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Abstract: 

A huge variety of organic microcontaminants are presently detected in 

freshwater ecosystems, but there is still a lack of knowledge about their interactions, 

either with living organisms or with other contaminants. Actually, carbon nanomaterials 

like fullerenes (C60) can act as carriers of organic microcontaminants, but their 

relevance in processes like bioaccumulation and biotransformation of organic 

microcontaminants by organisms is unknown. In this study, mesocosm experiments 

were used to assess the bioaccumulation and biotransformation of three organic 

microcontaminants (venlafaxine, diuron and triclosan) in river biofilms, and to 

understand how much the concomitant presence of C60 at environmental relevant 

concentrations could impact these processes. Results indicated that venlafaxine 

exhibited the highest bioaccumulation (13% of the initial concentration of venlafaxine 

in water), while biotransformation was more evident for triclosan (5% of the initial 

concentration of triclosan in water). Furthermore, biotransformation products such as 
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methyl-triclosan were also present in the biofilm, with levels up to 42% of the 

concentration of accumulated triclosan. The presence of C60 did not involve relevant 

changes in the bioaccumulation and biotransformation of microcontaminants in 

biofilms, which showed similar patterns. Nevertheless, the study shows that a detailed 

evaluation of the partition of the organic microcontaminants and their transformation 

products in freshwater systems are important to better understand the impact of the co-

existence of others microcontaminants, like carbon nanomaterials, in their possible 

routes of bioaccumulation and biotransformation. 
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1. Introduction 

An increasingly incidence of organic microcontaminants in freshwater 

ecosystems has been pointed out, embracing a wide variety of compounds such as 

pharmaceuticals and personal care products (PPCPs), endocrine disrupting compounds, 

pesticides, nanomaterials, among others (Farré et al., 2010; Thomaidi et al., 2015; 

Meador et al., 2016; Sousa et al., 2018). Although they are detected in the environment 

at low concentrations (ng L
-1

, µg L
-1

), many organic microcontaminants are considered 

pseudo-persistent contaminants, since their input surpass their removal/degradation 

(Ahmed et al., 2017). In this way, these pollutants may exert potential toxic effects on 

aquatic organisms (Santos et al., 2010) and may affect the biological communities 

(Corcoll et al., 2014). Some organic microcontaminants also show the potential to 

bioaccumulate (Huerta et al., 2012; Du et al., 2014; Rodríguez-Mozaz et al., 2016) and 

propagate through the food web (Du et al., 2014; Ruhí et al., 2016). 

The concern about the presence and impact of nanomaterials in the environment 

has increased in the last years. However some reviews have recently reported that 

carbon nanomaterials do not show relevant bioaccumulation and do not pose a direct 

threat on aquatic organisms when present at environmental concentrations (Bjorkland et 

al., 2017; Freixa et al., 2018a). Nevertheless, due to their sorption properties, it is 

expected that nanomaterials can interact with co-existing microcontaminants, 
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influencing their original distribution, toxicity, bioaccumulation and risk (Deng et al., 

2017; Freixa et al., 2018a). For instance, carbon nanomaterials have been reported to 

affect the toxicity of different organic microcontaminants by promoting antagonistic or 

synergistic responses in species of different trophic levels (Knauer et al., 2007; Baun et 

al., 2008; Sanchís et al., 2016). Particularly, fullerenes, a type of carbon nanomaterial 

composed by 60 atoms of carbon, showed to change the bioaccumulation of organic 

microcontaminants in fish by impacting their bioavailability (Hu et al., 2010; Park et al., 

2010). 

Given that organic microcontaminants occur in the environment as mixtures of 

pollutants, it is of relevance to evaluate how their simultaneous presence may affect the 

toxicity, biotransformation and bioaccumulation processes in freshwater organisms. In 

this context, river biofilm appears as a good model to assess the impact of organic 

microcontaminants as well as their interaction at a community level. River biofilms are 

complex communities of microorganisms mainly formed by bacteria, algae, fungi and 

protozoa, which are embedded in a mucopolysaccharide matrix (Sabater et al., 2007). 

Due to its close contact with the water column and streams, biofilm uptakes organic and 

inorganic nutrients from the water, but also microcontaminants and other toxicants, 

either by uptake or physical adsorption, mainly by their retention in the 

mucopolysaccharide matrix (Sabater et al., 2007). In this way, biofilm showed the 

ability to accumulate organic microcontaminants (Huerta et al., 2016; Ruhí et al., 2016; 

Wilkinson et al., 2018) at concentrations up to few hundred ng g
-1

, as well as to degrade 

them (Sabater et al., 2007; Writer et al., 2011). In fact, river biofilms have been used in 

ecotoxicological studies to evaluate the impact of multiple stressors (e.g. physical, 

chemical or biological) in freshwater ecosystems (Sabater et al., 2016; Romero et al., 

2018; Serra-Compte et al., 2018). Effects perform at the community level and provide 

an integrated response of the community to the environmental changes (Sabater et al., 

2007). 

Therefore, this study aimed to evaluate i) the bioaccumulation and 

biotransformation of three selected organic microcontaminants (venlafaxine, diuron and 

triclosan) by river biofilms; and ii) the influence of the presence of fullerenes (C60), on 

the bioaccumulation and biotransformation of selected organic microcontaminants by 

river biofilms. Bioaccumulation accounts for the organic microcontaminants retained in 

the biofilm, either by the uptake in microbial and algal cells or because of their 

adsorption to the cells walls or to the extracellular mucopolysaccharide matrix. With 
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this purpose, individual mesocosm experiments were launched with the three organic 

microcontaminants (venlafaxine, diuron and triclosan) and fullerenes (C60). The 

presence of the three target microcontaminants as well as some selected transformation 

products (TPs) was monitored in water along the 72h of the experiments and in the river 

biofilms at the end of the exposure. The hypothesis tested was that i) organic 

microcontaminants with distinct physical-chemical properties will present different 

patterns of bioaccumulation in river biofilms; ii) the presence of C60 will interfere with 

the bioaccumulation and the biotransformation of the selected organic 

microcontaminants by river biofilms.  

