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A B S T R A C T

Fullerenes are carbon nanomaterials that have awaken a strong interest due to their adsorption properties and
potential applications in many fields. However, there are some gaps of information about their effects and
bioconcentration potential in the aquatic biota. In the present work, freshwater biofilms and snails (Radix sp.)
were exposed to fullerene C60 aggregates, at concentrations in the low μg/L order, in mesocosms specifically
designed to mimic the conditions of a natural stream. The bioconcentration factors of C60 fullerene and its main
transformation product, [6,6]C60O epoxide, were studied to the mentioned organisms employing analyses by
liquid chromatography coupled to high-resolution mass spectrometry.

Our results show that C60 fullerene and its [6,6]C60O present a low bioconcentration factor (BCF) to biofilms:
BCFC60= 1.34 ± 0.95 L/kgdw and BCFC60O= 1.43 ± 0.72 L/kgdw. This suggests that the sorption of these
aggregates to biota may be less favoured than it would be suggested by its hydrophobic character. According to
our model, the surface of fullerene aggregates is saturated with [6,6]C60O molecules, which exposes the polar
epoxide moieties in the surface of the aggregates and decreases their affinity to biofilms. In contrast, freshwater
snails showed a moderate capacity to actively retain C60 fullerenes in their organism
(BAFC60= 2670 ± 3070 L/kgdw; BAFC60O= 1330 ± 1680 L/kgdw), probably through ingestion. Our results
indicate that the bioaccumulation of these carbon nanomaterials can be hardly estimated using their respective
octanol-water partition coefficients, and that their colloidal properties, as well as the feeding strategies of the
tested organism, play fundamental roles.

1. Introduction

Fullerenes and their derivatives are cage-like polyhedral molecules
with unique properties and applications in fields as diverse as nano-
medicine, nanoelectronics, the renewable energy industry and the au-
tomotive industry (Bakry et al., 2007; Brabec et al., 2010, De Jong and
Borm, 2008; Jurkowska et al., 2006; Thompson and Fréchet, 2008). The
potential mass production of these nanomaterials has urged the need to
assess their environmental risks. In this regard, environmental studies
have typically focused their attention on C60 fullerene, the most
abundant molecule that is produced by graphitic arc-discharge methods
and in common hydrocarbon flames (Anacleto et al., 1992, Howard
et al., 1991; Krätschmer et al., 1993; Tiwari et al., 2016). Experimental

studies and environmental models conclude that C60 fullerene ag-
gregates can distribute ubiquitously in multiple environmental com-
partments. The current emission rates result in concentrations levels in
the pg/L – ng/L range (Astefanei et al., 2014; Emke et al., 2015; Encinas
and Gómez-de-Balugera, 2018; Gottschalk et al., 2009, 2013; Laitinen
et al., 2014; Núñez et al., 2012; Sanchís et al., 2012; Sanchís et al.,
2013, 2015b; Sanchís et al., 2015a; Utsunomiya et al., 2002) or lower
(Bäuerlein et al., 2017), which according to the current state of
knowledge are not expected to pose a threat for the aquatic ecosystems
regarding acute toxicity (Freixa et al., 2018a, 2018b). However, the
environmental occurrence of fullerenes entails other risks. Notably,
fullerene aggregates and other carbon-based nanomaterials can interact
with co-occurring micropollutants (i.e. adsorbing them onto their
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surface) changing their bioavailability, enhancing/reducing their mo-
bility and modulating their toxicity (Baun et al., 2008; Costa et al.,
2012; Ferreira et al., 2014; Henry et al., 2013; Naasz et al., 2018;
Sanchís et al., 2015c; Santín et al., 2016), which overall may result in
synergistic-like or antagonistic-like effects. Also, the chronic exposure
of aquatic organisms to trace concentrations of fullerenes has been as-
sociated with sublethal effects and to metabolic disorders such as oxi-
dative stress (Oberdörster, 2004, Sanchís et al., 2017; Usenko et al.,
2008; Zhu et al., 2008), cell membrane penetration and genotoxicity
(Dhawan et al., 2006).

