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Testing the bioaccumulation of manufactured
nanomaterials in the freshwater bivalve Corbicula
fluminea using a new test method†
Sebastian Kuehr, *ab Boris Meisterjahn,a Nicola Schröder,a Burkhard Knopf,a
Doris Völker,c Kathrin Schwirnc and Christian Schlechtriem abd
Increasing amounts of manufactured nanomaterials (MNMs) are produced for their industrial use and
released to the environment by the usage or disposal of the products. As depending on their annual
production rate, substances are subjected to PBT assessment, the availability of reliable methods to
evaluate these endpoints for (corresponding) nanoforms/MNMs becomes relevant. The classical method to
elucidate the bioaccumulation potential of chemicals has been the flow-through study with fish, which has
limitations as regards meeting the requirements of MNMs. Most MNMs tend to sediment in the aquatic
environment. Thus, maintenance of stable exposure conditions for bioaccumulation testing with fish is
nearly impossible to achieve when using MNMs. Corbicula fluminea, a freshwater filter-feeding bivalve
distributed worldwide, has been previously shown to ingest and accumulate MNMs present in the water
phase. To investigate the suitability of C. fluminea for bioaccumulation testing we developed a new flowthrough system to expose mussels under constant exposure conditions. Two nanoparticles (NPs), the AgNP
NM 300K and the TiO2NP NM 105, were applied. In addition, C. fluminea was exposed to AgNO3 as a
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source of dissolved Ag+ to compare the bioaccumulation of Ag in dissolved and nanoparticulate forms. For
each MNM exposure scenario we were able to determine steady-state bioaccumulation factors. BAFss
values of 31 and 128 for two NM 300K concentrations (0.624 and 6.177 μg Ag per L) and 6150 and 9022
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for TiO2 (0.099 and 0.589 μg TiO2 per L) showed the exposure dependence of the BAFss estimates. The
progression of metal uptake and elimination in the soft tissue provided clear indications that the uptake
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and thus accumulation is mainly driven by the uptake of NPs and less of dissolved ions.

Environmental significance
Filter-feeding organisms such as bivalves represent a major target for the bioaccumulation of nanomaterials in the aquatic environment. Therefore,
bivalves should be considered as test organisms for the bioaccumulation assessment of nanomaterials. A new flow-through system to expose the freshwater
bivalves under constant exposure conditions was developed. Bioaccumulation studies with the freshwater bivalve C. fluminea on two nanoparticles, the
AgNP NM 300K and the TiO2NP NM 105, demonstrated the suitability of the new test system. The results obtained with this test system can be used to
generate useful endpoints required for regulatory purposes and could be included in a tiered bioaccumulation testing strategy for manufactured
nanomaterials.
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The European Commission estimated the global amount of
produced manufactured nanomaterials (MNMs) to be 11.5
million tons per year which corresponds to a market value of
€20bn.1 Further industrialization and economic expansion of
industrial countries and economies will increase the
production and usage of MNMs. MNMs are released to the
environment during their production, their use and the
disposal of MNM-containing products.2–4 The increasing
production of MNMs leads inevitably to a larger
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environmental burden and a reliable environmental risk
assessment of MNMs is thus required.5
Due to the high annual production of corresponding bulk
substances, several MNMs are subject to assessment of
bioaccumulation such as required by the European
Chemicals Registration REACH,6 the Japanese Chemical
Substance Control Act “Kashinho” or others, e.g. HPV, TCFCA
or KKDIK.7–10
Under REACH, the bioconcentration factor (BCF)
represents the most important endpoint for bioaccumulation
assessment.11 The BCF is mostly determined by fish flowthrough studies in accordance with OECD test guideline 305
which was developed for water-soluble test items.12,13
However, dispersed MNMs in aquatic systems represent
meta-stable systems that are only kinetically stabilized and
tend to agglomerate and sediment, leading to problems with
respect to the maintenance of stable and continuous
exposure conditions during classic flow-through studies with
MNMs. Thus, the establishment of suitable experimental
conditions is difficult and consequently there is a need to
develop suitable test methods adapted to the specific need of
testing MNMs. The REACH regulation was developed without
considering the specific properties of MNMs, and thus the
development of more suitable test methods was
suggested.14,15
In 2018, Handy et al.16 presented a tiered testing approach
to meet the requirements of MNM bioaccumulation testing
that also includes bioaccumulation tests with invertebrates
which provide indications that may allow a waiver of further
studies using fish as the test organism.
This is in accordance with the Guidance on Information
Requirements and Chemical Safety Assessment of REACH where
it is mentioned that taxonomic groups other than fish are
allowed to gain data for the assessment of the B criteria if
representing a relevant target organism.17 Within this
guidance the mussel bioconcentration test of the ASTM is
given as an example.11,18
Marine and freshwater bivalves are widely used and
established as bioindicators for pollution in aquatic systems,
e.g. due to their ability to accumulate high concentrations of
heavy metals in their tissue.19–23 Moreover, bivalves are used
for the determination of the bioavailability and effects of
xenobiotics and genotoxic compounds.22,24,25 Filter-feeding
bivalves may ingest considerable amounts of particulate
materials that are concentrated in their feces or pseudofeces.26,27 As described by Hull et al.,28 these particulate
materials could be MNMs that are dispersed in the water.
The filter-feeding behavior of bivalves for respiratory and
nutritional purposes and their benthic mode of life make
bivalves a group of organisms predominantly exposed to
MNMs.29–34 Mesocosm studies of Ferry et al.35 showed that
bivalves represent an important sink for MNMs, and similar
results were presented by Cleveland et al.36 Because the feces
and pseudo-feces of bivalves represent an important part of
the diet of benthic invertebrates, they may play a key role
regarding the transfer of MNMs into the aquatic food
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chain.37,38 Bivalves may also represent a link between the
aquatic and the terrestrial environment being part of the diet
of water birds.39,40
The freshwater bivalve Corbicula fluminea is an invasive
species that is, due to its ability to tolerate a wide range of
environmental conditions, widely spread in Africa, North and
South America, Europe and the Pacific Islands.41–44 The high
filtration rate of this species makes C. fluminea ideal for use
in bioaccumulation test systems.45 Due to the euryoecious
characteristics of this species, C. fluminea can be used in test
systems that are highly adjustable to meet the requirements
of the wide spectrum of different MNMs.
The aim of this study was to develop a flow-through
system that allows a continuous and constant exposure of
MNMs to determine the bioavailability and bioaccumulation
of MNMs in bivalves. Based on the above facts, C. fluminea
was used as the test species. Silver nanoparticles (NM 300K)
and the titanium dioxide NP NM 105 were selected as test
items representing typical MNMs from the European
Commission's Joint Research Centre repository.46,47 AgNPs
are mainly employed due to their antibacterial properties and
belong to the most investigated MNMs.36,48–52 The
antibacterial effects are based on released silver ions (Ag+)
that can cause disruption of the respiratory chain of the cells,
the deactivation of proteins and the disturbance of
membrane transport processes.53–55 To compare the fate and
potential bioaccumulation of AgNPs and Ag+, we also tested
AgNO3 as a source of dissolved Ag+.
In contrast to AgNPs, TiO2NPs are nearly chemically inert,
representing one of the most commonly used MNMs56
belonging to the group of non-ion-releasing MNMs under
environmental conditions and showing condition-dependent
dispersion stability.57 TiO2NPs are of great ecotoxicological
interest due to their potential to alter the bioavailability and
thus the toxicity of coexisting contaminants like heavy metals
or organic compounds in aquatic organisms like fish and
bivalves.58–63
For the evaluation of the bioaccumulation potential of
the MNMs applied in this study, total metal concentrations
were analysed in the whole animals and the distribution of
accumulated material in the soft tissue was determined. In
addition, particle concentrations and particle sizes were
measured in the different tissue compartments of the
animals
to
allow
the
differentiation
between
bioaccumulation of dissolved and particulate material.
Similarly, dispersions applied in this study were
characterized for their concentrations and particle size
distribution. A promising technique for analyzing particle
sizes and numbers at low concentrations is single-particle
ICP-MS (spICP-MS).64,65 The underlying concept is based on
the measurement of diluted suspensions, enabling the
introduction of individual particles into the ICP-MS plasma.
For the analysis of bioaccumulated MNMs by spICP-MS,
particles have to be extracted from the biological matrix
under mild conditions to avoid dissolution of the particles
(e.g. AgNPs) and changes in their state, e.g. in terms of
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their size distribution. Therefore, mild extraction
procedures such as enzymatic digestion are required.66 The
development of a workflow for the analysis of MNMs
bioaccumulated in mussel tissue using spICP-MS was part
of this study and is presented.
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Methods
Corbicula fluminea
Freshwater bivalves C. fluminea used in this study were
collected from the river Niers near Wachtendonk (47669,
Germany) and kept in 1.5 m3 glass microcosms. Up to 2000
animals were placed in 3 stainless steel baskets within a
microcosm with regular water change (copper-reduced tap
water) every three weeks. Water was aerated with two
airstones per microcosm, and slight water circulation was
provided by a circulation pump; the water temperature was
around 12 ± 4 °C. Animals were fed with 0.5 L of a
suspension containing 200 mg of fine-milled stinging nettle
leaves67 (BRENNNESSEL TEE N, Aurica®) per liter after each
water change. Microcosms were checked for dead animals at
least 3 times a week and carcasses were removed from the
microcosms. An acclimatization phase of at least 2 weeks
after harvesting of the bivalves from the river was required
before the usage of the animals in the studies. For the
studies, only individuals with a length (anterior–posterior) of
2.5 (±0.5) cm were used. The length of the animals was
measured as described below.

