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Abstract: Development of a method to determine the bioaccumulation of manufactured
nanomaterials in filtering organisms (Bivalvia)

Increasing amounts of MNMs are produced for industrial purpose and released to the
environment by their usage or disposal of the products. Due to the high production volume
MNMs are subject to PBT-assessment to estimate their potential environmental impact. The
classical method to elucidate the bioaccumulation potential of chemicals is the flow-through
approach with fish according to OECD TG 305 providing a BCF estimate. However, most MNMs
tend to sediment in the aquatic environment and are thus difficult to be tested following the
established test concept where constant and continous exposure conditions need to be achieved.
The freshwater filter feeding bivalve Corbicula fluminea has previously shown to ingest and
accumulate MNMs present in the water phase. To investigate the suitability of C. fluminea as test
organism for bioaccumulation studies we developed a new flow-through system to expose the
mussels under constant expsosure conditions. Different MNMs, each having different
characteristics, were applied to determine their bioaccumulation potential. The silver
nanoparticle NM 300K (Ag NP) was tested as a well dispersable and ion releasing MNM. In
addition, C. fluminea was exposed to AgNO3 as a source of dissolved Ag* to compare the
bioaccumulation of Ag from dissolved and nanoparticulate sources. The titanium dioxide NP NM
105 was used for testing a non ion releasing MNM and the polystyrene nanoparticle (nPS)
Fluoro-Max™, containing a fluorescence dye, was tested representing MNMs that are based on
organic polymers. The uptake and distribution of nPS in the mussel soft tissue were observed
using a fluorescence microscope. Following exposure to metal and metal oxides we were able to
determine BAFss and BCFs values. BAFs values of 31 and 128 for two NM 300K concentrations
(0.624 and 6.177 pg Ag/L) and of 6,150 and 9,022 for two NM 105 concentrations (0.099 and
0.589 pg TiO2/L) showed that the BAF,s depends on the exposure concentration. Also for AgNOs,
concentration depending BCFs of 31 and 711 were estimated for the higher and lower
concentration, respectively. The analysis of metals in the soft tissue of previously exposed
mussels and the resulting compartment specific distribution factors provide clear indications,
that the uptake of NPs was mainly driven by the simple ingestion of NPs rather than the
accumulation of dissolved ions. This was supported by the measurement of particle
concentrations in mussel tissue using single particle ICP-MS.
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Kurzbeschreibung: Entwicklung einer Methode zur Bestimmung der Bioakkumulation von
synthetischen Nanomaterialien in filtrierenden Organismen (Bivalvia)

Immer grofier werdende Mengen an synthetischen Nanomaterialien (MNMs) werden fiir den
industriellen Einsatz produziert und konnen wahrend der Produktion, dem Einsatz der
Produkte, sowie bei deren Entsorgung in die Umwelt gelangen. MNMs mit hohen
Produktionsvolumina unterliegen einer Bioakkumulationsbewertung im Rahmen der EU REACH
Verordnung, um potentielle Umweltbelastungen abschétzen zu kénnen. Die hierbei fiir die
Chemikalienbewertung klassischerweise verwendeten Methoden, etwa Durchflussstudien mit
Fischen gemafd OECD TG 305, sind fiir das Testen von MNMs in aquatischen Medien jedoch nur
bedingt geeignet. So neigen die meisten MNMs dazu, in aquatischen Systemen nur metastabile
Suspensionen zu bilden und direkt nach dem Eintreten in das Medium oder im zeitlichen Verlauf
zu sedimentieren. Eine konstante homogene Exposition im Testsystem wird somit stark
erschwert. Fiir Corbicula fluminea, eine weit verbreitete Stiffwassermuschel, wurde bereits in
fritheren Studien gezeigt, dass sie MNMs aus der Wasserphase durch Filtration aufnehmen kann.
Im Rahmen dieses Projekts wurde die Eignung von C. fluminea fiir Bioakkumulationsstudien mit
MNMs gepriift. Hierzu wurde ein neues Durchflusssystem entwickelt, welches eine konstante
und homogene Exposition von MNMs erméglicht. Zur Uberpriifung wurden synthetische
Nanomaterialien gewahlt, welche jeweils MNMs mit bestimmten Eigenschaften reprisentieren.
Das Silbernanopartikel NM 300K (Ag NP) wurde als Reprasentant der Gruppe der gut
dispergierbaren und ionenfreisetzenden MNMs getestet und mit AgNOs3 als nicht
nanopartikuldre Form desselben Elements verglichen. NM 105, ein Titandioxid NP, wurde fiir
die Gruppe der nicht ionenfreisetzenden MNMs getestet. Fiir die Gruppe der MNMs, welche auf
organischen Polymeren basieren, wurde das Polystyrol NP Fluoro-Max™ getestet, welches mit
einem Fluoreszenzfarbstoff markiert war. Somit konnte die Aufnahme und Verteilung des NPs
im Weichkérper der Muscheln u.a. mittels Fluoreszenzmikroskop untersucht werden. Fur die Ag
und TiO; Behandlungen konnten nach Messung der Gewebekonzentrationen BAF bzw. BCF
Werte im Konzentrationsgleichgewicht ermittelt werden. BAFs; Werte von 31 und 128 fiir die
beiden NM 300K Konzentrationen (0,624 und 6,177 pg Ag/L) und 6150 und 9022 fiir die beiden
NM 105 Konzentrationen (0,099 und 0,589 pg TiO2/L) zeigten, dass BAFss Werte fiir die
untersuchten MNMs abhéngig von der jeweiligen Expositionskonzentration sind. Fiir die AgNO3
Behandlung wurden ebenso konzentrationsabhéngige BCFss Werte von 31 und 711 fiir die
hoéhere und niedrigere Konzentrationen ermittelt. Die Kinetik der gemessenen
Partikelkonzentrationen in den Muschelgeweben (sp-ICP-MS) wie auch die ermittelten
Distributionsfaktoren fiir einzelne Kompartimente lieferten Hinweise, dass die untersuchten
MNMs zwar aufgenommen, aber nicht inkorporiert wurden.
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Bioaccumulation study with NM 300K — low concentration:

total Ag concentrations in test media and C.f. tissue, *end of

The UPLaKe Phase ...c.eeiiiiiiee e 61
Bioaccumulation study with NM 300K — high concentration:

total Ag concentrations in test media and C.f. tissue, *end of

The UPLAKe PhasSE ...cc.eeiiii e e e e e 63
Bioaccumulation study with NM 105 — low concentration: total

TiO; concentrations in test media and C.f. tissue, *end of the

UPLAKE PRESE ..o e e et e e e e s b rae e e nnee 66
Bioaccumulation study with NM 105 — high concentration:

total TiO, concentrations in test media and C.f. tissue, *end of

The UPLaKe PhasE ...c.eeiiii e bee e e 68
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List of abbreviations

AF4-FLD-
MALLS

BAF

BCF

BMF

C.f.
ICP-MS
ICP-OES
ICP-QQQ-MS
MNMs
MT

NP

nPS

OECD

PBT

SDS
sp-ICP-MS
TWA

UBA

UHQ
vPvB

Flourescence light detector coupled with asymmetrical flow field-flow fractioned and with

multi-angle laser light scattering

Bioaccumulation factor

Bioconcentration factor

Biomagnification factor

Corbicula fluminea

Inductively coupled plasma — mass spectroscopy

Inductively coupled plasma — optical emission spectroscopy
Triple Quadrupole — inductively coupled plasma mass spectroscopy
Manufactured nanomaterials

Metallothionein

Nanoparticle

Nanoparticular polystyrene

Organisation for Economic Co-operation and Development
Persistent, bioaccumulative, toxic

Sodium dodecyl sulfate

Single particle Inductively coupled plasma — mass spectroscopy
Time-weighted average

Umweltbundesamt

Ultra High Quality Water

Very persistent, very bioaccumulative
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Summary

The European Commission estimated the global production of produced manufactured
nanomaterials (MNMs) to be 11.5 million tons per year which corresponds to a market value of
20 bn € (European Commission, 2012). Further industrialization and economic expansion of
industrial countries and economies will further increase the production and usage of MNMs.
MNMs are released into the environment during their production, their use and the disposal of
nano functionalized products (Benn and Westerhoff, 2008; Mueller and Nowack, 2008;
Gottschalk and Nowack, 2011). The increasing production of MNMs leads inevitably to a larger
environmental burden and a reliable environmental risk assessment of MNMs is thus required
(Levard et al, 2012).

Due to their high annual production, several MNMs are subject to bioaccumulation assessment
as required under the European Chemicals Registration REACH (European Parliament Council,
2006), the Japanese Chemical Substance Control Act “Kashinho” or others e.g. HPV, TCFCA or
KKDIK (USEPA, 2004; Korea Ministry of Government Legislation, 2008; Naiki, 2010; Ministry of
Environment and Urbanization(MoEU) of Turkey, 2017).

Under REACH, the bioconcentration factor (BCF) represents the most important endpoint for
bioaccumulation assessment (ECHA, 2017). The BCF is mostly determined by fish flow-through
studies in accordance to OECD test guideline 305 (de Wolf et al., 2007; Organisation for
Economic Co-operation and Development (OECD), 2012) which was developed for water-soluble
test items. However, most MNMs tend to sediment in aquatic environments leading to problems
with respect to the maintenance of stable and continuous exposure conditions during classic
flow-through studies with MNMs. By this, the establishment of suitable experimental conditions
for bioaccumulation studies is difficult. Thus, there is the need to develop suitable test methods
adapted to the specific needs for testing nanomaterials (Aschberger et al., 2011; Hankin et al.,
2011).

In 2018 a tiered testing approach to meet the requirements of MNM bioaccumulation testing
was presented that also includes bioaccumulation tests with invertebrates which may provide
indications allowing to waive further studies using fish as test organism (Handy et al., 2018).

This is in accordance with the REACH Guidance on Information Requirements and Chemical
Safety Assessment describing that other taxonomic groups than fish are allowed to be used to
gain data for the assessment of the B criteria. In this context, the mussel bioconcentration test of
the ASTM was suggested as a possible alternative (American Society for Testing and Materials,
2003; ECHA, 2017).