The bioconcentration and bioaccumulation potential of fullerene
aggregates has been poorly assessed up to date and, currently, most
information is limited to model organisms exposed to fullerene ag-
gregates dispersed by ultrasounds or by solvent transfer methods. These
methods produce aggregates with size distributions, morphologies and
physicochemical properties that may not be translatable to real-life
aggregates. Tao et al. (2011) studied the uptake of C60 fullerene clusters
(dispersed by solvent-transfer method) to Daphnia magna and Tervonen
et al. (2010) studied the dynamics of accumulation and depuration of
aggregates (dispersed by continued stirring and filtered) in this filter-
feeding microcrustacean. Later, Du et al. (2016) assessed the bioaccu-
mulation of hydroxylated fullerenes (fullerenols, dispersed by sonica-
tion) in D. magna. Sanchís et al. (2018) recently quantified the residue
of C60 fullerene (dispersed by continued stirring) that remained in ed-
ible tissues of Mytilus galloprovincialis after 3 weeks of exposure to
fullerenes at low ng/L concentrations. Nevertheless, the role of biofilms
in the accumulation of fullerenes has never been assessed. Biofilms are
complex and heterogeneous communities of microorganisms adhered
onto the water-riverbed interphase that play a fundamental role in the
biogeochemical cycles of river ecosystems, regulating the uptake, sto-
rage and release of carbon, nitrogen and phosphorous and changing the
composition and concentration of organic matter (Freixa et al., 2016;
Pusch et al., 1998; Sabater et al., 2007). Given the high hydrophobicity
and bactericidal properties of C60 aggregates (Lyon et al., 2005), it is
relevant to study their potential impact on the composition and viabi-
lity of river biofilms (Freixa et al., 2018a, 2018b). The same can be
extrapolated to fullerene environmental transformation products (TPs),
such as fullerene epoxides and fullerene dimers, which are slowly
produced when C60 aggregates are dispersed in water media under
environmentally relevant conditions (Sanchís et al., 2018).

In the present work, the settling behaviour and bioconcentration
potentials of C60 fullerene and its TPs on river biofilms and freshwater
snails were studied in two sets of experiments. An aqueous suspension
of C60 fullerene was dispersed and aged under environmentally re-
presentative conditions, and organisms were exposed in a series of
freshwater mesocosms that emulated the natural conditions of a
freshwater stream. Analyses based on liquid chromatography coupled
to high-resolution mass spectrometry (HPLC-HRMS) were used to de-
termine the bioconcentration of these fullerene species on biofilms and
freshwater snails (Radix sp.)

2. Methods and materials

2.1. Chemicals and reagents

C60 fullerene (sublimed, 99.9% purity; reference 572500) was pur-
chased from Sigma-Aldrich (Steinheim, Germany). 13C-enriched C60

fullerene (> 99% purity; abbrev. 13C60; reference MRL613) was pur-
chased from MER Corporation (Tucson, AZ, USA).

Methanol and ultrapure water (Optima® LC/MS grade) were pur-
chased from Fischer Chemical (Loughborough, UK) and toluene
(Chromasolv®) was purchased from Merck (Darmstadt, Germany).

Stock solutions of C60 fullerene and 13C60 for LC-HRMS analyses
were prepared in toluene at 1000 ng/μL, while the final calibration
curve was prepared in 90:10 toluene:methanol.

2.2. Dispersion of aggregates in water

100mg of C60 fullerene powder were dispersed in 1.00 L of artificial
freshwater. The dispersion was carried out in an amber glass bottle by
mechanical agitation, with a PTFE-coated magnetic nucleus for several
weeks. During this process, dispersing agents (organic solvents or sur-
factants) and ultrasounds were avoided. The bottle was covered with
aluminium foil, which allowed free air exchange while minimised dust
deposition inside the suspension.

2.3. Mesocosms description

Twelve home-made mesocosms were manufactured and located in
the Catalan Institute of Water Research (ICRA) for this study. Each
mesocosm consisted in an open circular channel, resembling a halved
tori of 25 cm diameter radius and 15 cm high (see Fig. S1 in the sup-
porting information). Mesocosms were made of glass, to minimise the
sorption of fullerenes to internal walls, and approximately contained
4.5 L of rain water. The rain water had been previously filtered with
activated carbon filters and offered a physic-chemical composition that
can be found in natural oligotrophic streams (see composition in
Table 1). A rotating glass blade allowed the constant circulation of the
water during the experiment (estimated flow: ~0.15 L/s; ~3.4 cm/s).
Day/night periods was using a Lumina Led 62, 48W, simulating sun
irradiation with 12-h day-night cycles. During the experiments, water
loss by evaporation (approx. 4.5 mL/day) was corrected by adding
water drop by drop.