Paper
Test system
A flow-through system was developed to allow continuous
exposure of MNM containing test media at constant
concentrations (Fig. 1). The central part of the new test
system is a Zuger glass jar test vessel with a volume of 8 L.
Within this vessel a V4A stainless steel rack allows placement
of up to 170 bivalves (shell length in the range of 2–2.5 cm)
on perforated shelves. Adjustable aeration as well as a stirrer
(RZR 1, Heidolph) with adjustable spin rates from 35 to 2200
rpm can be used to ensure sufficient aeration and constant
mixing of the test media. Stock solution (MNM suspension)
and food suspension are added to a mixing vessel using
peristaltic pumps (IPC High Precision Multichannel
Dispenser, ISMATEC®) and further diluted with copperreduced tap water supplied by a membrane pump (gamma/X,
ProMinent®) to produce the test medium which is supplied
into the Zuger glass jar using TYGON® tubes (E-3603,
TYGON®). The whole system allows a flow rate from <0.5 L
h−1 to >20 L h−1. The test medium leaves the test system at
the bottom of the Zuger glass jar by an overflow pipe.
Feed evaluation study
A feeding study lasting 192 h was carried out to identify a
suitable experimental diet for bioaccumulation studies with the
freshwater bivalve C. fluminea. Therefore, 5 potential diets were
tested in the newly developed test system: Spirulina species (SP),
ground stinging nettle (SN), ground plant-based fish food
tablets (FFT) (www.ms-tierbedarf.de), a combination of ground

Fig. 1 Bivalvia flow-through system containing C. fluminea.

This journal is © The Royal Society of Chemistry 2020

Environ. Sci.: Nano, 2020, 7, 535–553 | 537

View Article Online

Open Access Article. Published on 08 January 2020. Downloaded on 1/8/2023 1:55:35 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper
stinging nettle and fish food tablets (SN + FFT), and a no food
treatment (/). The test system ran for 24 h before the test started
to allow equilibration of experimental conditions.
For the feeding study, 5 flow-through systems (one unit
per treatment) were stocked with 50 animals each, which
were pre-conditioned in microcosms for several weeks. Prior
to the test the animals were brushed and transferred into a
fresh microcosm without any food source in order to
promote defecation. After 24 h, the cleaning procedure was
repeated and animals were transferred into a second
microcosm for 24 h prior to being transferred into the test
systems. Before this, the length of the animals was measured
using a ruler and their valves were dried using paper towels
to allow the accurate measurement of the animals' weight
(AUW220D, SHIMADZU). During the dietary test, the test
systems were supplied with test medium (copper-reduced tap
water) at a flow rate of 4 L h−1 and each liter of test medium
contained 16 mL of food suspension (equivalent to 400 mg
dry mass per L). The temperature, dissolved oxygen, and the
pH value in the test system were measured daily.
Measurements of ammonia, nitrite and nitrate were carried
out by photometric measurements (NANOCOLOR® 500D,
Machery-Nagel) at the start and end of the test. During the
dietary test the valve opening filtration activity was monitored
by visual judgement. At the end of the dietary test, dead
animals were counted. The valves of the live animals were
cleaned and dried, and the length and weight of each animal
was measured (AUW220D, SHIMADZU). The mortality,
average weight and length of the animals were calculated for
each treatment.