 

2. Materials and Methods 

2.1. Reagents and Chemicals 

Venlafaxine, diuron, triclosan, methyl-triclosan and 2,4-dichlorophenol were 

purchased from Sigma-Aldrich. N-desmethylvenlafaxine, O-desmethylvenlafaxine, 

N,N-didesmethylvenlafaxine, N,O-didesmethylvenlafaxine, N,N-didesmethyl-O-

desmethylvenlafaxine, 1-(3,4-dichlorophenyl)urea (DCPU) and 1-(3,4-dichlorophenyl)-

3-methylurea (DCPMU) were purchased from Toronto Research Chemicals (Ontario, 

Canada). Isotopically labeled compounds used as internal standards were venlafaxine-

d6 (VLF-d6) purchased from CDN Isotopes (Quebec, Canada), diuron-d6 (DIU-d6) 

purchased from Sigma-Aldrich, and triclosan-d3 (TCS-d3) and triclosan-methyl-d3-

ether (MTCS-d3) purchased from Toronto Research Chemicals (Ontario, Canada). All 

the standards were of high grade purity (>95%). Fullerene C60 with 99.5% of purity was 

also purchased from Sigma-Aldrich. Methanol, acetonitrile and water LC-MS grade 

were provided by Merck (Darmstadt, Germany). All solvents were of MS grade. 

Sodium chloride and di-sodium hydrogen phosphate dehydrate for solid phase 

microextraction (SPME) analyses were purchased from Scharlau (Sentmenat, Spain). 

Individual stock solutions of all compounds were prepared on a weight basis in 

methanol (final concentration of 1000 mg L
-1

). An intermediate mixture containing the 

selected organic microcontaminants and their TPs of 10 mg L
-1

 was also prepared in 

methanol by appropriate dilution of the individual stock solutions. Stock solutions and 

the 10 mg L
-1

 intermediate mixture solution were stored at -20 ºC. Before each 

analytical run, working standard solutions were prepared in a mixture of methanol:water 

(50:50, v/v) for LC-MS/MS analysis or in water for GC-MS/MS analysis. 
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An aqueous fullerene stock suspension of 100 mg L
-1

 was prepared by adding 

C60 fullerene powder to an amber glass bottle containing rainwater (previously filtered 

with 0.2 µm pore-size nylon-fiber filters). Aggregates were dispersed by 2 months 

stirring with a PTFE-coated magnetic nucleus at room temperature. The bottle was 

loosely caped with pre-slitted aluminum fold in order to allow free exchange of ambient 

air while preventing dust deposition. No surfactant, organic solvent or ultrasounds were 

employed in order to artificially enhance the stability of the aggregates. The resulting 

aggregates were round-shaped and highly polydispersed, with some micron-sized 

clusters co-occurring with a fraction of nanosized aggregates (mainly from 100 to 200 

nm). More detailed information on the characterization of the C60 aggregates is 

described elsewhere (Freixa et al., 2018b). 

 

2.2. Experimental design and set-up 

Experiments were performed according to Freixa et al. (2018b), using glass 

mesocosms (diameter = 25 cm, height = 15 cm), with a central glass cylinder and a 

glass blade incorporated to a rotor (12 V, 2.2 W, 60 rpm, Philips), in order to constantly 

move the water, allowing a homogenous flow circulation. Each mesocosm was filled 

with 4.5 L of rainwater with the following composition: 2.2 µg L
-1

 P-PO3
4-

, 0.75 mg L
-1

 

N-NO3 and 2.8 mg L
-1

 dissolved organic carbon. Water level was kept constant by 

adding water at a constant daily rate of 4.5 mL day
-1

 using a peristaltic pump (Ismatec, 

MCP, 150W). During the exposure time, mesocosms were maintained at a constant 

temperature of 20 ºC and day-night cycles (12-hour light /12-hours dark), applied using 

LED lamps (Lumina Led 62, 48W).  

Three organic microcontaminants were selected based on their physical-

chemical properties (Table S1), toxicity, environmental levels, and potential to 

accumulate in aquatic organisms: 

 - Venlafaxine is an antidepressant, widely detected in surface waters at concentrations 

up to 387 ng L
-1

 (González Alonso et al., 2010). This pharmaceutical has shown 

potential to bioaccumulate in biofilms (Huerta et al., 2016). Nevertheless, there is a gap 

of knowledge on its toxicity, and just a few studies are available in literature (Fong et 

al., 2017; Di Poi et al., 2018), mainly focusing on fish (Best et al., 2014; Bisesi Jr et al., 

2014). Nevertheless, an EC50 of 6900 µg L
-1

 was reported for algae (Minguez et al., 

2018);  
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- Diuron is a herbicide and antifouling biocide, currently included in the list of priority 

substances of Directive 2013/39/EU (European Comission, 2013). It is highly persistent 

in the environment (Giacomazzi and Cochet, 2004), being found at levels up to 3.05 µg 

L
-1

 (Okamura et al., 2003). It shows toxicity to algae (EC50 = 15 µg L
-1

) (Proia et al., 

2011) and can bioaccumulate in biofilms (Chaumet et al., 2019); and  

- Triclosan is an antibacterial that can be ubiquitously found in the environment, 

reaching concentrations up to 310 ng L
-1

 (Lyndall et al., 2017). A wide variety of 

organisms shows toxicity to triclosan (Bedoux et al., 2012), including bacteria (EC50 = 

43.9 µg L
-1

) (Ricart et al., 2010) and algae (EC50 = 0.7-4.46 µg L
-1

) (Orvos et al., 2002). 