2.4. Exposure experiments

A preliminary experiment, with no exposed organisms, was per-
formed to study the behaviour and settlement dynamics of fullerenes
(abiotic tests). Afterwards, to checking the effects of fullerenes on
freshwater organisms, we performed two sets of experiments: a short
term experiment to investigate the effect on freshwater biofilm and a
long term experiment to study the accumulation in a freshwater snail.

Exp. 1 Abiotic tests: During these experiments (9 days), ~150mL of
water were periodically taken (after 6 h, 12 h, 24 h, 48 h, 72 h, 96 h and
9 days) for the characterisation of the aggregates and the quantification
of C60 fullerene and their TPs. This experiment was performed in tri-
plicate.

Exp. 2 Exposure of freshwater biofilms to fullerenes: In the second
series of tests, a short-term exposure of freshwater biofilms was studied.
Biofilms were introduced inside the mesocosms in frosted glass tiles
(1.5× 1.5 cm). Biofilms had been collected from the Llémena stream, a
tributary of the Ter river, in a non-polluted site near Sant Gregori
(Girona, NE Spain), and had grown in artificial stream channels, as
detailed in a previous study (Freixa et al., 2018a, 2018b). Each meso-
cosm was colonised with 20 tiles of biofilm. Three of the mesocosms
were used as controls, and three other mesocosms were spiked with

Table 1
Composition and physicochemical parameters of the artificial fresh-
water employed in these experiments. Physicochemical parameters
were checked periodically during the experiment.

Parameter Value

Conductivity 155–201 μS/cm
pH 8.1 ± 0.2
O2 10.2 ± 1.1 mg/L
T 19.4 ± 0.1 °C
Dissolved organic carbon 3.49 ± 0.83mg/L
[NH4

+] 4.48 ± 1.52 μg/L
[NO2

−] 23.4 ± 5.0 μg/L
[NO3

−] 1.41 ± 0.15mg/L
[PO4

3−] 3.44 ± 0.86 μg/L
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fullerenes at a concentration of ~1.0 μg/L. Biofilms were collected after
72 h, and water aliquots (~150mL) were also taken at the end of the
experiment.

Exp. 3 Exposure of freshwater snails to fullerenes: The following ex-
periment was a long-term exposure mimicking a single food web.
Biofilms and freshwater snails (Radix sp.) were co-exposed to ~1.0 μg/L
of C60 fullerenes. Radix sp. is a freshwater snail common in
Mediterranean river ecosystems with a feeding strategy based on
scraping on biofilm in freshwater surfaces. A control treatment and
exposure treatment (with C60) with 3 mesocosm each treatment were
used. Each mesocosm contained 9 snails, which had been collected in
the same pristine stream than the biofilms and had been climatized for
48 h before the experiment started. Three mesocosms were exposed to
fullerene C60 during 21 days. Biofilm was cultured as explained before
and was exposed to C60 72 h after being introduced into the mesocosms
to saturate biofilm of contaminants and ensure transfer to the snail via
food intake. In order to provide fresh food to the snails, which feed on
biofilm, colonized tiles were added every 7 days and the grazed ones
were removed. Water was wholly renewed every 3–4 days in all the
mesocosms to ensure a constant exposition to C60 aggregates. Water
aliquots (~150mL) were taken two times per week to check the con-
centration of C60, while snails were removed at the end of the experi-
ment frozen in N2 and freeze-dried.

2.5. Extraction of fullerenes from water

Water samples were extracted immediately after being taken using
the method described in Sanchís et al. (2015b). Briefly, 150mL of water
were sequentially filtered with a 0.7 μm pore-size glass fiber filter and a
0.45 μm pore-size nylon filter (Whatman, Maidstone, UK). The parti-
culate and the filtrate were analysed separately. The filters were dried
at 60 °C overnight and extracted by ultrasound assisted solvent ex-
traction (UASE) in an ultrasonic bath with two consecutive fractions of
20mL of toluene. Meanwhile, the filtrated water was salted out (NaCl
1% w/v) and extracted by liquid-liquid extraction (LLE) with two vo-
lumes of 15mL of toluene. Particulate extracts and water phase extracts
were concentrated to 1.00mL with a gentle flow of nitrogen, trans-
ferred into a LC vial and stored at −80 °C until HPLC-HRMS analysis.