Marine, as well as fresh water bivalves have been widely used as bioindicators for pollution in
aquatic systems, e.g. due to their ability to accumulate high concentrations of heavy metals in
their tissue (Regoli and Orlando, 1994; Cossu et al., 1997; Doyotte et al., 1997; Vidal, Basseres
and Narbonne, 2001; Geret, Serafim and Bebianno, 2003). Moreover, bivalves have been used for
the determination of the bioavailability and the effects of xenobiotics and genotoxic compounds
(Narbonne et al., 1999; Vidal, Basséres and Narbonne, 2001; Legeay et al., 2005). Filter-feeding
bivalves considerably increase the pelagic-benthic coupling e.g. by the ingestion of particulate
materials that are concentrated in feces or pseudofeces (Gergs, Rinke and Rothhaupt, 2009;
Basen et al,, 2012). As described for AuNPs (Hull et al., 2011), these particulate materials could
be MNMs that are dispersed in the water. The filter-feeding behavior of bivalves and their
benthic habitate make bivalves a group of organisms predominantly exposed to MNMs (Moore,
2006; Baun et al., 2008; Griffitt et al., 2008; Tedesco et al., 2010; Baker, Tyler and Galloway,
2014). Mesocosm studies by Ferry et al. (2009) showed that bivalves represent an important
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sink for MNMs, similar results were presented by Cleveland et al. (2012). Due to the fact that the
feces and pseudofeces 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
chain (Karatayev, Burlakova and Padilla, 1997; Roditi, Strayer and Findlay, 1997). Bivalves may
also represent a link between the aquatic and terrestrial environment being part of the diet of
water birds (Custer and Custer, 1996; van Nes et al., 2008). Mussels also represent an important
route into the human food chain. Different species of marine and freshwater bivalves e.g. the
mussels Mercenaria mercenaria, Mytilus edulis or Corbicula fluminea are on the menu in many
countries worldwide (McMahon, 1983; Ferry et al., 2009).

The fresh water bivalve C. fluminea is an invasive species that is, due to its ability to tolerate a
wide range of environmental conditions and their extreme adaptability, widely spread in Africa,
North and South America, Europe and the Pacific Islands (Phelps, 1994; Rajagopal, van der Gelde
and bij de Vaate, 2000; Darrigran, 2002; Karatayev et al., 2009). Due to the high filtration rate of
C. fluminea, this species has a high potential to be used in bioaccumulation tests (Sousa,
Guilhermino and Antunes, 2005). The euryoecious characteristics of this species enable C.
fluminea to be used in test systems that are adjustable to meet the requirements of the wide
spectrum of different MNMs.

The development of a suitable test system for bioaccumulation studies of MNMs with fresh
water bivalves was the central aim of this project. Therefore, a flow-through system was
developed that allows a continuous and constant exposure of MNMs to determine the
bioavailability and bioaccumulation of MNMs in bivalves using C. fluminea as test species. The
new test system provides optimal experimental conditions for the performance of
bioaccumulation studies with bivalves. Good oxygen supply, moderate pH values and an
acceptable burden of ammonia, nitrite and nitrate were recorded during the studies.

Test animals used in laboratory bioaccumulation studies were collected from the field, due to
the long reproductive cycle and the high amount of animals required for bioaccumulation
testing. A method for the husbandry of the animals was developed and allowed us to keep up to
2,000 mussels in 1.5 m3 microcosms, in which the mussels were housed in stainless steel
baskets. Animals could be maintained for more than 12 months under this conditions leading to
only moderate mortality. All main studies of this research project were carried out with animals
from a single batch of mussels, which was collected in October 2017.

Based on the available literature, three MNMs (plus one ionic control substance) were chosen
based on featuring differences in their major characteristics and tested for their
bioaccumulation potential.

a) the silver nanoparticle NM 300K (AgNP)

NM 300K was tested as representative of MNMs that are well dispersible and release ions.
AgNPs are some of the most used and commercialized MNMs, e.g. due to their antibacterial
properties (Fabrega et al., 2011; Bone et al., 2012; Cleveland et al., 2012; Vale et al., 2016; Zhang,
Hu and Deng, 2016; McGillicuddy et al., 2017). The antibacterial effects are based on released
Ag*ions (Ag*) that cause disruptions of the respiratory chain of the cells, the deactivation of
proteins and the disturbance of membrane transport processes (Bragg and Rainnie, 1974;
Schreurs and Rosenberg, 1982; Feng et al., 2000).

b) silver nitrate

AgNO3 was used as test item representing the same element as NM 300K but in a non-
nanoparticulate form allowing to compare the bioavailability, accumulation and fate of dissolved
and particulate Ag.
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) the titanium dioxide nanomaterial NM 105 (TiO2NP)

In contrast to AgNPs, TiO,NPs such as MNM NM 105 are nearly chemical inert and are one of the
most commonly used MNMs (Piccinno et al., 2012) representing non- ion-releasing and highly
sedimenting MNMs. TiO:NPs are of great ecotoxicological interest due to their potential to alter
the bioavailability and thus the toxicity of co-existing contaminants like heavy metals or organic
compounds in aquatic organisms like fishes and bivalves (Zhang et al., 2007; Zhu, Zhou and Cai,
2011; Balbi et al., 2014; Vale et al., 2014; Farkas et al., 2015; Fan et al., 2017).

d) polystyrene nanoparticle Fluoro-Max™ (nPS)

The polystyrene nanoparticle Fluoro-Max™ represent MNMs that are based on organic polymers.
The particles were homogenously spiked with a fluorescence dye to allow the detection of the
NPs. In this way the bioavailability and accumulation of the nPS within the mussel’s soft tissue
could be determined using a fluorescence light detector coupled with asymmetrical flow field-
flow fractionation and with multi-angle laser light scattering and fluorescence microscopy.