Bioaccumulation studies
Preparation of stock suspensions. Bioaccumulation
studies were carried out with NM 300K as a test material
representing well-dispersed and ion-releasing AgNPs. AgNO3
was used as a non-nano structural and soluble species of Ag.
NM 105 (TiO2) was used as a test material representing a
non-ion-releasing MNM with a tendency to agglomerate.47
Both NMs are representative test and reference materials
from the European Commission's Joint Research Centre and
in the scope of the OECD Working Party on Manufactured
Nanomaterials (WPMN) Sponsorship Program and were
provided by the Fraunhofer Institute for Molecular Biology
and Applied Ecology IME. Information on the
characterisation and physico-chemical properties of the NPs
is summarized in the JRC Reports for NM 300K and the
titanium dioxide series.46,47 Electron microscopy was
performed on the feedstock materials (Fig. S10 and S11†); the
acquired grain size distributions are in accordance with the
data from the JRC Reports. The stock suspension of NM 300K
contains 10.16% (w/w) AgNPs having an average particle size
of 15 nm.46 The NM 300K suspension was stabilized with a
dispersing agent (NM-300 DIS) containing 4% (w/v)
polyoxyethylene, glycerol, trioleate, and polyoxyethylene (20)
sorbitan monolaurate (Tween 20) each.68 For the production
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of the AgNP working suspension, 300 mg of NM 300K were
diluted with 30 ml ultra high quality water (UHQ-water),
hand-shaken for 1 min and sonicated for 10 min with a
pulsation pause ratio of 0.2/0.8 using an ultrasonic
homogenizer (Bandelin Sonopuls HD2200 ultrasonic
homogenizer, 200 W, Bandelin Cup Horn BB6) to disperse
the NM 300K and to carefully homogenize the suspension for
the dilution with UHQ to achieve the final concentration of
834 μg Ag per L. During the sonication process, the
suspension (contained in a 50 ml centrifugal tube, PP) was
cooled with ice water in the cup horn. AgNO3 was purchased
from Carl Roth with a purity of >99.9% and diluted with
UHQ-water for the preparation of the stock solution. NM 105
was present in the form of a powder and was also suspended
in UHQ-water as described above for NM 300K.
Performance of bioaccumulation studies. In three
bioaccumulation tests NM 300K, AgNO3 and NM 105 were
tested in two concentrations each with 170 mussels per test.
As described for the dietary test, the shell of all bivalves was
cleaned before the animals were transferred into the test
vessels. Again, only individuals with a length (anterior–
posterior) of 2.5 (±0.5) cm were used. During none of the
studies, the stirrer which is part of the test system was
applied. The NM 300K working suspension (834 μg Ag per L)
was produced by dilution of the NM 300K stock suspension
after sonication with UHQ-water. The AgNO3 working
solution (834 μg Ag per L) was produced by dissolving a
defined amount of AgNO3 in UHQ-water. The NM 105 stock
suspension was diluted after sonication using UHQ-water.
The diluted suspension (1 mg TiO2 per L) was allowed to
settle for 72 h in 2 L glass beakers at room temperature. After
decanting, the suspension with the remaining stable
dispersed fraction was used as the working suspension. Test
media were composed of copper-reduced tap water, a
suspension of ground stinging nettle tea (400 mg dry mass
per L) and the respective MNM suspension or AgNO3 solution
and were applied at a flow rate of 4 L h−1. In the case of NM
300K and AgNO3 the working suspension/solution was
pumped into the mixing vessel before being introduced into
the test vessel. The NM 105 working suspension was
introduced directly into the test vessel to avoid sedimentation
processes in the mixing vessel. The working suspension was
discharged into the test system at three different surface
positions of the water body to ensure an even distribution of
the TiO2NPs in the test water which was constantly supplied
into the test vessel at a flow rate of 4 L h−1.
The test system was allowed to equilibrate for at least 48 h
before the test start until constant flow through conditions
and stable media concentrations (variation of concentration
≤20%) were reached for at least three sampling times,
separated by at least 3 h. Measurements of ammonia, nitrite
and nitrate were carried out at the start and end of the
uptake and elimination phase to check the culture conditions
in the test system during the study. Animals were exposed for
144 h (AgNO3), 96 h (NM 300K), and 120 h (NM 105).
Following the uptake phase, previously exposed animals were
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placed in a new test vessel and maintained under the same
experimental conditions but without the test item for 144 h
(AgNO3), 48 h (NM 300K), and 144 h (NM 105). Triplicate
samples of three animals were taken from the test system at
different sampling dates during the uptake and elimination
phase as shown in Fig. 2. The shells of collected animals
were cleaned. Disposable scalpels (Cutfix Fig. 10, B. Braun)
were used to open the shells by gently pressing the blade
between the shells at the position of the siphons. Before
levering the shells, the blade was slid to the posterior and
anterior end to sever the adductor muscles. The opened
bivalves were cleaned by dipping and moving the animal in
two separate wash boxes filled with UHQ-water. The soft
tissue was then removed from the shells using the disposable
scalpels, blotted with lint free laboratory paper and weighed.
All tissue samples were immediately frozen using liquid
nitrogen and stored at −20 °C until further processing for
determination of total Ag or Ti concentrations. Prior to the
collection of test animals, duplicate media samples were
taken for the measurement of media concentrations. In
addition, media samples were taken from different levels of
the test system to check whether homogeneous
concentrations of test item were applied. In the case of the
Ag treatments, the samples (20 mL) were acidified by adding
200 μL of nitric acid (69%, suprapure grade, Roth) and stored
at 4 °C. Media samples for single particle measurements were
not acidified and measured directly. The appropriate
duration of the uptake phase to ensure steady-state
conditions was estimated for each test item in a pretest.
Depuration phases following the uptake phase were
continued for as long as enough bivalves were available. Due
to the increased loss of animals exposed to the high
concentrations of AgNO3 and NM 300K, only a few samples
could be obtained during the depuration periods.

Paper
Determination of total metal concentrations
Total silver and titanium concentrations in the aqueous test
media were determined by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700 ICP-Q-MS, Agilent
Technologies, Waldbronn, Germany). The instrument
calibration and method verification was carried out as described
by Kühr et al.69 using certified element and multi-element
standards (Merck) and reference material (TM 25.4;
Environment Canada). A rhodium standard solution (Merck
KGaA; CertiPUR) was applied as an internal standard for
compensation of instrumental fluctuations. For each standard
and sample, at least three measurements were recorded and the
mean concentration was determined using the ICP-MS software.
The test media samples (20 mL) which were acidified after
sampling were measured directly by ICP-MS. The tissue samples
were digested using a microwave (MLS Ultra Clave) for the
determination of total metal concentrations. First, 5 mL nitric
acid (69%, suprapure grade) were added to the tissue samples
followed by vortex stirring (VORTEX GENIE 2, Si™ Scientific
Industries). Samples were transferred to the microwave and
digested (max. temperature: 220 °C, max. pressure: 95 bar,
energy: 1 kW h). The digested samples were diluted up to 15
mL with nitric acid (10%) and measured by ICP-MS.
Calculation of bioaccumulation factors
The data analysis software OriginPro 2017 (OriginLab
Corporation) was used to subject all measured concentration
data to an analysis of variance (ANOVA). Time-weighted
average concentrations (TWA) of Ag and TiO2 in test media of
the different studies were calculated for the uptake phases.70
Total Ag and TiO2 concentrations in the test animals' soft
tissue, sampled under steady-state conditions were divided by
the TWA concentrations of the media to gain bioaccumulation

Fig. 2 Total Ag and TiO2 concentrations in the mussel soft tissue during the bioaccumulation studies. Red vertical line shows the end of the
uptake phase. (A) AgNO3 high exposure concentration, (B) AgNO3 low exposure concentration n, (C) NM 300K high exposure concentration, (D)
NM 300K low exposure concentration, (E) NM 105 high exposure concentration, and (F) NM 105 low exposure concentration.
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factors (BAFss) for the MNM treatments and steady-state
bioconcentration factors (BCFss) for the AgNO3 treatment.

