heteroaggregation would be favoured by the ability of R. subcapitata to produce 

exudates that facilitate GDN aggregation (Koukal et al., 2007). We also observed 

daphnids with black particles adhered to their carapaces for high exposure 

concentrations (Fig. S4, SM). Accordingly, mechanical effects due to particle adherence 

may also be responsible for daphnids impairment. Finally, the higher toxicity observed 

in the absence of food could be related to the increased filtration rate of non-fed 

daphnids (Lampert, 1994; Plath, 1998). 

 

3.4. Toxicity of TBZ to D. magna 
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The results of D. magna immobilization after exposure to TBZ in the absence and 

presence of R. subcapitata are shown in Fig. 3. After 24 h exposure, the immobilization 

of D. magna significantly (p < 0.001) increased for concentrations above 2.5 mg/L, 

remaining slightly below 50 % even for the highest tested concentration (5 mg/L). No 

differences were found between feeding regimes after 24 h of exposure to TBZ (Fig. 3 

A). For 48 h exposure, D. magna immobilization was considerably higher with 

significant (p < 0.001) differences between both feeding regimes observed for 0.63 and 

1.25 mg TBZ/mL (Fig. 3 B). The EC50 of TBZ for 48 h exposure to D. magna was 0.55 

± 0.02 in the absence of food (Table S2, SM). These results agreed with the previously 

reported 48 h EC50 0.85 mg/L (Oh et al., 2006). It has been shown that TBZ inhibits the 

activity of the mitochondrial enzyme fumarate reductase activity, thereby impairing 

mitochondrial respiration (Criado-Fornelio et al., 1987). Other compounds similar to 

TBZ also display high toxicity: benzimidazole, fenbendazole and flubendazole exhibit 

EC50 values of 0.017 mg/L, 0.019 mg/L, and 0.045-0.067 mg/L respectively (Oh et al., 

2006; Wagil et al., 2015).  
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Figure 3. Effects of TBZ, in the absence (grey bars) and presence (green bars) of food 

(R. subcapitata), on the immobilization of D. magna after 24 h (A) and 48 h (B) (error 

bars represent standard deviation, n = 5). Treatments with different letters are 

significantly different from controls (Tukey´s HSD, p < 0.001). Asterisks indicate 

significant differences between groups (p < 0.001). 

 

The results showed that the toxicity of TBZ to D. magna increased in the presence of R. 

subcapitata, contrary to what was observed for GDN. TBZ is a weak base with pKa 

values of 4.17 (imidazole nitrogen) and ~2.5 (thiazolyl nitrogen). It is non-charged at 

neutral pH and is hydrophobic (log KOW 2.47) with affinity to the non-polar moieties of 

organic matter. Accordingly, strong adsorption of TBZ on soil organic matter has been 
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reported (Cayley and Lord, 1980). Once ingested, TBZ would become bioavailable in 

the gut of daphnids. Our results suggested that food may be an important pathway for 

trophic transfer of TBZ in D. magna. Several studies showed an increase of chemical 

toxicity to cladocerans in the presence of food. Lessard and Frost reported a higher 

toxicity of the Monsanto’s glyphosate-based herbicide Roundup WeatherMax when 

supplied with phosphorous-rich diets (Lessard and Frost, 2012). Similarly, the 

antidepressant fluoxetine was found more toxic to D. magna in the presence of algal 

food (Hansen et al., 2008). Rose et al. reported the hydrophobic insecticide fenoxycarb 

adsorbed on algae resulting in increased toxicity to Ceriodaphnia cf. dubia when 

supplied with food (Rose et al., 2002).  