For the elucidation of the bioavailability, uptake and elimination of the tested metal and metal
oxide based MNMs in the soft tissue of C. fluminea, total Ag and Ti concentrations were
measured in the animal’s soft tissue using inductively coupled plasma mass spectrometry or
optical emission spectroscopy (ICP-MS or ICP-OES). Determination of particle concentrations in
the soft tissue was carried out by single particle coupled plasma mass spectrometry (sp-ICP-MS).

The bioaccumulation studies for the different MNMs were conducted with two concentrations
each. An exception was the nPS material that was tested with just one concentration due to the
high test concentration (approx. 5 mg nPS/L) required to allow the measurement of the test
item. The tissue was examined by fluorescence microscopy.

The main study on the bioaccumulation of nPS was carried out using common aquaria in a semi-
static setting due to the easier handling and limited amount of nPS. During the exposure with
nPS, the animals showed the strongest filtration activity observed in all exposure studies carried
out in this project. A high production rate of feces and pseudofeces was observed. The nPS were
not only ingested very rapidly and accumulated in the feces, they were also eliminated quickly.
Highest fluorescence levels were found in the viscera, the gastrointestinal tract and the feces in
which the nPS seemed to accumulate. The strong elimination of the ingested nPS by defecation
highlighted the role of filter feeders in the aquatic food web.

In the case of the other MNMs, we were able to estimate BAF values under steady state
conditions and gained clear kinetics for the uptake and elimination of the MNMs or ions. For
AgNOs3, BCF estimates could be determined. Comparable values were gained for total Ag
concentrations in mussel tissue following exposure to NM 300K and AgNOs. For the higher test
concentrations BAFss and BCFss values of approx. 31 were calculated. The BAFss and BCFss values
calculated for the lower test concentrations were broadly of the same magnitude but showed a
higher deviation with a BAFss and BCFss of approx. 130 and 711 for NM 300K and AgNOs,
respectively. The different values may have been the result of different filtration activities
induced by free Ag*ions representing a protective behaviour. The calculated distribution factors
of accumulated Ag for the different tissue compartments (mantle, foot, muscle and viscera) were
similar for both exposure scenarios (NM 300K vs. AgNO3). In both cases the viscera and mantle
showed the highest Ag concentration, whereas the muscle tissue showed the lowest
concentration. This might be explained by the expression of metallothioneins (MT) and their Ag*
binding properties. MTs are known to be mainly present in the gills as part of the viscera and the
mantle (Hardivillier et al., 2006).
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In the bioaccumulation studies with NM 105, only the viscera showed a higher distribution
factor. BAF values of 6,150 and 9,022 were estimated for the low and high concentrated
treatments, respectively. In comparison to the Ag treatments no filtration reduction was
observed during exposure and the elimination of the measured Ti content in the soft tissue
decreased very fast within a few hours of the depuration phases.

The observed fast elimination of the nanoforms as well as the distribution, concentrated in the
viscera, clearly indicate that the MNMs were not really incorporated and only ingested by the
animals. Therefore, the time required to eliminate the previously ingested material and to reach
a body burden that is comparable to the start conditions was suggested as an alternative
endpoint for bioaccumulation assessment of MNMs that is more meaningful than the BAFss,

The bioaccumulation studies with the fresh water bivalve C. fluminea demonstrated the
suitability of the new test system. 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 and at the level of different tissues could be further clarified. However, methods
like correlative microscopy using transmission electron microscope are required for the
absolute evidence if MNMs are really incorporated into the tissue or penetrated into cells.
Nevertheless, the results obtained with this test system can be used to generate useful
information required for regulatory purposes and could be included in a tiered bioaccumulation
testing strategy for MNMs as suggested by Handy et al., 2018.

Even if MNMs are not really bioaccumulated by the freshwater bivalve C. fluminea, the estimated
BAF;; represent a valuable indication for a mobilization of MNMs by bivalves leading to a
transfer of MNMs into the aquatic food chain via predators or benthic invertebrates that feed on
bivalve feces and / or pseudo feces (Karatayev, Burlakova and Padilla, 1997; Roditi, Strayer and
Findlay, 1997; Gergs, Rinke and Rothhaupt, 2009) .The transfer of MNMs into the human diet
needs to be discussed further (McMahon, 1983). The concentration of the test item in the feces
or pseudo feces of the bivalves and the time needed to eliminate most of the previously
accumulated material may provide the basis for improved regulatory endpoints.

Generally, pretests need to be carried out for bioaccumulation studies with MNMs to ensure the
homogenous distribution of the test item in the test system and to estimate a suitable exposure
concentration to avoid protective behavior of the bivalves as described for Ag*.

19



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

Zusammenfassung

Die EU schatzt, dass die jahrliche Produktionsrate von Nanomaterialien (MNM) weltweit bei
etwa 11,5 Mio. Tonnen und einem Marktwert von 20 Mrd. € liegt (European Commission, 2012).
Die Produktion sowie der Einsatz von MNMs werden weiter zunehmen. Hierdurch gelangen
mehr und mehr MNMs in die Umwelt. Dies geschieht sowohl wahrend ihrer Produktion, der
Verwendung, als auch bei der Entsorgung (Benn und Westerhoff, 2008; Mueller und Nowack,
2008; Gottschalk und Nowack, 2011). Somit fiihrt die steigende Produktion von MNMs
unweigerlich zu einer hoheren Umweltbelastung und macht damit eine verlassliche
Risikobewertung fiir die Umwelt unerlasslich (Levard et al., 2012).