Open Access Article. Published on 08 January 2020. Downloaded on 1/8/2023 1:55:35 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Investigations on tissue distribution
Performance of bioaccumulation studies. Additional
bioaccumulation studies were carried out with C. fluminea to
further elucidate the uptake of the MNMs and AgNO3 in the
soft tissue. The distribution of the total metal and MNM
content in the different compartments of the animals was
investigated to evaluate whether the determined elemental
concentrations in the soft tissue derived from nanoparticles
or dissolved metal. The tests were carried out with AgNO3,
NM 300K and NM 105 under the same conditions as the
main studies. The highest test concentrations tested in the
bioaccumulation studies were applied to make the results
comparable. The duration of the uptake phase was the same
as in the main study to ensure that steady-state conditions
were reached. The uptake phase was followed by a shortened
elimination period. Animals for the analysis of compartmentspecific differences were sampled at the end of the uptake
period. To investigate the total metal concentrations as well
as particle distribution in the different compartments, clean
disposable scalpels (Cutfix Fig. 10, B. Braun) were used to
separate the adductor muscle tissue (AM), the foot (F), the
mantle including the siphons (M) and the remaining visceral
mass (VM) (Fig. S8†). Five replicates consisting of five
animals each were sampled to gain enough sample mass. In
addition, triplicate samples, each consisting of 3 animals,
were sampled for spICP-MS analysis during the uptake and
elimination phase. Collected tissue samples were frozen
immediately using liquid nitrogen and stored at −20 °C.
Calculation of distribution factors
The total metal concentrations were determined for the
single compartments as described above and their
contribution to the whole body burden was calculated.
Distribution factors (DFs) were calculated for each test item
to clarify the differences between the single compartments of
the animals using the following formula:
DF ¼

mean concentrationcompartment
mean concentrationwhole soft tissue; calculated

The mean concentration in the whole soft tissue was
calculated by calculating the mean concentration of each
single replicate based on the measured metal contents of the
compartments of the respective replicate. All data were
subjected to an outlier test (SQS 2013 Version 1.00 by J. Klein
and G. Wachter). Replicates identified as outliers were
excluded from further data analysis.
Determination of particle number concentrations and size
distribution in test media and soft tissue
In addition to the determination of total metal concentrations
in test media and in the mussel tissues, particle size
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distributions and particle number concentrations in the test
media as well as in whole soft body and specific tissues were
determined by spICP-MS. Samples of the test media were
dispersed by ultrasonic treatment prior to appropriate dilution
followed by analysis with spICP-MS. For the analysis of particles
in mussel tissue a low perturbing sample preparation method
was required that does not dissolve the particles and affects the
particle properties as little as possible. Thus, tissue samples
were digested using the enzyme proteinase K (Sigma Aldrich)
according to the method described by Loeschner et al.66 and
Schmidt et al.71 The defrosted tissues were incubated with 10
mL of the digestion solution per 400 mg (fresh weight) for 3 h
at 50 °C and shaken at 100 rpm using an orbital shaker. The
digestion solution was prepared by dissolving 45 mg proteinase
K in 1 L buffer solution (0.5% SDS + 50 mM NH4HCO3, pH
adjusted to 8.0–8.2). After complete dissolution of the tissue,
which was confirmed by visual inspection, the solution was
filtered using 0.45 μm syringe filters (Minisart® NML, 0.45 μm)
and then measured using an ICP-QQQ-MS instrument (Agilent
8900, Agilent Technologies, Waldbronn, Germany). The possible
influence of the digestion procedure on the particle size
distributions was evaluated qualitatively. For this purpose,
mussel tissue was spiked with an aliquot of the respective
particle stock dispersion prior to digestion and the measured
distribution was compared with that of the stock dispersion.
Additionally, hydrolysates of mussel tissue not spiked/not
exposed to the respective particles prior to digestion were spiked
with an aliquot in order to assess the impact of the obtained
solutions on the size distributions.
The dwell time in the single particle measurement mode
of the ICP-MS was set to 100 μs and time resolved signals
were recorded on the selected isotope for 60 s. Peak detection
and integration was conducted automatically by the Agilent
MassHunter software and converted into particle sizes.
Dispersions of 60 nm gold nanoparticles (AuNPs 60 nm, BBI
solutions, UK) were used for the determination of the
nebulization efficiency and prepared freshly on the day of
measurement. The samples were diluted in ultrapure water
by a factor of 102–105 for measurement to reach a particle
concentration of 200–2000 particle events per minute.
According to Sannac, Tadjiki and Moldenhauer72 and
Mitrano et al.73 this correlates to an element concentration in
the range of ng L−1. Ag was measured as the isotope 107Ag.
Titanium was measured as 48Ti in the NH3-reaction mode to
minimize interferences with calcium. The threshold between
background and particle signals was defined based on visual
inspection of the measured signal distributions. The
resulting histograms are shown in the form of histograms
normalized to the most frequent particle size.

Results
Feed evaluation study
Animals used in the dietary test had an average weight of 68
(±0.79) g and average lengths of 26.84 (±1.23) mm (anterior–
posterior) and 17.07 (±0.77) mm (ventral–dorsal).
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Temperature in the single treatment units ranged from 17.7
to 19.0 °C over all test vessels, and pH values ranged from
7.5 to 7.9. Oxygen saturation ranged from 93% in the SP and
FFT treatments to 97% in the “no food” treatment, which
also showed the lowest water chemical parameters (0.2 mg
NH4+ per L, 0.11 mg NO2− per L, 7 mg NO3− per L), whereas
the SP treatment showed the highest water load (0.9 mg NH4+
per L, 0.37 mg NO2− per L, 8 mg NO3− per L). Mortality rates
after 192 h ranged from 4% in the SN treatment to 10% in
the SP treatment. In all treatments, filtration activity of the
test animals was observed, whereas the animals in the no
food treatment showed very low filtration activity. The
strongest pollution of the test vessels caused by (pseudo)
feces or biofilms appeared in the SP treatment, whereas
nearly no pollution was detectable in the no food treatment.
Ground stinging nettle was identified as a suitable diet.
Compared to the other tested diets, the suspension of ground
stinging nettle was leading to less pollution and a low
buildup of biofilm and accumulation of organic matter.