It can bioaccumulate in aquatic organisms as well (Coogan et al., 2007; Rüdel et al., 

2013; Huerta et al., 2016). 

 

2.2.1. Preliminary experiments 

In order to evaluate the interaction of the organic microcontaminants with the 

C60 as well as with the inner glass structure of the mesocosm, and their possible abiotic 

transformation under the experimental conditions, a previous experiment was carried 

out in abiotic conditions, i.e. without biofilm. In this way, 12 mesocosms were filled 

with rainwater and spiked with each individual organic microcontaminant at the tested 

nominal concentrations (10 µg L
-1

 for diuron and triclosan, and 50 µg L
-1

 for 

venlafaxine). Nominal concentrations of the organic microcontaminants were selected 

based on differences in their toxicity, which shows EC50s for algae varying from 0.7-

4.46 µg L
-1

 (triclosan) (Orvos et al., 2002), 15 µg L
-1

 (diuron) (Proia et al., 2011) to 

6900 µg L
-1

 (venlafaxine) (Minguez et al., 2018). An EC50 for bacteria of 43.9 µg L
-1

 

has been described for triclosan (Ricart et al., 2010). Six of these mesocosms were also 

spiked with C60 at a nominal concentration of 1 µg L
-1

. Each condition was tested in 

duplicate. Water samples were collected every 24h during the 72h of experiment. 

During the experiment, the concentration of organic microcontaminant freely dissolved 

in the aqueous phase and the fraction of microcontaminant adsorbed to suspended C60 

aggregates were measured separately. For that, samples were centrifuged (7500 rpm, 10 

min, 4 ºC) to separate both fractions. Direct analysis was performed for water fraction 

(see section 2.4.1), whereas 1 mL of methanol was added for the extraction of the 

organic microcontaminants adsorbed to C60 with ultrasonic assisted extraction for 20 

min. Then, the methanolic extract was centrifuged (15,000 rpm, 15 min) and the 

supernatant was transferred to a glass tube. This procedure was repeated twice and all 
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the supernatants were combined and evaporated under a gentle stream of nitrogen. 

Finally, dried extracts were reconstituted in 1 mL of methanol:water (10:90, v/v) and 

were analysed by LC-MS/MS (diuron and venlafaxine) or GC-MS/MS (triclosan) (see 

LC-MS/MS and GC-MS/MS methods description in Supplementary Material). 

 

2.2.2. Exposure experiments 

Three sets of experiments were performed for each of the three organic 

microcontaminants considered (i.e. venlafaxine, diuron and triclosan). A scheme of the 

experimental set-up is shown in Figure 1. Each set included 4 different exposure 

conditions.  

- C60 exposure: biofilm was exposed to a nominal concentration of C60 of 1 µg 

L
-1

; 

- Organic microcontaminant exposure: biofilm was individually exposed to 

each of the 3 selected organic microcontaminants. A nominal concentration 

of 10 µg L
-1

 was chosen for diuron and triclosan, and 50 µg L
-1

 for 

venlafaxine; 

- Organic microcontaminant + C60 exposure: biofilm was simultaneously 

exposed to the organic microcontaminant and C60, using the same nominal 

concentrations selected for the single exposure experiments; 

- Control: biofilm was kept under normal experimental conditions of light and 

temperature and neither organic microcontaminants nor nanoparticles were 

added. 

 

 

Control Exposure C60

Exposure organic microcontaminant

(venlafaxine, diuron or triclosan)

Exposure organic microcontaminant + C60

(venlafaxine, diuron or triclosan)
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Figure 1 - Experimental setup. Each experimental set consisted in 4 test conditions (n = 

3), namely: Control, Exposure to C60, Exposure to organic microcontaminant, and 

Exposure to organic microcontaminant + C60. An individual experimental set was 

performed for each organic microcontaminant (venlafaxine, diuron or triclosan), using a 

nominal concentration of 50 µg L
-1

 (venlafaxine) or 10 µg L
-1

 (diuron or triclosan). The 

nominal concentration of C60 was 1 µg L
-1

 in all the tested conditions. 

 

All experiments were performed in triplicate using 5 week-old epilithic biofilm 

previously grown in artificial channels (200 cm long, 10 cm wide, 7.5 cm deep). 

Colonizing biofilm was obtained from a non-impacted oligotrophic stream (Llémena 

River, NE, Spain) (GPS coordinates: 42°04'16.3"N, 2°36'13.7" E), and allowed to grow 

on square glass tiles (1.5 × 1.5 cm). After 5 weeks, colonised biofilm was transferred to 

glass mesocosms and acclimated for a period of 12h before starting the exposure 

experiments, with exposure time of 72h. 

For the exposure experiment, stock solutions of each organic microcontaminant 

were previously prepared on methanol (concentration = 1000 mg L
-1

). Afterwards they 

were diluted with rainwater to get the final concentration of 50 µg L
-1

 (venlafaxine) and 

10 µg L
-1

 (diuron and triclosan) on the mescosms. This represents a maximum final 

concentration of methanol in the mesocosm of 50 µL L
-1

 (equivalent to 0.005%, v/v), 

which is below the reported toxicity concentration for aquatic organisms, especially 

algae, as well as the maximum threshold recommended by OECD (100 µL L
-1

) 

(Hutchinson et al., 2006). In the case of C60, an aqueous stock suspension of 100 mg L
-1

 

prepared using filtered rainwater (see section 2.1) was used for spiking purposes.  