Aufgrund ihrer hohen jahrlichen Produktionsrate unterliegen verschiedene MNMs einer
Bewertung ihres Bioakkumulationspotenzials, etwa im Rahmen des Européischen
Chemikalienrechts REACH (European Chemicals Registration REACH) (European Parliament
Council, 2006), dem japanischen ,,Chemical Substance Control Act Kashinho” (Naiki, 2010) oder
anderen wie HPV, TCFCA oder KKDIK (USEPA, 2004; Korea Ministry of Government Legislation,
2008;; Ministry of Environment and Urbanization(MoEU) of Turkey, 2017).

Im Rahmen von REACH reprasentiert der Biokonzentrationsfaktor (BCF) den wichtigsten
Endpunkt der Bewertung des Bioakkumulationspotenzials von Chemikalien (ECHA, 2017). Der
BCF wird tiblicherweise in Durchflussstudien mit Fischen geméafs der OECD Test Richtlinie 305
ermittelt, welche fiir wasserlosliche Testsubstanzen entwickelt und optimiert wurde (de Wolf et
al., 2007; Organisation for Economic Co-operation and Develpement (OECD), 2012).

Die meisten MNMs tendieren jedoch dazu, in aquatischer Umgebung zu sedimentieren, was zu
Problemen hinsichtlich stabiler und kontinuierlicher Expositionskonzentrationen bei
Anwendung des klassischen Studiendesigns fiihrt. Somit konnen die fiir die Bewertung
erforderlichen validen und plausiblen Testbedingungen kaum erreicht werden. Daher ist es
notwendig, angemessene Testmethoden zu entwickeln, die an die spezifischen Anforderungen
der Untersuchung von MNMs angepasst sind (Aschberger et al., 2011; Hankin et al., 2011).

Ein gestuftes Testverfahren zur Bewertung des Bioakkumulationspotentials von MNMs wurde
kirzlich prasentiert (Handy et al.,, 2018), das die besonderen Eigenschaften und Anforderungen
von MNMs berticksichtigt und Bioakkumulationstests mit Invertebraten einbezieht. Diese Tests
sollen Hinweise liefern, ob Fische als Testtiere in der weiteren Bewertung verzichtbar sind.

Dieser Ansatz ist vereinbar mit den Leitlinien zu den Informationsanforderungen und zur
Stoffsicherheitsbeurteilung der REACH Verordnung, welche angibt, dass andere taxonomische
Gruppen als die der Fische verwendet werden konnen, um Daten zur Beurteilung des B-
Kriteriums zu generieren, sofern andere Organismen relevantere Zielorganismen darstellen. In
diesem Zusammenhang wird etwa der Muschelbiokonzentrationstests der ASTM angefiihrt
(American Society for Testing and Materials, 2003; ECHA, 2017).

Marine, aber auch Siiwassermuscheln sind aufgrund ihrer Eigenschaft, hohe Konzentrationen
an Schwermetallen zu akkumulieren, als Bioindikatoren fiir Belastungen in Gewassern etabliert
(Regoli und Orlando, 1994; Cossu et al., 1997; Doyotte et al., 1997; Vidal, Basseres und
Narbonne, 2001; Geret, Serafim und Bebianno, 2003). Dartiber hinaus werden Muscheln zur
Bestimmung der Bioverfligbarkeit und Untersuchung schiadigender Effekte von Xenobiotika und
genotoxischer Verbindungen verwendet (Narbonne et al., 1999; Vidal, Basseres und Narbonne,
2001; Legeay et al.,, 2005). Filtrierende Muscheln tragen erheblich zur Kopplung der benthischen
und pelagischen Bereiche in aquatischen Lebensraumen bei. Etwa indem sie Schwebstoffe und
suspendierte Teilchen aufnehmen und in konzentrierter Form iiber ihren Fazes ausscheiden und
somit den Transfer in die aquatische Nahrungskette verstarken (Gergs, Rinke und Rothhaupt,
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2009; Basen et al,, 2012). Dieser Vorgang wurde fiir im Wasser suspendierte Teilchen in Form
von AuNPs beschrieben (Hull et al., 2011). Sowohl das Filtrationsverhalten der Muscheln (zum
Zweck der Nahrungsaufnahme und der Atmung), als auch ihre benthische Lebensweise machen
Muscheln zu einer Gruppe von Organismen, die im Besonderen von der Exposition mit MNMs in
der Umwelt betroffen sein kann (Moore, 2006; Baun et al., 2008; Griffitt et al., 2008; Tedesco et
al., 2010; Baker, Tyler und Galloway, 2014). In Mesokosmenstudien wurde bereits gezeigt, dass
Muscheln eine der Hauptsenken fiir MNMs in aquatischen Lebensraumen darstellen (Ferry et al.,
2009; Cleveland et al., 2012). Aufgrund der Tatsache, dass der Fazes der Muscheln eine wichtige
Nahrungsgrundlage fiir benthische Invertebraten darstellt, konnten filtrierende Muscheln eine
Schliisselrolle fiir den Transfer von MNMs in die aquatische Nahrungskette spielen (Karatayev,
Burlakova, Padilla, 1997; Roditi, Strayer und Findlay, 1997). Als Bestandteil der Nahrung von
Wasservogeln stellen Bivalvia zudem eine Verbindung zwischen der aquatischen und
terrestrischen Umwelt dar (Custer und Custer, 1996; van Nes et al., 2008).