Bioaccumulation studies
AgNO3. Time-weighted average concentrations (TWAs)
were calculated for media samples collected at different
sampling points. A TWA of 0.684 μg Ag per L was calculated
for the treatment with the lower Ag concentration. The TWA
of the assay with the higher AgNO3 concentration was
calculated to be 7.791 μg Ag per L. Homogenous
concentrations were present in the test vessels during the
uptake phase (Fig. S1 and S2†).
Animals exposed to the higher Ag concentration showed a soft
tissue concentration of 0.24 mg Ag per kg after 24 h of the uptake
phase (initial 0.03 mg Ag per kg). The concentration remained
stable until the end of the uptake phase (144 h) (Fig. 2A),
resulting in a calculated BCFss of 30.5. The soft tissue
concentration following exposure to the lower concentration
increased from initially 0.03 mg Ag per kg to around 0.5 mg Ag
per kg after 72 h of exposure and stayed at this level until the end
of the uptake phase after 144 h (Fig. 2B). The body burden
decreased to a soft tissue concentration of around 0.25 mg Ag per
kg within 72 h of depuration (216 h after study start) and stayed
at this level until the end of the depuration phase (144 h/288 h
after study start). A BCFss of 710.7 was calculated for the lower
concentration. In both treatments, a strong reduction of the
bivalve's filtration activity was observed during the uptake phase.
NM 300K. The total Ag concentrations without
differentiation of the particulate or dissolved Ag in the
exposure media and soft tissue samples were measured as
equivalent to NM 300K. The TWA of the total Ag
concentrations in the test media of both treatments were
0.624 and 6.177 μg Ag per L. In both systems homogenous
concentrations of Ag were measured in the course of the
study (Fig. S3 and S4†).
All bivalves that were exposed to NM 300K during the 96 h
uptake phase showed detectable Ag concentrations in their
soft tissue. In both treatments a clear increase of the Ag
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concentration was observed over the duration of the uptake
phase, as well as a clear decrease of the body burden during
the depuration phases (Fig. 2C and D).
In animals exposed to the lower test concentration
treatment the total Ag concentration in the soft tissue
increased from initially 0.03 mg Ag per kg (0 h) to 0.8 mg Ag
per kg at 24 h and stayed at this level until the end of the
uptake phase (96 h, Fig. 2D). During the depuration phase of
the lower concentration NM 300K treatment the total Ag
concentration in the soft tissue decreased to 0.04 mg Ag per
kg within 12 h of depuration and was stable until the end of
the depuration phase (Fig. 2D). The calculated BAFss was 128.
During exposure to the higher test concentration the total
Ag concentration in the soft tissue increased from initially
0.03 mg Ag per kg (0 h) to around 0.20 mg Ag per kg at 24 h
and was stable until end of the uptake phase (96 h, Fig. 2C).
Within 12 h of depuration the total Ag concentration
decreased to 0.05 mg Ag per kg. The calculated BAFss was 31.
The filtration activities of the bivalves were reduced in
both NM 300K treatments during the uptake phase, whereby
the filtration activity at the lower test concentration assay was
slightly higher than at the higher test concentration.
NM 105. No differences in the bivalves' filtration activity was
observed during the whole bioaccumulation study with NM 105.
The presented TiO2 concentrations were calculated from the
measured Ti concentrations. The TWA of the total TiO2
concentrations in the exposure media of the two treatments
containing NM 105 were 0.099 and 0.589 μg TiO2 per L. During
the uptake phase, homogeneous concentrations were given in
the test systems (Fig. S5 and S6†). The initial total TiO2
concentration in the bivalves' soft tissue increased during the
uptake phases from 0.22 mg TiO2 per kg to a plateau level of
around 0.6 mg TiO2 per kg after 24 h of the uptake phase and
to around 5.4 mg TiO2 per kg after 96 h of the uptake at the
lower and higher concentration treatments, respectively
(Fig. 2E and F). Plateau concentrations remained stable until
the end of the uptake phase (120 h), resulting in BAFSS values of
6150 (lower concentration) and 9022 (higher concentration).
During the following depuration phase the TiO2 body burden of
the bivalves decreased rapidly. In the test with the lower
concentration, a stable total TiO2 concentration of 0.22 mg TiO2
per kg was reached after 16 h of the depuration phase. A stable
TiO2 concentration of 0.16 to 0.17 mg TiO2 per kg was reached
after 24 h in the depuration phase of the test with the higher
concentration.
During all bioaccumulation tests no notable mortality was
observed.

Investigations on tissue distribution
Distribution of total metal concentrations in the soft
tissues. Additional bioaccumulation studies with AgNO3, NM
300K and NM 105 were performed. At the end of the uptake
phase, mussels were collected to analyse the distribution of
total metal concentrations in the soft tissue. Following
exposure to NM 300K and AgNO3, the mantle showed the
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highest distribution factor (DF) with 1.20 and 1.36,
respectively, followed by the viscera (1.09 and 1.04). The
muscle tissue showed the lowest distribution factor for total
Ag content 0.33 and 0.15 for NM 300K and AgNO3,
respectively. In contrast, the highest distribution factor for
total TiO2 content (1.45) was estimated for the visceral tissue.
The DF values estimated for the other compartments were all
lower but in a similar range from 0.40 in the foot tissue and
0.48 in the mantle to 0.50 in the muscle tissue (Fig. 3).
Particle size distribution in the test media. In order to
estimate the particle size distribution in the test media and
to check for possible changes/modifications of the applied
MNMs, aliquots of the test media were sampled from the test
systems prior to the collection of mussels for tissue analysis.
Media samples were analysed by spICP-MS. As shown in
Fig. 4A–D, no visible changes with regard to the size
distribution of the applied MNMs could be observed in the
test medium, indicating a high degree of dispersion stability
for the time frame of the test and under test conditions. In
addition to the MNM dispersions, the stock solution and
media of the AgNO3 test were analysed in the spICP-MS mode
in order to check for possible precipitates. The results are
shown in Fig. 4E and F. It is clearly visible that the “size
distribution” obtained from the stock solution differs
significantly from the histogram derived from analysis of test
media (Fig. 4F). While the stock solution shows results that
could be expected for a dissolved analyte, apparently silver
nanoparticles are formed in the test medium. That these

Environmental Science: Nano
particles are indeed formed in the test medium can be
supported by comparison of the respective transient signals
(raw data, see Fig. S7A and B†), where a constant signal as
expected for dissolved species was observed for the stock
solution and a high number of particle-related spikes could
be observed for the medium.
However, a few spikes are also still visible in the raw data
for the stock solution and are interpreted as particles which
together with the background signal form the size
distribution shown in Fig. 4E. At this point, it is important to
emphasize that the histograms shown use normalized scales
and cannot be directly compared.
Validation of tissue digestion procedure. Mussel tissue
had to be processed prior to analysis by spICP-MS. The
impact of the digestion procedure on the size distribution of
the nanoparticles was evaluated qualitatively. Mussel tissue
was spiked with NM 300K and NM 105 prior to digestion and
the measured size distribution was compared with the
aqueous stock dispersion. Additionally, hydrolysates of
mussels without prior exposure to the MNM were spiked after
digestion with NM 300K in order to evaluate the impact of
the resulting solution on the size distribution. No visible
impact of the tissue hydrolysate (Fig. 5C), as well as the
digestion procedure (Fig. 5B) on the size distribution was
observed. Similar observations were made for the size
distributions of particles extracted from the soft tissue of
mussels which were exposed to NM 300K over an extended
period of 48 h and 120 h (Fig. 7).