2.6. Analysis of fullerenes from biofilms and snails

For the analysis of biofilms, around 500 mgww (~290 mgdw) of
biofilm were collected in tared glass vials with the help of an inox steel
spatula. Samples were spiked with 10.0 μL of a toluene suspension of
13C60 (1.0 ng/μL) and let undisturbed for 3 h at 4 °C. Afterwards,
2.00mL of toluene were pipetted inside the vial, and it was vortexed for
1min. The vial was extracted by UASE during 30min and centrifuged at
3000 g for 5min. Extracting during 60min instead of 30min did not
improve the extraction efficiency of C60 fullerene while the signal in-
tensity worsened because of matrix effect. After the extraction, the
supernatant was collected inside an amber LC vial.

For the analysis of snails, organisms were placed individually in
2.0 mL Eppendorf vials and extracted sequentially by two procedures:

⁃ Analysis of those aggregates attached to the organism surface was
carried out by adding 500 μL of toluene and agitating during 30 s
with a vortex at 500 rpm.

⁃ Analysis of total fullerene content was carried out by ultrasound
assisted solid-liquid extraction (60min in an ultrasonic bath at
37 KHz).

After their extraction, Eppendorf® vials were centrifuged for
3min at 1700 g (4000 rpm). The supernatants were quantitatively
transferred to LC vials and stored at −80 °C until HPLC-HRMS.

2.7. HPLC-HRMS analyses

The instrumental method had been developed in a previous study
(Sanchís et al., 2018). Briefly, 20 μL of extract were injected in each run
into an Acquity UPLC System (Waters, Milford, USA) equipped with a
COSMOSIL™ Buckyprep column (150×2.0mm; 5 μm particle size)
from Nacalai Tesque Inc. (Kyoto, Japan). A mixture of toluene:-
methanol (9:1) flowing at 0.4mL/min was employed as mobile phase.
Mass spectrometric analyses were carried out with a Q Exactive™
(Thermo Fischer Scientific, San Jose, USA). The ionisation was per-
formed with an Ion Max source (Thermo Fischer Scientific, San Jose,
USA) working in APPI mode and negative polarity. Sheath gas and
auxiliary gas were set at 40 a.u. and 25 a.u.; the capillary and probe
heater temperatures, were set at 300 °C and 400 °C; S-lens RF were set
at 90%. Full scans were acquired from m/z= 300 to 1600 with a re-
solution of 140,000 full width at half maximum.

2.8. Characterisation of fullerene aggregates

The suspensions were characterized at each sampling time in terms
of aggregate's hydrodynamic diameter and heterogeneity by means of
nanoparticle tracking analysis (NTA) using a NanoSight instrument
model LM10-HS (NanoSight, U.K.). Data was recorded in static mode
during 90 s and 600–1000 tracks were acquired each run. The mode
diameter, Mo, was defined as the size of the most frequently detected
aggregate. The mean diameter, x‾NTA, was defined as the number-
weighted arithmetic average of aggregates diameters. The dispersity, Ð,
was defined as the square of the ratio between the standard deviation of
the aggregates size and the mean particle size.

In addition, micrographs of fullerene aggregates were obtained by
scanning electron microscopy (SEM). A subsample of stock solution was
diluted 10 times with filtered rainwater and disposed onto 200-mesh
grid Formvar membrane, which was air-dried and observed at 60 KV.
Micrographs were recorded by a CCD Gatan Orius 200 camera and
showed that fullerene aggregates were well-dispersed and round-
shaped (see Fig. 1).

3. Results and discussion

The behaviour of fullerenes in abiotic experiments
C60 fullerene and up to eleven of its TPs were included as target

compounds (see Table 2), including eight epoxides ([6,6]C60O, three
diepoxides, three triepoxides and one tetrapoxide) and three dimers
(one monoxidised dimer and two dioxidized dimers). These TPs had
been detected and identified in a previous work (Sanchís et al., 2018).