Verschiedene marine und Siiffwassermuschelarten wie z.B. Mercenaria mercenaria, Mytilus
edulis oder Corbicula fluminea werden weltweit in vielen Landern als Speisemuscheln genutzt
und reprasentieren somit eine potentielle Route fiir MNMs in die menschliche Nahrung
(McMahon, 1983; Ferry et al., 2009). Die Siiffwassermuschel C. fluminea ist eine invasive Art,
welche aufgrund ihrer eury6ken Toleranzbereiche wie auch der enormen Anpassungsfahigkeit
in Afrika, Nord- und Siidamerika, Europa und den Pazifischen Inseln weit verbreitet ist (Phelps,
1994; Rajagopal, van der Gelde und bij de Vaate, 2000; Darrigran, 2002; Karatayev et al., 2009).
Thre hohe Filtrationsrate macht sie zu einem geeigneten Kandidaten fiir den Einsatz von
Muscheln im Rahmen von Bioakkumulationsstudien (Sousa, Guilhermino and Antunes, 2005).
Ihre weiten Toleranzbereiche beziiglich zahlreicher Umweltfaktoren ermdéglichen ihren Einsatz
in Systemen mit hohen Anpassungsmoglichkeiten wie sie bendtigt werden, um ein weites
Spektrum an MNMs testen zu kénnen.

Die Entwicklung eines solchen Systems zur Untersuchung der Bioakkumulation von MNMs in
Siifwassermuscheln war das zentrale Ziel dieses Forschungsvorhabens. Ein Durchflusssystem
wurde entwickelt, welches konstante Expositionen von MNMs unter homogenen
Konzentrationsbedingungen erlaubt. Somit kann die Bioverfiigbarkeit und das
Bioakkumulationspotenzial von MNMs in Bivalvia unter Verwendung von C. fluminea als
Testspezies bestimmt werden. Das neue Testsystem stellt optimale Versuchsbedingungen fiir
die Versuchsdurchfiithrung von Bioakkumulationsstudien mit Muscheln dar: gute
Sauerstoffversorgung, moderate pH-Werte und akzeptable Belastungen durch Ammonium, Nitrit
und Nitrat.

Aufgrund der hohen Anzahl an Tieren, die zur Durchfithrung aller Methodenentwicklungen, Vor-
und Hauptstudien bendétigt wurden, sowie aufgrund des langen Reproduktionszyklus der Tiere,
wurden die Versuchstiere im Feld gesammelt. Eine Halterungsmethode wurde entwickelt,
welche die Halterung von bis zu 2000 Tieren in 1.5 m3 Mikrokosmen ermdglicht. Die Tiere
konnen auf diese Weise iiber 12 Monate im Labor gehaltert werden und weisen unter diesen
Bedingungen nur eine moderate Mortalitit auf. Somit konnten alle Tiere, welche in den
Hauptstudien dieses Vorhabens eingesetzt wurden, aus einer einzelnen Tiergruppe bezogen
werden, die im Oktober 2017 gesammelt wurde.

Zur Bestimmung des Bioakkumulationspotenzials von MNMs anhand dieses Testsystems
wurden reprasentative Vertreter von MNMs ausgewdhlt und getestet, die sich deutlich in ihren
physikalisch-chemischen Eigenschaften unterscheiden und die eine hohe industrielle Relevanz
aufweisen:
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a) Silbernanopartikel NM 300K (AgNP)

NM 300K stellt sowohl einen Vertreter ionenfreisetzender MNMs wie auch der gut
dispergierbaren MNMs dar. AgNPs gehoren zu den am meisten verwendeten MNMs, z.B.
aufgrund ihrer antibakteriellen Wirkung (Fabrega et al., 2011; Bone et al,, 2012; Cleveland et al.,
2012; Vale et al.,, 2016; Zhang, Hu und Deng, 2016; McGillicuddy et al., 2017). Diese basiert auf
ihrer Eigenschaft Ag* Ionen (Ag*) freizusetzen, welche die Atmungskette der Zellen
unterbrechen, Enzyme deaktivieren und Membrantransportprozesse stéren (Bragg und Rainnie,
1974; Schreurs und Rosenberg, 1982; Feng et al., 2000).

b) Silbernitrat

AgNO; wurde als Testsubstanz eingesetzt, um ein identisches Element in nicht nanostruktureller
Form zu testen. Dies ermdglicht den Vergleich der Ergebnisse zur Bioverfiigbarkeit, der
Akkumulation und des Schicksals des Ag aus rein geldster Form (AgNO3), sowie aus
nanopartikuldrer (AgNP) und daraus geloster Form (Ag*), in diesem Fall freigesetzt durch NM
300K.