Fig. 3 Distribution factors for total concentration of Ag/TiO2 under steady-state conditions, in relation to the calculated total concentration of Ag
and TiO2 in the whole soft body; n = 5.
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Fig. 4 Comparison of size distribution in media against stock dispersion. (A) NM 105 stock dispersion, (B) NM 105 in test medium at 96 h, (C) NM
300K stock dispersion, (D) NM 300K in test medium at 48 h, (E) AgNO3 stock solution, and (F) AgNO3 in test medium at 48 h.

The results of the respective experiment with NM 105 are shown
in Fig. 6. For both hydrolysates spiked prior and after digestion a

This journal is © The Royal Society of Chemistry 2020

shift towards smaller sizes was observed. The effect was more
pronounced for the mussel already spiked prior to the digestion.

Environ. Sci.: Nano, 2020, 7, 535–553 | 543

View Article Online

Open Access Article. Published on 08 January 2020. Downloaded on 1/8/2023 1:55:35 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

Environmental Science: Nano

Fig. 5 Particle size distributions of NM 300K, AgNPs determined by spICP-MS analysis. (A): Analysis of stock dispersion in UHQ-water, (B) analysis
of digested mussel tissue with NM 300K spiked prior to digestion, and (C) analysis of digested mussel tissue with NM 300K spiked after digestion
of the tissue.

Fig. 6 Particle size distributions of NM 105, TiO2NPs determined by spICP-MS analysis. (A) Analysis of stock dispersion in UHQ-water, (B) analysis
of digested mussel tissue with NM 105 spiked prior to digestion, and (C) analysis of digested mussel tissue with NM 105 spiked after digestion of
the tissue.

Fig. 7 (A) Size distribution of AgNPs from digested mussel tissue after 48 h of exposure and (B) size distribution of NM 300K in mussel tissue after
120 h of exposure time.
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Fig. 8 Size distributions of NM 105 in (A) test medium, (B) tissue after 12 h, and (C) tissue after 120 h.

Fig. 8 shows the size distributions of NM 105 in mussel
tissue extracts after different exposure times compared to the
size distribution of NM 105 in the surrounding test medium.
In contrast to the observations made for NM 300K (Fig. 5A
and 7A), the distribution of NM 105 in mussel tissue extracts
showed a loss of bigger particles compared to the size
distribution of the stock dispersion and the test medium
(Fig. 8A and B). Median particle size of the TiO2NPs
measured in the soft tissue was in the range of 42 to 49 nm,
whereas the median particle size in the exposure media was
measured to be in the range of 65 to 83 nm. The shift is more
pronounced than observed for the digestion validation
samples (Fig. 6). No difference was observed regarding the
size distributions of NM 105 in extracts of mussel tissue
collected after different exposure times.
Particle concentrations and distribution in the soft tissue
During the additional bioaccumulation study with AgNO3, no
significant increase of the measured Ag particles was
observed during the 48 h uptake phase (Fig. 9A). The
measured concentration of the presumed Ag particles in the
different compartments was 5 times higher in the viscera
when compared to the other compartments.
For NM 300K exposed animals, a clear increase of particle
concentrations could be measured in the whole soft tissue of
the test animals during the 48 h uptake phase. A trend of
decreasing particle concentration in the soft tissue during
the following depuration period lasting 24 h was observed
(Fig. 9D). The determined median particle size of the AgNPs
in the tissue was 14 nm, whereas the determined median
particle size in the exposure media was 15 nm.
The tissue of the viscera showed the highest single particle
concentration of all measured compartments, sampled after
48 h of exposure. Particle concentrations in the other
compartments were significantly lower and not significantly
different (Fig. 9C).
Also, in the additional bioaccumulation study with NM
105, an increase in the particle concentration was measured
in the soft tissue of the test animals during the uptake period
(Fig. 9F). A stable particle concentration was reached after 12
h of exposure and remained stable until the end of the

This journal is © The Royal Society of Chemistry 2020

uptake phase (96 h). Concentrations decreased significantly
during the following 24 h of depuration (Fig. 9F). Median
particle size of TiO2 MNMs measured in the soft tissue was
in the range of 42 to 49 nm, whereas the median particle size
in the exposure media was measured to be in a range of 65
to 83 nm. The highest measured particle concentration of the
compartment samples after 96 h of exposure was determined
in foot tissue, whereas the particle concentrations in the
mantle, muscle and viscera were up to four times lower and
showed no significant differences (Fig. 9E).

Discussion
Bioaccumulation studies with MNMs are difficult to carry out
due to their tendency to agglomerate and deposit in
sediments. The bioaccumulation studies with the freshwater
bivalve C. fluminea demonstrated the suitability of the new
test system which meets the need to investigate
bioaccumulation in filtering/sediment living organisms as
organisms of special relevance for environmental risk
assessment of MNMs. During all flow-through studies a
continuous exposure of the bivalves with stable MNM
concentrations could be achieved. Water quality parameters
measured within the test system (dissolved oxygen, pH,
ammonia, nitrate/nitrite) were constantly maintained in an
acceptable range and provided optimal experimental
conditions for the performance of the bioaccumulation
studies. An experimental diet was required which ensures a
sufficient nutrient supply during the extended experimental
periods. Ground stinging nettle was identified as a suitable
diet being rich in elements and minerals (e.g. ferric oxide,
potassium, calcium, and silicium)74 which are essential for
the shell formation of bivalves. It is hypothesized that the
small particles of the ground material were triggering the
filtration activity of the mussels. However, the amount of
food supplied to the test system should be generally reduced
as far as possible to avoid sorption processes of the MNMs to
the food while being high enough to allow sufficient nutrient
uptake during the bioaccumulation studies.
Two MNMs were chosen based on notable differences in
their major characteristics and tested for their
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Fig. 9 Particle concentrations and distributions in the soft tissue of C. fluminea. (A) Concentration of presumed particles in different
compartments at steady-state conditions (48 h) and in the whole soft body during the uptake phase and in the depuration time of the AgNO3
treatment (B), (C) NM 300K particle concentration in different compartments at steady state conditions (48 h) and in the whole soft body during
the uptake phase and in the depuration time (D), (E) NM 105 particle concentration in different compartments at steady state conditions (96 h) and
in the whole soft body during the uptake phase and in the depuration time (F).