Besides the three organic microcontaminants, some of their target TPs (Table 

S1) were chosen for analysis based on biodegradation and/or phototransformation 

pathways of the parent compounds described in literature, as well as the availability of 

analytical standards. Five TPs of venlafaxine, which are mainly correlated to its human 

metabolization (Magalhães et al., 2014), were selected, with some of them being 

detected in the environment (Kern et al., 2010; Writer et al., 2013; Aymerich et al., 

2016; Boix et al., 2016). Two TPs of diuron, which are formed by N-demethylation by 

bacteria and/or fungi, were selected, namely: 1-(3,4-dichlorophenyl)urea (DCPU) and 1-

(3,4-dichlorophenyl)-3-methylurea (DCPMU); these TPs have indeed been detected in 

the aquatic environment (Thomas et al., 2002; Gonzalez-Rey et al., 2015). Methyl-

triclosan and 2,4-dichlorophenol have been described in literature as two characteristic 
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TPs of triclosan biodegradation (Dann and Hontela, 2011; Kim et al., 2011); the latest 

has also been described as a photodegradation product (Latch et al., 2005). These TPs 

have been detected in the aquatic environment (Chen et al., 2015; Wluka et al., 2016; 

Tohidi and Cai, 2017), including biota (Coogan et al., 2007; Kookana et al., 2013), and 

were thus chosen to be monitored in this study. 

 

2.3. Water and biofilm sampling 

 Water samples from each mesocosm were collected every 24h for the 

quantification of organic microcontaminants and their TPs. At the beginning and end of 

the exposure experiment, additional water samples were collected for the quantification 

of C60. Samples at time 0h were collected after 1h of the initial spiking (in the case of 

experiments with organic microcontaminants and/or C60) in order to allow a 

homogeneous dispersion of the microcontaminant in the water of the mesocosms. Water 

samples were collected in amber glass bottles and kept at -20 ºC until analysis of 

organic microcontaminants. For the analysis of C60, water samples (150 mL) were 

consecutively filtered through glass microfiber filters (0.7 µm) (Whatmann) and nylon 

membrane filters (0.45 µm) (Millipore) and the filters were kept at -20 ºC until analysis. 

 Biofilm from all treatments and replicates was randomly sampled at the end of 

the exposure experiment (72h) for the quantification of the organic microcontaminants 

and their TPs. Biofilm samples were scraped from the glass tiles, freeze-dried and kept 

at -20 ºC until further analysis.  

 

2.4. Analysis of organic microcontaminants and their transformation products 

2.4.1. Water 

Water samples (1 mL) collected in the mesocosms of venlafaxine and diuron 

experiments were analyzed by liquid chromatography coupled with a hybrid mass 

spectrometry detector (UPLC-QqLIT) from Waters-AB Sciex using a method adapted 

from Gros et al. (2012). In the case of triclosan and its TPs (methyl-triclosan and 2,4-

dichlorophenol), they were analyzed using an on-line HS-SPME-GC-MS/MS 

methodology adapted from Regueiro et al. (2009). Detailed information on sample 

preparation, the optimized mass spectrometer parameters for the target compounds and 

GC-MS/MS analysis is given in Supplementary Material.  

 

2.4.2. Biofilm 
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Freeze-dried biofilm samples (100 mg) were extracted with 1 mL of citric buffer pH 

4:ACN (1:1, v/v) using a mini bead beater (Vortex-Genie 2, MoBio Laboratorios, Inc, 

USA) with glass beads, followed by a clean-up step using solid phase extraction (SPE).  

Venlafaxine, diuron and their TPs were analyzed by LC-MS/MS, whilst triclosan and its 

TPs were analyzed by on-line HS-SPME-GC-MS/MS. More detailed information on 

biofilm sample preparation as well as the quality parameters of the analytical 

methodologies used for all the selected compounds are described in Supplementary 

Material. 

 

2.5. Assessment of bioaccumulation 

The bioaccumulation of the target organic microcontaminants (venlafaxine, 

triclosan and diuron) and their TPs in biofilm was assessed by evaluating their 

concentration in biofilm, expressed in ng g
-1

 dry weight; as well as determining their 

percentage relatively to the initial mass of the parent compounds. Additionally, 

bioconcentration factors (BCF) of the three target microcontaminants were also 

calculated to compare their accumulation potential. 

 

2.5.1. Mass balance calculation 

The mass distribution of the selected organic microcontaminants among water, 

biofilm and C60 fraction at the end of the exposure experiment was calculated using the 

concentrations obtained for each microcontaminant after the 72h of exposure as well as 

the water volume (4.5 L) and biofilm mass in each mesocosm. The following equations 

were used (Eq. 1-4): 

 

Contaminant remaining in water (%) = 
   (   )      

   (  )     
         (Eq. 1) 

 

where Cw (µg L
-1

) is the concentration of the corresponding microcontaminant in water 

at time 0h or 72h (begin and end of the exposure experiment, respectively), and V (L) 

corresponds to the volume of water used in the exposure experiment (4.5 L). 

 

- Bioaccumulation: 

 

Bioaccumulation (%) = 
         (   )           

   (  )    
         (Eq. 2) 
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where Cbiofilm (µg g
-1

) is the concentration of the corresponding microcontaminant in 

biofilm at time 72h (end of the exposure experiment), mbiofilm (g) corresponds to the 

mass of biofilm, in dry weight, Cw (µg L
-1

) is the concentration of the corresponding 

microcontaminant in water at time 0h, and V (L) corresponds to the volume of water 

used in the exposure experiment (4.5 L). 

 

- Biotransformation: 

Biotransformation was evaluated taking into account the sum of all the TPs 

formed in each mesocosm and considering their presence in water and biofilm. Herein, 

it is considered all kinds of transformation (e.g. biotransformation, phototransformation, 

etc.) that may occur in the mesocosm during the exposure experiments. The following 

equation was considered: 

 

 

Biotransformation (%) = 
        (   )                    (   )           

   (  )    
       (Eq. 3) 

 

where Σ Cw TP (µg L
-1

) is the sum of concentration of all TPs in water at 72h, V (L) 

corresponds to the volume of water used in the exposure experiment (4.5 L), Σ Cbiofilm TP 

(µg g
-1

) is the sum of concentration of all TPs in biofilm at 72h, mbiofilm (g) corresponds 

to the mass of biofilm, in dry weight, Cw (µg L
-1

) is the concentration of the parent 

compound in water at time 0h. 