) Titandioxidnanopartikel NM 105 (TiO,NP)

Im Gegensatz zu AgNPs sind TiO:NPs nahezu chemisch inert und stellen ebenfalls eine der meist
verwendeten MNMs dar (Piccinno et al.,, 2012). NM 105 reprasentierte im Vorhaben somit nicht
ionenfreisetzende MNMs sowie stark sedimentierende MNMs. TiO2NPs sind von grofdem
Okotoxikologischen Interesse, z.B. aufgrund ihres Potenzials die Bioverfiigbarkeit und damit
auch die Toxizitdt anderer Schadstoffe wie Schwermetalle oder organische Verbindungen bei
Co-Exposition gegeniiber aquatischen Organismen, wie Fischen oder Muscheln, zu beeinflussen
(Zhang et al., 2007; Zhu, Zhou und Cai, 2011; Balbi et al, 2014; Vale et al., 2014; Farkas et al.,
2015; Fanetal, 2017).

d) Polystyrolnanopartikel Fluoro-Max™ (nPS)

Das Polystyrolnanopartikel Fluoro Max™ stellte im Vorhaben den Vertreter solcher MNMs dar,
welche auf organischen Polymeren basieren. Die getesteten nPS waren homogen mit einem
Fluoreszenzfarbstoff markiert, der es erlaubte, die Bioverfligbarkeit, die Akkumulation und
Lokalisierung der nPS im Weichkérper der Muscheln z.B. mittels Fluoreszenzdetektor

und -mikroskop zu erfassen.

Zur Bestimmung der Bioverfiigbarkeit, Aufnahme, Elimination und Bioakkumulation der
getesteten Metall- oder Metalloxid MNMs sowie von Ag* im Weichkorper der Tiere wurde der
Totalgehalt der Metalle mittels Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-
MS) oder optischer Emissionsspektrometrie mit induktiv gekoppeltem Plasma (ICP-OES)
ermittelt. Die Bestimmung der Einzelpartikelkonzentrationen im Weichgewebe erfolgte mittels
Einzelpartikel ICP-MS (sp-ICP-MS).

Mit Ausnahme des nPS wurden alle MNMs in den Hauptstudien mit zwei Konzentrationen
getestet. Polystyrolnanopartikel (nPS) wurden mit einer deutlich hoheren Konzentration (5 mg
nPS/L) getestet, um eine ausreichend hohe Gewebekonzentration fiir die Detektoranalyse zu
erzielen. Das Weichgewebe sowie die einzelnen Gewebekompartimente wurden mittels
Fluoreszenzmikroskop untersucht.

Die Hauptstudie mit nPS wurde im semi-statischen Design durchgefiihrt, da die Menge an
verfiigbaren nPS nicht fiir eine mehrtagige Durchflussstudie ausgereicht hatte. Die Studien
wurden zudem in reguldren Aquarien durchgefiihrt, da ein semi-statischer Ansatz mit einem
verringerten Medienvolumen in der neuen Testanlage deutlich aufwendiger gewesen ware.
Wahrend der Exposition mit nPS wurde die starkste Filtrationsaktivitit der Tiere im Rahmen
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aller in diesem Projekt durchgefiihrten Studien beobachtet. Diese ging einher mit einer deutlich
verstarkten Produktion und Freisetzung von Fazes und Pseudofazes. Hierbei wurden die nPS
nicht nur sehr schnell aufgenommen, sondern auch sehr schnell eliminiert, was sich auch in den
Fluoreszenzmessungen zeigte. Das Viszeralgewebe, der Gastrointestinaltrakt sowie der Fazes
stellten sich bei der Gewebeanalyse als Orte hoher Fluoreszenzintentsitdt dar. Die schnelle
Eliminierung kann durch Defdkation erklart werden

Fiir die anderen MNMs und das AgNO3s konnten BAF bzw. BCF Werte unter
Konzentrationsgleichgewichtszustanden sowie kinetische Verlaufe fiir die Aufnahme und
Elimination der Substanzen ermittelt werden.

Fiir NM 300K und AgNOs wurden beziiglich der Anreicherung von Silber vergleichbare Werte
ermittelt. In beiden Studien wurden fiir die h6heren Ag Konzentrationen BCF/BAF Werte von
rund 31 ermittelt. Die Werte, die bei den geringeren Konzentrationen ermittelt wurden, lagen in
derselben Grofdenordnung mit einem BAFss von rund 130 fiir NM 300K und einem BCF von
rund 710 fiir AgNOs3, zeigten jedoch eine grofiere Abweichung voneinander. Diese
unterschiedlichen Anreicherungswerte konnten durch die unterschiedlich starken
Filtrationsaktivititen der Tiere als Reaktion auf die erh6hten Ag* Konzentrationen im Wasser
erklart werden, welche zu reduzierten Filtrationsraten als Schutzmechanismus fithrten. Die
ermittelten Distributionsfaktoren fiir Ag in den verschiedenen Kompartimenten (Mantel, Fufs,
Adduktorenmuskel und Viszeralmasse) waren fiir beide Formen der Silberexposition (partikular
und gelost) vergleichbar und wiesen bei beiden Expositionsformen die hochsten Werte fiir das
Viszeral- und Mantelgewebe auf. Dies konnte durch die verstiarkte Prasenz von
Metallothioneinen in den Kiemen (zur Viszera gehorend) und dem Mantel erklart werden
(Hardivillier et al., 2006).

Im Fall der NM 105 Exposition wies nur das Viszeralgewebe im Vergleich zu den anderen
Geweben einen hoheren Distributionsfaktor auf. BAFs von 6150 und 9022 wurden jeweils flr
die niedrigere und die hohere Testkonzentration ermittelt. Bei der NM 105 Exposition wurde
keine veranderte Filtrationsaktivitdt beobachtet. Die Titandioxidgewebekonzentrationen zeigten
einen rapiden Abfall in der Depurationsphase und erreichten innerhalb weniger Stunden das
Anfangsniveau.