The frequency of detection of each TP is detailed in Table 2. As can
be seen, eight TPs were spotted, most of them only sporadically but C60

and C60O were detected in all the samples. C60O2 was also detected in
most of the water samples but, as expected, at low concentrations, and
it was never detected in biota in subsequent experiments.

The behaviour of fullerene C60 and its main TPs, [6,6]C60O, is
presented in Table 3. As can be seen, C60 was the dominant compound.
Virtually all the fullerenes were contained in the largest fraction
(> 0.45 μm) and fullerene C60 disappeared completely from the finest
fraction briefly after being transferred to mesocosms. This suggests that
supra-aggregation was a relevant phenomenon in the mesocosms, and
while some nanosized aggregates had been stable in the mother dis-
persion, which was under constant stirring, these small aggregates
clustered under environmentally relevant conditions.

The increasing size of the aggregates during time was confirmed by
NTA, as can be observed in Fig. 2. Mo increased from 100 nm to 151 nm
during the 9 days of the experiment and the average size, x‾NTA, also
increased, while the dispersity remained relatively large (Ð>0.7)
during the whole experiment (Table 4).

Despite the pieces of evidence indicating supra-aggregation, it
should be noticed that the concentration of fullerenes was relatively
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stable during the first 96 h of the experiment. After 9 days, the con-
centration of C60 (250 ± 250 ng/L) was significantly lower than the
initial one (674 ± 136 ng/L), which indicates that a large part of the
initial aggregates settled to the bed of the mesocosm after that time.
According to these results, in the next tests, performed with living or-
ganisms, the water was renewed every 3 days in order to obtain rela-
tively stable concentrations.

3.1. Bioconcentration of C60 in biofilm

Fullerenes C60 and [6,6]C60O were detected in all the exposed
biofilms at quantifiable concentrations by HPLC-HRMS. However, be-
cause of the low concentrations detected and the intrinsically complex
and heterogeneous nature of biofilms, fullerene aggregates could not be
unambiguously distinguished in SEM micrographs.

C60 was detected at an average concentration of 2.76 ± 2.38 ng/
gdw (1.58 ± 1.47 ng/gww), while the level of [6,6]C60O was sig-
nificantly lower: 5.99 ± 2.56 pg/gdw (3.32 ± 1.32 pg/gww). On the
other hand, C60O2, which was repeatedly detected in water, was never
detected in biofilm. The non-detection of C60O2 can be explained be-
cause of the extremely low concentrations of exposure and/or because
of the polar character of this molecule.

Bioconcentration factors in biofilm, BCFbiofilm, were calculated ac-
cording to eq (1):

=BCF
C
C

,i biofilm

i water
i,biofilm

,

, (1)

where ci,biofilm and ci,water are the concentrations of i (C60 or C60O) in
biofilm or water, respectively. The experimental BCFC60,biofilm was
1.34 ± 0.95 L/kgdw and the BCFC60O,biofilm was 1.43 ± 0.72 L/kgdw,
which indicates that these carbon nanomaterials are slightly bioaccu-
mulable in biofilms.

It should be highlighted that the obtained BCFbiofilm values of C60

and that of C60O are quite similar and they are not distinguishable

according to a conventional two means comparison T-test (p≫0.1). This
result can be justified because of the mixed composition of fullerene
aggregates. As it is well known, fullerenes do not occur in aqueous
solutions as conventional solvated molecules, but they form aggregates
(Andrievsky et al., 1995; Brant et al., 2005). As fullerenes (hetero)ag-
gregate into a cluster in which different species co-occur (in this case,
basically, C60 and [6,6]C60O), the BCFs are not related to individual
molecules but to aggregates as a whole. In the present case, the ag-
gregates that were produced by stirring as described present a BCFbiofilm
of 1.3–1.4 L/kgdw.

3.2. Bioconcentration and bioaccumulation of fullerenes in snails

All the exposed snails presented quantifiable concentrations of C60,
in their surfaces and the homogenised body, while the control snails,
which were not exposed to C60, did not.

Exposed freshwater snails presented a mean concentration of C60 of
10.2 ± 10.3 ng/gdw in their surfaces. This resulted in an apparent
bioconcentration factor, BCFsnail,C60, of only 17.9 L/kgdw. In contrast,
the total concentration of C60 in the snail homogenate was significantly
higher: 1530 ± 1670 ng/gdw. Considering the concentration level of
C60 in water, this resulted in an average bioaccumulation factor,
BAFsnail,C60, of 2670 ± 3070 L/kgdw.