 

3.5. Toxicity of GDN-TBZ mixtures to D. magna. 

 

The immobilization of D. magna exposed to GDN-TBZ mixtures in the absence and 

presence of food are shown in Figs. 4 and 5, respectively. To quantify the combined 

toxicity of GDN and TBZ, both CA and IA were tested as reference conceptual models 

for mixture toxicity. Tables S3 and S4 (SM) show the values for the sum of squared 

residuals, SS, p-values for the conceptual model and the likelihood ratio test, p(χ2), 

which quantifies the model’s goodness of-fit, comparing the conceptual models and 

deviations. The individual EC50 values of GDN in the absence of food (8.9 mg/L for CA 

and 7.9 mg/L for IA, Table S3), and presence of food (21.6 mg/L for CA and 20.4 mg/L 

for IA, Table S4) obtained from the single exposures within this mixture experimental 

setup agree well with the EC50 values obtained from the exposures to single toxicants 

(7.8 mg/L and 18.9 mg/L, as indicated in Table S2). Predicted EC50 values for TBZ in 

were 0.69 mg/L (CA) and 0.52 mg/L (IA) in the absence of food, and 0.78 (CA) and 
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0.71 (IA) in the presence of food, also similar to the results obtained in single exposure 

experiments: 1.3 mg/L and 0.55 mg/L respectively (Table S2). 

 

 
Figure 4. Effects of the binary mixtures of GDN (A) and TBZ (B) on the 

immobilization of D. magna in the absence of food (R. subcapitata). (Error bars 

represent standard deviation, n = 3; asterisks indicate significant differences with 

control, p < 0.05). 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 
Figure 5. Effect of the binary mixtures of GDN (A) and TBZ (B) on the immobilization 

of D. magna in the presence of food (R. subcapitata). (Error bars represent standard 

deviation, n = 3; asterisks indicate significant differences with control, p < 0.05). 

 

In all cases, the combined toxicity of GDN and TBZ mixtures fitted better to CA model 

(Tables S3 and S4) in the sense that CA model explained a higher proportion of the total 

variance. The results in the absence of food fitted better to DR dependency with a < 0 

and b > 0 (Table 1), which represent dose ratio deviation with synergism except for 

dose ratios in which toxicity was dominated by one toxicant (Fig. 6 C and D). The 

isobolograms (Fig. 6 C and D) showed clear synergism at low dose levels moving 

towards antagonism for increasing GDN doses. In experiments using daphnids fed with 

R. subcapitata, the DL dependency of CA model explained a higher proportion of 

variance (a < 0 and bDL > 0, Tables 1 and S4), indicating synergism at low dose levels 
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changing to antagonism at higher doses, again a result observed in the isobolograms of 

Fig. 7. The tendency to antagonism was also clear for doses higher than mixture EC50. 

(A brief explanation about isbologram plots is included as Supplementary Material.)  

 

 

Figure 6. Effects of GDN-TBZ mixtures in the absence of food (R. subcapitata) on D. 

magna immobilization. Relationship between observed data and modelled values for 

CA-DR (A) and IA-DR (B). Isobolograms representing the response surfaces for DR 

deviation from CA (C) and IA (D) models. TU = 1 additivity line (-, red). (The numbers 

indicate the response level). 
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Figure 7. Effects of GDN-TBZ mixtures in the presence of food (R. subcapitata) on D. 

magna immobilization. Relationship between observed data and modelled values for 

CA-DL (A) and IA-DL (B). Isobolograms representing the response surfaces for DL 

deviation from CA (C) and IA (D) models. TU = 1 additivity line (-, red). (The numbers 

indicate the response level). 

 

We also used CI-isobologram method as complementary methodology to check the 

nature of GDN-TBZ toxicological interactions. CI provides a unique parameter to 

quantify the degree of synergism or antagonism as a function of the degree of 

immobilization or affected fraction, fa. Fig. 8 shows the affected fraction (fa)-CI plots 

for the binary GDN-TBZ combinations in the presence and absence of food. The pattern 

was similar for both feeding conditions. GDN-TBZ combinations displayed synergism 

for fa > 0.1 with a slight tendency to additivity for the higher affected fractions in the 
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experiments performed in the absence of food. The synergism was clear in all cases 

within the 0.1 < fa < 0.8 range and higher (lower CI) in the presence of food. Table S5 

(SM) shows the fitting parameters (EC50, m, and r) of GDN, TBZ and their binary 

mixtures. In all cases the shape of the dose-effect curves was sigmoidal and good fit 

was obtained indicating conformity to the median-effect principle (see SM for details).  

 

 

Figure 8. Combination index (CI-fa) plot for GDN-TBZ binary combinations in the 

presence (green) and absence (grey) of food (R. subcapitata). CI > 1 indicates 

antagonism, CI < 1 indicates synergism and C = 1 represents additivity. Error bars 

represent standard deviation. 