 

- Adsorption to C60: 

The fraction of organic microcontaminant absorbed to C60-aggregates was 

analyzed according to the procedure described in section 2.2.1. The percentage of 

adsorption to C60 of each organic microcontaminants is described in Table S5. 

 

- Others: 

Others (%) = 100-(%Contaminant remaining in water + %Bioaccumulation + 

%Biotransformation+ %Adsorption C60)      (Eq. 4) 
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 In “Others” it was considered other possible fate of the organic 

microcontaminants, namely: the formation of other TPs that were not considered in the 

present study; the adsorption of the organic microcontaminants to the inner glass 

structure of the mesocosm; and the mineralization of the microcontaminant. 

 

2.5.2. Calculation of bioconcentration factors (BCF) 

Since two different nominal exposure concentrations were considered (50 µg L
-1 

for 

venlafaxine and 10 µg L
-1 

for diuron and triclosan), bioconcentration factors (BCF) 

were calculated in order to do a more adequate comparison of the accumulative 

potential of the different organic microcontaminants. BCFs, expressed in L kg
-1

 dry 

weight (dw), were calculated for the organic microcontaminants taking into account 

their measured concentration in water and in biofilm at the end of the exposure 

experiment (72h) (Gobas et al., 2009), following the equation (5): 

 

BCF (L kg
-1

 dw) = conc. biofilm 72h (µg kg
-1

 dw)/conc. water 72h (µg L
-1

)    (Eq. 5) 

 

2.6. Statistical analysis 

Normal distribution and normality of the data was tested using Shapiro-Wilks test 

and Levene’s test for homogeneity of variance, respectively, after a log(x+1) 

transformation. Since the data was normal distributed, a t-test for independent samples 

was performed to compare the concentrations of the different compounds in biofilm and 

water at 72h without and in the presence of C60. Statistically significant values were set 

at p ≤ 0.05. All statistical analysis was performed using SPSS software, version 21 

(IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, 

NY: IBM Corp.). 

 

3. Results and Discussion 

3.1. Preliminary experiments 

Preliminary experiments in the absence of biofilm were performed to evaluate the 

potential loss of the organic microcontaminants by abiotic transformation and/or 

sorption processes with the C60 aggregates and at the inner glass surface of the 

mesocosms. Figure 2 shows the variation of the concentration of organic 

microcontaminants in water in the presence and absence of C60 aggregates during 72h. 
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Concentration of venlafaxine and diuron remained constant along the experiment 

irrespective of the presence of C60 (Figures 2A and 2B), whereas triclosan showed a 

decrease in its concentration along the time, which could be attributed to both abiotic 

degradation and sorption processes. Triclosan depletion in the absence of C60 (48%) was 

higher than in the in the presence of C60 (24%) (Figure 2C). This might be justified by a 

high affinity of C60 to the inner glass surface of mesocosms, reducing the surface area 

available for adsorption of triclosan. Besides sorption, abiotic degradation processes, 

like phototransformation (Latch et al., 2005) should also be taken into account as 

proved by the detection of 2,4-dichlorophenol (a triclosan transformation product) in all 

preliminary experiments (TP formed corresponded to 0.7% against 0.3% of the initial 

concentration of triclosan in the absence and in the presence of C60, respectively). 

 

 

Figure 2 – Relative concentration of the organic microcontaminants in water over 72h 

in the preliminary experiments (black lines) and in the exposure experiments (green 

lines) with and without C60. A) Venlafaxine; B) Diuron; C) Triclosan. C0 is the initial 

concentration of the corresponding organic microcontaminant and Ct is the 

concentration of the organic microcontaminant at the time considered.  

 

Data about the adsorption of the organic microcontaminants in the C60 under the 

exposure conditions is shown in Table S5. Up to 20% and 3% of initial concentration of 
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triclosan and venlafaxine was, respectively adsorbed in C60 after 72h. No sorption was 

measured for diuron. The adsorption of triclosan to carbon nanomaterials has been 

previously described in the literature (Zhou et al., 2013). 

 

3.2. Bioaccumulation of organic microcontaminants  

The bioaccumulation of three selected organic microcontaminants (venlafaxine, 

diuron and triclosan) in river biofilm was assessed in the exposure experiments with or 

without C60. The concentration of the organic microcontaminants in water and biofilm 

(Tables 1 and S6-S8) showed that none of the microcontaminants were detected in 

water or biofilm of control and C60 exposure mesocosms. However, triclosan was 

detected in biofilm of the C60 exposure mesocosm at residual levels (29 ± 7 ng g
-1

 dw) 

(Table S8). 

 

Table 1 - Concentration of the organic microcontaminants in water (µg L
-1

) at 0 and 

72h and in biofilm (µg g
-1

 dry weight) at 72h of exposure without and in the presence of 

C60. Asterisk marks statistically significant differences in the presence of C60 at the end 

of the exposure experiment (72h) for a p < 0.05. Bioconcentration factors (BCF), 

expressed in L kg
-1

, dry weight, of biofilm for the selected organic microcontaminants 

in the experiments without C60 are also indicated. 