Regarding the TPs, as in the case of biofilms, [6,6]C60O was the only
detected one and its concentrations on the surface and the total
homogenate of the snails were 0.222 and 34.63 ng/gdw. When con-
sidering the whole organism, the resulting BAFsnail,C60O was
1330 ± 1680 L/kgdw.

As it happened with biofilms, C60 and C60O showed a low tendency
to attach to the surface of the test organisms
(BCFsnail,C60= 17.9 ± 17.7 L/kgdw and BCFsnail,C60O= 61.0 ± 78.1 L/
kgdw). However, in the case of exposed freshwater snails, these organ-
isms preferently accumulated fullerene aggregates inside their or-
ganism. Other previous works had observed high bioaccumulation

Fig. 1. SEM micrographs of a 10 μg/L sus-
pension of fullerenes, showing a sample of
well-dispersed nanosized aggregates.
Fullerene aggregates typically occurred as
discrete nanoparticles and, less frequently,
as small (2~6 units) supra-aggregates.
Micron-size supra-aggregates were rarely
observed. The aggregates did not present
sharp edges and appeared as spheres or
ovaloids.

Table 2
TPs of C60 fullerene determined in the present work.

Empirical formula Tentative structure Frequency of detection (t= 0) Frequency of detection (t= 96 h)

1 C60O C60 epoxide ([6,6]C60O) 100% 100%
2 C60O2 Diepoxidized C60 (cis-1 isomer) 94.4% 100%
3 C60O3 Triepoxidized C60 33.3% 66.7%
4 C60O3 Triepoxidized C60 (C3v sym.) 11.1% 0%
5 C60O4 Tetraepoxidized C60 16.7% 0%
6 C120O C60 dimer linked by 1 furane-like ring 94.4% 11.1%
7 C120O2 C60 dimer linked by 2 furane-like rings 66.7% 11.1%
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potential of fullerenes in aquatic organism such as in the filter-feeding
organism Daphnia magna (Sanchís et al., 2015c; Petersen et al., 2009;
Tervonen et al., 2010). In these reports, fullerene aggregates were seen
to be packed and depurated cyclically inside the daphnid's digestive
tracks and gut. In the case of Sanchís et al. (2017), mussels (Mytilus
galloprovincialis) exposed during 3 weeks to ultra-trace concentrations

of fullerene aggregates resulted in cC60,biota of 4.61–12.1 ng/gdw and
BAFmussel,C60 values of ~2390 L/kgww. Assuming a ~90% of water
content of mussel tissues, a BAFmussel,C60 of ~2.4× 104 L/kgdw can be
estimated, which is ~130 times higher than the BAFsnail,C60 experi-
mentally determined in the present work. Such difference can be at-
tributed to the different feeding strategies of both animals: while a

Table 3
Concentration of C60 and their TPs in abiotic controls along the experiments. C60 fullerene was quantified by isotopic dilution using 13C-labelled C60 as surrogate,
while the concentrations of the two TPs was determined semiquantitatively, assuming the same response factor for these fullerenes than for its precursor.

Compound Fraction Time

6 h 12 h 24 h 48 h 72 h 96 h 216 h

C60 < 0.45 μm 0.2 ± 0.3 ng/L 0.1 ± 0.1 ng/L not detected not detected not detected not detected not detected
> 0.45 μm 670 ± 140 ng/L 920 ± 130 ng/L 1200 ± 160 ng/L 650 ± 330 ng/L 790 ± 210 ng/L 930 ± 200 ng/L 250 ± 250 ng/L

[6,6]C60O <0.45 μm not detected not detected not detected not detected not detected not detected not detected
> 0.45 μm 5.5 ± 4.8 ng/L 3.6 ± 0.6 ng/L 4.4 ± 0.6 ng/L 3.9 ± 1.3 ng/L 2.6 ± 1.2 ng/L 2.8 ± 0.5 ng/L 1.3 ± 1.6 ng/L

Fig. 2. Results of NTA measurements: (a) Size distribution of fullerene aggregates at t= 0 (blue) and at t= 96 h (red); (b) accumulative abundance of fullerene
aggregates depending on their sizes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mussel typically filtrates water volumes at rates of 0.25–1.5 L/h order,
depending on the environmental conditions, freshwater snails are re-
stricted to grazing food in limited surfaces, accumulating much smaller
amounts of nanomaterial.