 

In this study, we have shown that low-to-intermediate concentrations of GDN and TBZ 

were associated to a synergistic toxic response of D. magna to their binary 

combinations. Synergism might be explained considering GND acted as vehicle to 

increase the exposure to TBZ. The interaction between the aromatic molecule TBZ and 

the graphitic surface of GDN could be attributed to the formation of π-stacked 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

complexes in which TBZ molecules interact with the sp2-like surface of GDN 

(Rochefort and Wuest, 2009). To verify the adsorption hypothesis, we performed ATR-

FTIR spectra of GDN kept 24 h in contact with TBZ with the proportion of their 

respective EC50 concentrations, centrifuged, washed and dried before being analysed. 

The bands corresponding to the characteristics features of TBZ were observed in the 

spectrum of recovered GDN as indicated in Fig. S5 (SM).  

 

When GDN is present at higher concentrations it induces antagonism, which could be 

explained by particle agglomeration to such an extent that the mixture becomes less 

available. A similar antagonistic behaviour of in mixtures of pollutants with graphene 

oxide was described elsewhere and attributed to a reduced bioavailability of pollutants 

and nanoparticles because of particle aggregation/agglomeration (Martín-de-Lucía et al., 

2018). The presence of R. subcapitata as food source reduced toxicity and synergism, 

which was probably due to the adsorption of GDN and TBZ onto aggregates with algal 

cells.   

 

The toxicity enhancement due to the combination of toxic chemicals with carbon-based 

nanomaterials has been described before and is expected to be particularly important for 

filter feeding organisms like D. magna. Baun et al. and Zindler et al. reported higher 

toxicity of phenanthrene in the presence of C60 nanoparticles and CNT for the 

immobilization of D. magna (Baun et al., 2008; Zindler et al., 2016). Synergism was 

also reported for D. magna exposed to a combination of fullerenes and malathion 

(Sanchís et al., 2016). Synergistic toxic effects were also observed for metals: CNT and 

C60 increased the toxicity of cadmium, copper and arsenic to D. magna (Tao et al., 

2013; Wang et al., 2016a; Wang et al., 2016b).  
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The antagonistic response of mixtures containing nanoparticles at high concentrations 

due particle aggregation and sedimentation was also observed before (Baun et al., 2008; 

Simon et al., 2015). Our results showed that non-additive interactions existed at all toxic 

levels when exposing D. magna to mixtures of GDN and TBZ. Also, the sign and 

intensity of the interaction depends on the dose of the mixture. The consequences of 

non-additivity have been largely ignored, but the limits of the additivity paradigm pose 

a significant challenge for regulatory frameworks. 

 

4. Conclusions 

 

The EC50 for the 48 h immobilization of D. magna exposed to GDN was 7.8 mg/L in the 

absence of R. subcapitata as food source and 18.9 mg/L in the presence of food. The 

presence of the micro green algae R. subcapitata mitigated the toxicity of GDN, but 

increased the toxicity of TBZ, with the EC50 decreasing from 1.3 mg/L to 0.55 mg/L, 

suggesting a carrier effect for TBZ. 

 

The results from the binary mixtures of GDN and TBZ showed synergistic toxic 

interactions at low concentrations, probably because GDN increases the bioavailability 

of TBZ. At high GDN doses, an antagonistic effect was observed, which was attributed 

to the formation of aggregates of GDN eventually reducing the bioavailability of TBZ. 

 

The non-additive effects observed for the binary mixtures between GDN and TBZ along 

a wide range of concentrations and affected fractions, proved the limits of the additivity 

paradigm. Our findings showed the importance of considering toxicological interactions 
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and the interaction with other organisms in trophic chains for realistic toxicity 

assessment. 
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Highlights 

 

 

• EC50 of graphite-diamond nanoparticles for Daphnia magna immobilization was 5.5 

mg/L 

• Daphnia magna immobilization decreased in the presence of algal cells as food source 

• Nanoparticle-thiabendazole mixtures showed synergism at low concentrations 

• High nanoparticle concentration resulted in antagonism due to particle agglomeration 
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