bioaccumulation potential. The silver nanoparticle NM 300K
was tested as representative of MNMs that disperse well and
release ions. In contrast the TiO2 nanomaterial NM 105 is
nearly chemically inert and is one of the most commonly
used MNMs56 representative of non-ion-releasing and
condition-dependent sedimenting MNMs. AgNO3 was used as
an additional test item representing the same element as NM
300K but in a non-nanoparticulate form, allowing the
possibility of comparing the bioavailability, accumulation
and fate of dissolved and particulate Ag.
During AgNO3 exposure the bioaccumulation of Ag
resulted from the uptake of dissolved Ag+ from the exposure
media. Thus, the estimated endpoint was the BCFss and not
BAFss. But the measurements using spICP-MS showed the
presence of presumed particles that could be resulting from
precipitation processes of Ag+, e.g. Ag2S, AgCl, or Ag2CO3. Due
to the non-differentiable uptake of Ag in the case of the
AgNO3 exposure, the BAF should be used for

546 | Environ. Sci.: Nano, 2020, 7, 535–553

bioaccumulation assessment and not the BCF. With a BAFss
of 30.5, a significantly lower bioaccumulation of silver was
observed following exposure to the higher test concentration
compared to a BAFss of 710.7 for the lower concentration
AgNO3 treatment. This might be explained by reduced
filtration activities of the mussels in response to increased
metal concentrations which has been previously observed in
bivalves and which were considered as a protection
mechanism to avoid adverse effects by metal accumulation:
for instance, a slight decrease of the filtration rate was
observed in response to increased metal exposure, e.g. for the
green mussel Perna viridis,75 the zebra mussel Dreissena
polymorpha76 and C. fluminea.77,78 A complete bivalve closing
behavior in response to higher heavy metal concentrations in
the water was described as a strategy to avoid toxic
conditions.79–84 Reduced filtration activities were also
observed in this study during exposure to AgNO3, however in
varying intensities. Due to the visibly lower reduction of the
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filtration rate in the lower concentration AgNO3 treatment,
the continuous uptake of small amounts of Ag+ may have
led to the higher BAFss value compared to that in the higher
test concentration. Deviation in filtration activities between
both treatments may also explain the differences in the time
required to reach steady-state Ag concentrations in the soft
tissue of C. fluminea. Therefore, the protective behaviour of
bivalves needs to be considered in bioaccumulation studies
of ionic or ion-releasing and other acute toxic substances as
the reduction in filtration activity may lead to totally
different results depending on the level of the
concentrations used.
Pretests should be carried out to elucidate the fate of the
test item in the test system and to estimate a suitable
exposure concentration to avoid protective behavior as
described for AgNO3. At least two test concentrations should
be applied to identify potential concentration-dependent
effects.
During bioaccumulation studies with NM 300K, a visibly
lower inhibition of the filtration activity was observed
compared to the study with AgNO3 at similar total Ag
concentration levels. Due to this observation it is safe to
assume that the protection behavior is mainly triggered by
free Ag+. The amount of dissolved Ag in the NM 300K test
media was estimated in pretests to be between 1.6% to
21.5% within 24 h after production of the test media under
static conditions. Considering the flow-through conditions
applied in the bioaccumulation studies with NM 300K, the
percentage of dissolved Ag+ may have been even on a lower
level but still sufficient to induce a weak valve closing
behavior. Consequently, the potentially higher release of
Ag+ in the higher concentration NM 300K treatment
compared to the lower concentration treatment has
obviously led to a reduced filtration activity leading to
different BAFss values of 31 and 128, respectively. During
the depuration phase, a rapid and nearly complete
elimination of Ag was observed which indicates that total
Ag concentrations measured in the bivalve samples were
supposed to be mainly represented by the particulate
fraction. The ingested AgNPs obviously simply moved
through the digestive tract. This was confirmed by the
additional
investigations
using
spICP-MS.
Particle
concentrations measured during the uptake and
elimination phase in the soft tissue of the animals followed
the total Ag concentration measured in the soft tissue
during the bioaccumulation study. The majority of the
particles were found in the viscera, including the gills and
the digestive tract. All other compartments showed very low
particle concentrations. This clearly indicates that there was
no significant transport of AgNPs through the different
compartment tissues or hemolymph and is thus pointing
to the negligible bioavailability of AgNPs to C. fluminea. It
can be only speculated as to which extent dissolved Ag+
from the test material (NM 300K) was bio concentrated by
the test organisms and contributed to the total Ag
concentrations measured throughout the study. However,
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the distribution factors for accumulated Ag in the different
compartments underpin the presumption that only Ag+,
even present at low concentrations, was really incorporated
in the mussel tissue. Both exposure scenarios, AgNO3 and
NM 300K, led to comparable distribution factors for total
silver (Fig. 3). Further investigations are required to
elucidate the incorporation of AgNPs into the different
compartments.
However, the results also show the limits of the
analytical methods. For NM 300K there is a significant
overlap with the background signals due to the small size
of the material in the range of the instrumental size
detection limit (∼10 nm for Ag, given by the Agilent
MassHunter Software). In addition the known presence of
even smaller particles in the range of 5 nm and thus the
resulting size distributions have to be treated carefully with
respect to the lower sizes.85 This significant overlap can be
highlighted if the size distributions are compared with the
distribution derived from the complete signal distribution,
without application of a particle detection threshold (for
the size distributions shown in Fig. S8B†). From Fig. S8B†
it is clear that for NM 300K there is no clear gap between
the particle-related signals and the background due to the
small size of the material.
This observations are also well in line with reported
particle detection limits (e.g. 16–20 nm in Lee et al.86).
The
comparison
of
histograms
derived
from
measurements of dissolved Ag (e.g. Fig. 4E) show similar
distributions highlighting the significant overlap with the
background. However, for the normalized histograms
established for AgNO3 stock solution it has to be noted that
there were in fact nearly no particles in the sample and the
derived “size distribution” was mainly based on much lower
numbers of signal spikes than for the NM 300K-containing
samples. Thus, if this silver nanomaterial has to be tested in
the future it is recommended to either establish a procedure
for removal of the dissolved background (e.g. by ion exchange
resins, ultrafiltration or centrifugation) or measuring at
higher time resolution (e.g. with shorter dwell times).87
Particle specific analysis of test media for AgNO3 tests
revealed the presence of nanosized silver containing particles
that were not observed for the stock solution and are thus
formed in the medium by precipitation.
The increase in the total Ti tissue concentration during
the bioaccumulation studies can be explained by the uptake
and potential accumulation of MNMs from the media. This
was confirmed by single particle measurements in the mussel
tissue showing a progression during the uptake and
depuration phase that mirrored the course of the total Ti
concentrations in the soft tissue. However, the measured