 Organic microcontaminant 

Venlafaxine Diuron Triclosan 

Without C60 

Water 
Conc. (µg L

-1
) 

± SD 

0h 56.3 ± 2.1 10.3 ± 0.3 8.24 ± 1.15 

72h 51.0 ± 1.3 8.95 ± 0.15 4.87 ± 0.52 

Biofilm 

Conc. (µg g
-1

 

dw) ± SD 
72h 

48.9 ± 3.1 4.29 ± 0.35 2.87 ± 0.19 

BCF (L kg
-1

 

dw) ± SD 
72h 

959 ± 49 480 ± 32 607 ± 13 

In the presence of C60 

Water 
Conc. (µg L

-1
) 

± SD 

0h 49.9 ± 2.83 9.72 ± 0.33 6.80 ± 0.87 

72h 43.9 ± 1.01
*
 9.31 ± 0.96 3.39 ± 0.30

*
 

Biofilm 

Conc. (µg g
-1

 

dw) ± SD 
72h 

48.1 ± 7.1 3.59 ± 0.59 2.53 ± 0.06
*
 

BCF (L kg
-1

 72h — — — 



15 

 

dw) ± SD 

 

After 72 h, a decrease in the water concentration of the organic microcontaminants 

was observed, this being 9 - 41% (without C60) and 4 - 50% (with C60) (Figure 2). The 

decrease in the presence of C60 was statistically significant for venlafaxine (p = 0.002) 

and triclosan (p = 0.012) (Table 1). Triclosan showed the highest reduction in water, as 

it was already observed in the experiment without biofilm (section 3.1.). Diuron 

decreased more pronouncedly in the absence of C60 (13% against 4%), showing that 

abiotic or biotic degradation processes could have a more pronounced effect in the 

removal of diuron than the sorption to C60; or that diuron and C60 need a longer period 

to reach the sorption equilibrium as it is described for other carbon nanomaterials (up to 

14 days) (Sobek et al., 2009). 

The concentration of C60 in water (Table 2) at the end of the exposure experiment 

(72h) remained steady at 1.0 µg L
-1

 in the experiments of venlafaxine and diuron, but 

decreased in the experiment of triclosan (0.3 µg L
-1

). In general, in the presence of the 

organic microcontaminants a small decrease in the concentration of C60 in water was 

observed, that in the case of venlafaxine was statistically significant (p = 0.008 < 0.05). 

 

Table 2 - Concentration of fullerenes (C60) in water (µg L
-1

) at 0 and 72h in the 

experiments performed with the selected organic microcontaminants. Asterisk marks 

statistically significant differences in the presence of organic microcontaminant at the 

end of the exposure experiment (72h) for a p < 0.05. 

Experiment 
Concentration C60 (µg L

-1
) ± SD 

0h 72h 

Only C60 

Venlafaxine 3.08 ± 0.25 1.30 ± 0.07 

Diuron 2.50 ± 0.25 1.20 ± 0.39 

Triclosan 1.35 ± 0.03 0.30 ± 0.07 

C60 + Organic microcontaminant 

Venlafaxine 3.02 ± 0.12 1.07 ± 0.04
*
 

Diuron 2.57 ± 0.04 1.04 ± 0.14 

Triclosan 1.25 ± 0.04 0.37 ± 0.04 
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All the selected organic microcontaminants bioaccumulated in biofilms 

independently of the presence of C60 (Table 1). As mentioned above, BCFs were 

calculated in order to do a more adequate comparison of the accumulative potential of 

the different organic microcontaminants (Table 1), since two different nominal exposure 

concentrations were considered (50 µg L
-1 

for venlafaxine and 10 µg L
-1 

for diuron and 

triclosan). Concentrations of the organic microcontaminants in biofilm per dry weight 

allowed comparing the bioaccumulation potential of the selected organic 

microcontaminants in the presence of C60. As highlighted, herein it is considered as 

bioaccumulation the organic microcontaminants retained in the biofilm, either by uptake 

of the microbial and algal cells or just adsorbed at the cells walls, together with those 

entrapped in the extracellular mucopolysaccharide matrix. The interaction of organic 

microcontaminants with biofilm is compound-dependent and can be affected by factors 

like the hydrophobicity of the microcontaminant (log D), its pKa and/or the electrostatic 

interactions between the compound and the surface of biofilm, which is negatively 

charged (Headley et al., 1998; Torresi et al., 2017). It was indeed expected that organic 

microcontaminants with a high log D should have a high bioaccumulation in biofilm, 

even though this was not observed in the present study. Despite its lowest log D (1.78) 

(Table S1), venlafaxine showed the highest potential to accumulate (BCF = 959 ± 49), 

followed by triclosan (BCF = 607 ± 13) and diuron (BCF = 480 ± 32) (Table 1). The 

observed accumulation trend could be related to the pKa of the organic 

microcontaminants. At the experimental pH (8.1 ± 0.2), venlafaxine is positively 

charged (Table S1), and a higher sorption to biofilm than in neutral (diuron) or 

negatively charged (triclosan) compounds may occur, due to the establishment of 

electrostatic interactions between venlafaxine and the negatively charged surface of 

biofilm (Torresi et al., 2017). 

The assessment of the impact of the presence of C60 in the bioaccumulation of the 

selected organic microcontaminants was performed in terms of concentration of the 

organic microcontaminants in the river biofilms. BCFs could not be calculated in this 

case, given that they might not accurately reflect the bioaccumulation of the organic 

microcontaminants in river biofilms in the compounds that had the capacity to adsorb to 

C60, as is the case of venlafaxine and triclosan (Table S5). As a matter of fact, the  

decrease in the concentration of the organic microcontaminant in water after 72h could 

be due either to the bioaccumulation in biofilm or to its adsorption to C60. The 

venlafaxine levels in biofilm were almost not affected due to the presence of C60 (48.1 
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vs 48.9 µg g
-1

 dw with or without C60, respectively) (Table 1; p = 0.812 > 0.05). Since 

venlafaxine was at a much higher concentration than C60 (50 against 1 µg L
-1

), the full 

sorptive capacity of C60-aggregates was rapidly reached in these experiments without 

significantly affecting the concentration of free venlafaxine in water and its 

corresponding bioaccumulation.  