3.3. Environmental implications

The presented results suggest that fullerene bioconcentration po-
tential in biofilms may be lower than expected if we consider the pre-
sumable nonpolar character of C60 (log KOW=6.67, according to
Jafvert and Kulkarni, 2008). The BCFbiofilm values are significantly
lower than those of other nonpolar organic molecules such as nonpolar
pesticides (Lundqvist et al., 2012) or polychlorobiphenyl ethers (Wang
et al., 1999), and lower than those of other nanomaterials (such as Ag
nanoparticles (Zhou et al., 2016) or TiO2 nanoparticles and nanotubes
(Yeo and Nam, 2013). Therefore, the octanol-water partition coefficient
of C60 is not an adequate method for estimating the bioconcentration of
carbon-based nanomaterials in the environment, most likely because
the colloidal properties and behaviour of fullerenes have a complex
impact on the fugacity of nanomaterials.

We also hypothesise that BCFbiofilm is lower than expected because of
the weathering process of the nanomaterial and the resultant relative
location of the epoxide molecules in the aggregates: Epoxidation reac-
tion is likely to be limited to their surface, so functionalised fullerenes
would preferably accumulate in the outer sphere of the clusters. The
presence of fullerenes with oxygen moieties in the surface of the ag-
gregates, even at concentrations two orders of magnitude lower than
that of their precursor, would favour the stability of fullerenes in the
medium because of van der Waals forces of the epoxide functional
group, but it would also decrease the affinity of the fullerene clusters to
biota.

In this sense, it is noteworthy that the ratio of the concentration of
C60 and the concentration of [6,6]C60O has the same order of magni-
tude than the rate of superficial molecules of fullerene and the total
number of molecules: Assuming an ideally spherical aggregate, grown
with a face-cubic-centered (FCC) crystalline structure (Duncan et al.,
2007), and presenting a lattice constant (ℓ) of 14.17 Å (Zhu et al., 1992)
the number of fullerene molecules in the aggregate surface (Nsurface) and
the number of fullerene molecules in the whole aggregate (Ntotal) can be
deduced from geometrical parameters of the FCC unit cell as in eq (2)
and (3), respectively:

= = =N
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where Aunit cells is the area of one face of the FCC unit cell, Aaggregate is the
area of a spherical aggregate, σface is the number of lattice points in the
face of one FCC unit cell (σface=2), r is the radius of a spherical ag-
gregate, Vunit cells is the volume of a FCC unit cell, Vaggregate is the volume
of a spherical aggregate and σtotal is the number of lattice points in a
FCC unit cell (σtotal=4). Accordingly, the ratio of superficial atoms vs
total atoms, χ, in such a spherical aggregate with FCC crystalline
structure can be defined as:

=χ 1.5 ℓ
r (4)

During the experiment, the mean ratio of the concentrations of
[6,6]C60O and C60 (see Table 3) was 4.75×10−3 ± 1.86×10−3,
which corresponds to the χ of an aggregate presenting a hydrodynamic
radius of ~890 nm, while most of the aggregates were in the
100–200 nm according to NTA measurements. This fact suggests that
the surface of the aggregates where saturated with [6,6]C60O mole-
cules.

Our conclusions are in the same line than those of Bjorkland et al.
(2017), which stated that carbon nanotubes present a limited bio-
concentration potential according to the reviewed literature. However,
this may only be true for primary producers. The moderately high BAFs
determined for the gastropod Radix sp. and for the bivalve M. gallo-
provincialis suggest that the feeding strategies of some primary con-
sumers favour the uptake of nanomaterials, reaching higher con-
centrations of fullerenes in biota. It is important to understand the
dynamics of accumulation, biotransformation and depuration of full-
erene aggregates in primary consumers, as well as to assess their po-
tential transferability to other species, including to human diet.

Finally, the present study highlights the relevance of working with
aggregates that contain representative mixtures of fullerenes and their
environmental TPs to obtain representative results. Future experiments
studying or modelling the properties, fate and behaviour of carbon
nanomaterials should be planned with weathered aggregates instead of
pure non-functionalised fullerenes.
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