concentrations were mainly caused by particles localized in
the digestive tract and in the viscera as shown by the
distribution factors for TiO2 with the viscera showing the
highest distribution factor.
The analysis of particle size distributions in test media
and mussel tissue by spICP-MS following enzymatic digestion
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was shown to be suitable for NM 105 TiO2 particles. The
particles have shown a broad size distribution clearly above
the background signal. Even though there was a shift towards
smaller particle sizes observed for the digestion procedure by
analysis of spiked mussels, the size distributions measured
for animals exposed in the test system, where the uptake was
due to filtration, showed a more pronounced loss of bigger
particles, indicating exclusion of these particles by the
filtration mechanism. This finding also highlights the
necessity of particle specific analysis methods, which could
provide more insights into the relevant processes compared
to standard total concentration analysis.
As for NM 300K, it is debatable whether the particles were
only ingested or really incorporated into the tissue. However,
the very effective and fast elimination that was observed
during the depuration phase of both tested concentrations
with TiO2 points to the assumption that the MNMs were only
ingested. Our observations are in accordance with the results
of the work of Doyle et al. (2015),88 where an elimination of
more than 90% of TiO2NPs previously ingested from Mytilus
edulis within 12 h was observed.
The increased BAFss values (6150 and 9022) estimated for
TiO2NPs compared to NM 300K may be explained by two
factors: first, by a potentially high filtration activity during
the uptake phase, triggered by particulate matter. This effect
should be stronger for NM 105 that were measured to be in
the range of 63 to 83 nm in the exposure media, while
particles of NM 300K were clearly smaller (15 to 17 nm). In
addition, NM 105 shows a high tendency to agglomerate
which may lead to a more effective uptake. It was shown that
filter-feeding mussels take up bigger and agglomerated
NMNs much more effectively than smaller und free
particles.28,89 Second, the higher BAFss values for the TiO2NPs
may be explained by the lack of dissolved toxic ions in the
test media that could trigger a protective mechanism as
assumed for the Ag tests.
The bioaccumulation studies with the freshwater bivalve C.
fluminea demonstrated the feasibility of the new test system for
testing MNMs in filtering organisms. During all studies, a
continuous exposure with stable MNM concentrations was
achieved. The elucidation of bioavailability, uptake and
elimination as well as accumulation of the test items was
possible on the level of total and particle concentrations for the
whole soft body as well as the single tissue compartments. By
this, the fate of MNMs within the body or different tissues could
be further clarified. However, methods like transmission
electron microscopy are required for the additional
complementary evidence that MNMs are really incorporated
into the tissue or penetrated into cells. Nevertheless, the results
obtained with the described test system can be used to generate
useful endpoints required for regulatory processes and could be
included in a tiered bioaccumulation testing strategy for
MNMs.16 Even if some MNMs are not really bioaccumulated,
the BAFss obtained provides a valuable indication of the
ingestion of MNMs by bivalves, if combined with information
on the elimination rate estimated following the ingestion of
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MNMs. A fast elimination (time back to start concentration ≤24
h) points to the ingestion but no incorporation of MNMs in the
animal tissues. A slow elimination (time back to start
concentration >24 h) provides clear indications of the
incorporation of the MNMs. However, it cannot be excluded
that the bioaccumulation occurred by incorporation of
dissolved/ionic fractions or particulate matter which would
require further elucidations using microscopy methods.
Suitable criteria for the regulatory assessment of
bioaccumulation based on BAF estimates need to be derived
and verified.
Comparison of bioaccumulation of the nano forms with
freely dissolved ions/forms of some elements or compounds is
not possible if the ionic form tends to precipitate in the
presence of ubiquitous elements or compounds like in the case
of Ag and S. The same applies for elements with strong binding
affinities to organic matter like proteins or humic acids.
Because bivalves and other filtering benthic organisms
represent the main part of the biomass in freshwater systems,
the benthic food chain is supposed to play a central role
regarding the ecological impact of MNMs.26,37,38,90 The steadystate concentration represents the maximum loading capacity
of MNMs taken up from the surrounding medium by bivalves.
Due to the high filtration rate of the bivalves the loading
capacity for MNMs compared to the surrounding medium
concentration may lead to an increased risk of secondary
poisoning of predatory species even if no real bioaccumulation
occurs. This was shown in the studies on TiO2 where high body
burden but no incorporation of the test material was observed.
The results of the Bivalvia bioaccumulation test may thus
provide important information regarding the transfer of MNMs
into the aquatic food chain via predators or benthic
invertebrates that feed on bivalve feces and/or pseudofeces.26,27,37–40 The high filtration rate of bivalves may cause
feces/pseudo-feces with high concentrations of MNMs. Further
investigations are required to elucidate the uptake of highly
contaminated feces or pseudo-feces by benthic invertebrates
that feed on fecal matter.
The suitability of the new test system for bioaccumulation
studies with freshwater bivalves has been demonstrated in
this study. The use of marine bivalves for bioaccumulation
studies is described in two guidance documents of the
American Society for Testing and Materials91 and US EPA.92
However, the systems described are assumed to be unsuitable
for a constant exposure of MNMs. The new test system may
thus also represent a potential alternative for testing MNMs
in marine bivalves, however, specific media adjustments
would be required. In addition to the bioaccumulation
assessment of MNMs, the test system may also be suitable to
investigate the uptake/bioaccumulation of microplastic in
bivalves.93–95

Conclusions
The bioaccumulation studies with the freshwater bivalve C.
fluminea demonstrated the suitability of the new test system.
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During all studies a continuous exposure with stable MNM
concentrations
was
achieved.
The
elucidation
of
bioavailability, uptake and elimination as well as
accumulation of the test items was possible on the level of
total and particle concentrations for the whole soft body as
well as the single tissue compartments. In this way, the fate
of MNMs within the body or different tissues could be
further elucidated. However, methods like transmission
electron microscopy are required as proof that MNMs are
really incorporated into the tissue or penetrated into cells.
The results obtained with this test system can be used to
generate useful endpoints required for regulatory purposes
and could be included in a tiered bioaccumulation testing
strategy for MNMs.
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AgNPs Silver nanoparticles
ANOVA Analysis of variance
BAFss Bioaccumulation factor estimated at steady state
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ICP-MS Inductively coupled plasma mass spectrometry
MNM Manufactured nanomaterial
SN Stinging nettle treatment in the dietary test
SP Spirulina species treatment in the dietary test
spICP Single-particle inductively coupled plasma mass
spectrometry
TiO2NP Titanium dioxide nanoparticle
TWA Time-weighted average (concentration)
UHQ-water Ultra high quality water
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