The presence of C60 decreased the diuron concentration from 4.29 µg g
-1

 dw to 3.59 

µg g
-1

 dw (Table 1), but the difference was not statistically significant (p = 0.162 > 

0.05). The adsorption of C60-aggregates on biofilm could reduce the biofilm surface area 

available for diuron sorption, but also the competition of the microcontaminant with the 

C60-aggregates for the membrane receptor binding sites could reduce, or even block, the 

uptake of microcontaminants and its bioaccumulation (Deng et al., 2017). These 

findings might confirm the capability of carbon nanomaterials like C60-aggregates to 

adsorb to algal cells, facilitating a close contact between nanoparticles and organisms 

(Baun et al., 2008; Schwab et al., 2013; Schwab et al., 2014). In addition, an 

antagonistic response in toxicological endpoints such as basal fluorescence or 

photosynthetic activity has also been reported (Freixa et al., 2018b) and confirms that 

C60 might have a protective role for biofilm against the toxicity of diuron. 

Bioaccumulation of triclosan showed a statistically significant decrease in the 

presence of C60 (from 2.87 µg g
-1

 dw to 2.53 µg g
-1

 dw; p = 0.039 < 0.05). This decrease 

could be related to the high sorption of triclosan to the C60-aggregates (around 20%; 

Table S5) which could reduce its free concentration in water and, consequently, its 

availability to be accumulated (Hu et al., 2010; Hu et al., 2015). Moreover, the lower 

thickness of the external mucopolysaccharide (EPS) in biofilms exposed to triclosan 

was more pronounced in the presence of C60 (Freixa et al., 2018b). Overall, this would 

contribute to a decrease in the retention of triclosan in the EPS: thinner biofilms provide 

less surface area to interact with organic microcontaminants (Torresi et al., 2017). 

Besides, the co-exposure to triclosan and C60 also showed a synergistic effect over 

biofilm respiration (Freixa et al., 2018b). The present observations are in agreement 

with others that described changes in toxicity due to the interaction of organic 

microcontaminants with carbon nanomaterials (Knauer et al., 2007; Baun et al., 2008; 

Park et al., 2010; Schwab et al., 2013). 

 

3.3. Biotransformation of organic microcontaminants 
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Among the five selected TPs of venlafaxine, just the demethylated ones (O-

desmethylvenlafaxine and N-desmethylvenlafaxine) were detected after 72h of exposure 

to venlafaxine (Figure 3), proving that they are formed by biological degradation. Also 

Rúa-Gómez and Püttmann (2013) reported a very low photodegradation of venlafaxine, 

while demethylation has been indicated as an important transformation route of 

venlafaxine (Boix et al., 2016; Lambropoulou et al., 2017). The O-

desmethylvenlafaxine was the only TP detected in water samples, though at a much 

lower concentration than the parent compound (around 200-fold less) (Figure 3) and 

reaching similar levels at the end of the exposure experiments independently of the 

presence of C60 (Figure S1). In the presence of C60, the concentration of O-

desmethylvenlafaxine in biofilms showed a slight decrease, while N-

desmethylvenlafaxine recorded a small increase (Figure 3). Nevertheless, no statistically 

significant differences were observed for the concentration of the venlafaxine TPs in 

water or biofilm (p > 0.05). 
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Figure 3 – Concentration of transformation products in water (expressed in ng L
-1

) 

(A) and biofilm (expressed in ng g
-1

, dry weight) (B) after 72h of exposure. VLF = 

venlafaxine; DIU = diuron; TCS = triclosan. Asterisk marks statistically significant 

differences in the presence of C60. 

  

Since diuron is resistant to photodegradation (Giacomazzi and Cochet, 2004; 

Vercraene-Eairmal et al., 2010), none of the selected diuron TPs were detected in the 

preliminary experiments (without biofilm). Biotransformation is the most important 

degradation mechanism of this compound (Giacomazzi and Cochet, 2004). In the 

treatments with diuron, DCPMU was the only TP detected in water and biofilm, though 

at much lower concentrations than the parent compound (1.2% of diuron in water), 

while in the presence of C60 its concentration was below the limit of quantification 

(<0.033 µg L
-1

) (Figure S1 and Table S7). The concentration of DCPMU (relative to 

diuron concentration) in biofilms showed a statistically significant decrease (from 4.2% 

to 2.3%) in the presence of C60 (p = 0.029; Figure 3). This could be related to a 

reduction in the bacterial biofilm biomass when biofilms were co-exposed to diuron and 

C60 (Freixa et al., 2018b), and/or by a possible internalization of the C60-aggregates by 

the cells that could impair the biodegradation pathway of diuron, preventing the 

formation of DCPMU (Deng et al., 2017).  

Among the two selected triclosan TPs, only 2,4-dichlorophenol was detected in the 

preliminary experiments (without biofilm), showing a slightly higher concentration in 

the absence of C60 (0.7% against 0.3% of the initial triclosan concentration), which is in 

agreement with a higher decrease on the concentration of triclosan without C60 (c.a. 

50%) (Figure 2). Photodegradation of triclosan is pH-dependent, being its anionic form 

more photo-reactive than the neutral one (Huang et al., 2016). Since the anionic form is 

the dominant one at the experimental pH (pH = 8.1), triclosan was more susceptible to 

be photodegraded. Besides that, C60-aggregates could compete with triclosan for 

irradiation and 2,4-dichlorophenol is photolabile, showing a photodegradation faster 

than its formation by photodegradation of triclosan, all leading to lower concentrations 

of 2,4-dichlorophenol in water (Latch et al., 2005). On the other hand, both TPs were 

detected in water and biofilm in the exposure experiments with triclosan (Figures 3 and 

S1), though no statistically significant differences were observed (p > 0.05) in the 

presence of C60. 2,4-dichlorophenol was present in water at higher concentration than 

methyl-triclosan, but its relative concentration comparatively to triclosan did not exceed 
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5%, regardless of the presence of C60 (Figure S1). The concentration of this TP was also 

2.75 times higher in the experiments with biofilm than in the abiotic experiments, 

showing that besides phototransformation, it can also be formed by biological 

degradation (Kim et al., 2011). Oppositely, methyl-triclosan was the most abundant TP 

in biofilm, reaching levels up to 42% of the concentration of triclosan accumulated in 

biofilm (Figure 3 and Table S8), which is in agreement with its high lipophilicity and 

resistance to degradation (Dann and Hontela, 2011). 

 

3.4. Overall distribution of the organic microcontaminants and their 

transformation products between water and biofilm 

In general, after 72h of exposure, most of the selected organic microcontaminants 

remained in water (between 51 to 98% of the initial mass; Figure 4). Independently of 

the presence of C60, venlafaxine showed a similar distribution profile in the exposure 

experiments, differing just in the 3% adsorbed to C60 in the experiments of co-exposure 

to C60 and venlafaxine. Venlafaxine was also the microcontaminant that showed higher 

potential to accumulate in biofilm (13-15%) while biotransformation was very low 

(0.6%). 

 

 

Figure 4 - Mass balance analysis of the selected organic contaminants after 72h of 

exposure of biofilm without (A-C) and in the presence of C60 (D-F), in terms of 

percentage of initial mass of organic contaminant in water. A and D – venlafaxine 

(VLF); B and E – diuron (DIU); C and F – triclosan (TCS). Note: “Others” group 

includes the formation of any TP not detected in the present study, the adsorption of the 

TCS + C60DIU + C60VLF + C60

TCSDIUVLF

TCS + C60

Remain in water Bioaccumulation Biotransformation Adsorption C60 Others

A B C

D E F
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organic microcontaminant to the mesocosm inner glass, and the mineralization of the 

microcontaminant. 

In the case of diuron, 6.7% was bioaccumulated in biofilm and 1.3% biotransformed 

at the end of the exposure experiment. However, there was 5% of the initial mass of 

diuron that was removed from water and could not be found in neither biofilm nor as 

TPs. This could be justified by the possible formation of other TPs that were not 

monitored in the present study. On the other hand, in the presence of C60, the mass of 

diuron that remained in water showed an increment of 10% and there was less 

biotransformation of the microcontaminant (0.3%). This might be due to a competition 

of C60 to the membrane receptor binding sites present in the microbial/algal cells, 

preventing the uptake of diuron and its biotransformation.  

In the case of triclosan, 5.4% was bioaccumulated and 5.0% biotransformed at the 

end of the exposure experiment. Although significant differences were observed in the 

concentration of triclosan in river biofilms in the presence of C60, when these 

differences were represented in terms of percentage relatively to the initial mass of 

triclosan, a similar pattern of bioaccumulation and biotransformation of the organic 

microcontaminant was seen regardless the presence of C60. However, the percentage of 

triclosan that remained in water in the presence of C60 was much lower, mostly due to 

its sorption to C60 (20%). Nevertheless, a considerable percentage of triclosan that was 

removed from water could not be found in biofilm (bioaccumulation) nor as TPs 

(biotransformation and/or phototransformation): 26% and 38% in the absence and in the 

presence of C60, respectively. These findings could be attributed to different factors, 

namely: i) possible adsorption of triclosan to the inner glass structure of the mesocosms; 

ii) formation of other TPs that were not evaluated in this study, for instance, in literature 

it is described the potential formation of phototransformation products of triclosan by 

reaction with other molecules of triclosan or with dissolved organic matter (Latch et al., 

2005); iii) underestimation of the formation of 2,4-dichlorophenol, because its 

photodegradation surpass its formation by photodegradation of triclosan (Latch et al., 

2005); iv) possibility of total mineralization of triclosan. 

 

 

4. Conclusions 

Venlafaxine showed the highest bioaccumulation (up to 15% of the initial mass 

removed from water phase was retained in biofilm), followed by triclosan and diuron. 
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On the other hand, just a small percentage of the organic microcontaminants were 

degraded, with triclosan showing the highest degradation (5.0%). In the presence of C60, 

there were not large differences in the bioaccumulation and biotransformation of the 

organic microcontaminants. A slight increment in the bioaccumulation of venlafaxine 

and triclosan in biofilm occurred in the presence of C60 (15% and 6% against 13% and 

5%, respectively), while for diuron only a very small decrease was observed (6.0% 

against 6.7%). Relatively to biotransformation, only diuron and triclosan showed slight 

changes, which never exceeded a variation of 1%. Although not significant, the slight 

differences observed in bioaccumulation and biotransformation can be due to the 

interaction organic microcontaminant-C60, organic microcontaminant-biofilm or C60-

biofilm.  

A detailed evaluation of the partition of the organic microcontaminants and their 

TPs in test systems are crucial to better understand their possible routes of 

bioaccumulation and biodegradation and the impact of the co-existence of other 

microcontaminants like carbon nanomaterials. Besides that, river biofilms represent a 

good model to evaluate the impact of single and co-exposure of organic 

microcontaminants, since they allow to investigate the effect at community level. 
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Highlights: 

 River biofilms are a good model to assess the effect of pollutants at a community 

level 

 Impact of C60 in bioaccumulation and biotransformation of VLF, DIU and TCS was 

assessed 

 Venlafaxine showed the highest potential to accumulate in river biofilms 

 Biotransformation was more evident for triclosan 

 Presence of C60 did not alter bioaccumulation and biotransformation of OMC 

 