Sowohl die schnelle Elimination als auch die ermittelten Distributionsfaktoren der MNMs
weisen darauf hin, dass diese zwar physikalisch aufgenommen, aber nicht wirklich physiologisch
verfiigbar waren und demnach nur den Gastrointestinaltrakt durchwanderten. Daher wurde die
Zeit bis zum Erreichen der Gewebeausgangskonzentration ab Beginn der Depurationsphase als
alternativer Endpunkt und Ergéanzung zum BAFss vorgeschlagen.

Die Bioakkumulationsstudien mit C. fluminea zeigten, dass das neue Testsystem geeignet ist, um
die Bioverfiigbarkeit und das Bioakkumulationspotenzial von MNMs unter konstanten
Konzentrationsbedingungen zu ermitteln. Die Konzentrationsbestimmung im Gewebe konnte
fiir den ganzen Weichkorper wie auch fiir die einzelnen Gewebekompartimente sowohl auf
Ebene des Totalgehalts als auch auf Ebene der Einzelpartikel durchgefiihrt werden. Dennoch
sollten gerade bei der analytischen Betrachtung weitere Methoden wie die korrelative
Mikroskopie in Betracht gezogen werden, um genaue Informationen zur Lokalisierung der
Partikel zu erhalten: angelagert an Membranen oder eingedrungen in einzelne Zellen?
Unabhéngig davon kann das entwickelte System wertvolle Daten fiir erforderliche
regulatorische Prozesse liefern und auch in gestufte Teststrategien fiir MNMs integriert werden
(Handy et al., 2018).

Auch wenn einige MNMs nicht wirklich bioakkumulieren, stellt der gewonnene BAF;; Wert eine
wertvolle Grundlage zur Abschitzung des Transfers von MNMs durch Bivalvia in die benthische
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Nahrungskette dar (Karatayev, Burlakova und Padilla, 1997; Roditi, Strayer und Findlay, 1997;
Gergs, Rinke und Rothhaupt, 2009). Die Konzentration von MNMs im Fazes/Pseudofazes der
Muscheln und die erforderliche Zeit zur vollstandigen Elimination der zuvor aufgenommenen
MNMs liefern wichtige Hinweise zum Bioakkumulationspotential von MNMs und kénnten als
erganzende Endpunkte fiir die regulatorische Bewertung eingesetzt werden. Der Transfer von
MNMs in die menschliche Nahrungskette bedarf weiterer Untersuchungen (McMahon, 1983).

Insgesamt bleibt festzuhalten, dass die Durchfiihrung von Vortests zu Bioakkumulationsstudien
mit Bivalvia zu empfehlen ist, um die homogene Verteilung der zu testenden MNMs im
Testsystem sicherzustellen und die Eignung der im Haupttest eingesetzten Testkonzentration zu
tiberpriifen. Dabei ist insbesondere auf eine angemessene Dosierung zu achten, die das Auslésen
des “Schutzverhaltens” der Muscheln, wie fiir Ag+ beobachtet, ausschlief3t.
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1 Introduction

The identification and scientific assessment of compounds that bioaccumulate in organisms and
biomagnify in food webs play a key role within the PBT- assessment. The bioaccumulation
potential of compounds is commonly expressed as bioconcentration factors (BCF) determined in
flow-through studies with fish.

An experimental determined BCF of > 2,000 (classification as PBT-compound) or > 5,000
(classification as vPvB-compound) is used as threshold value for bioaccumulation assessment
(European Parliament Council, 2006). The uptake of the test item by the body surface (e.g. gills)
is thus decisive. BCF-tests (exposition via the water) are mainly carried out according to OECD
TG 305 (OECD, 2012) as flow-through tests using fishes.

Bioconcentration studies estimate the increase of the test item concentration in the whole
organism or specific tissues of the test animal in relation to the concentration of the test item in
the surrounding media. During exposure, the concentration of the test item in the test system
should not vary more than + 20 % from the average concentration measured over the exposition
phase.

Bioaccumulation studies with manufactured nanomaterials (MNMs) are difficult to carry out due
to the lack of suitable test systems that allow a permanent and constant exposure to the test
item. In contrast to organic compounds, the behaviour of MNMs in the environment and
biological media is mainly influenced by processes like (hetero-) aggregation, sedimentation,
adsorption of other compounds, adhesion to surfaces, transformation and dissolution of the
MNMs. Those processes are caused by the characteristics of the particles (size, geometry, surface
properties) as well as by the environmental conditions (e.g. pH-value, salinity, content of total
organic carbon).

There are currently no test systems available that allow a constant exposure to MNMs.
Biomagnification studies (exposition by the food) according to OECD 305 (OECD, 2012) could be
an alternative, but the unrealistic exposure scenario (commercial carp or trout food enriched
with the test item) may cause artificial results.

Due to the MNMs’ property to sediment, depending on their density and agglomeration
processes, they will be mainly present at the bottom of the aquatic ecosystem and less in the
water phase. Therefore, it may be expected that the MNMs are primarily taken up by benthic
species (Voelker et al,, 2015). Therefore, it is important to look for MNM’s impact on organisms
that live on or in the sediment. At the Horizontal meeting in Berlin, 2013, it was recognized that
there is a lack of information about the impact of MNMs on such organisms including filter
feeders (OECD, 2014).

In North America the fresh water amphipod Hyalella azteca (H.a.) has been established as
standard test organism for aquatic toxicity tests. Due to its special kind of feeding by grazing on
the sediment surface, H.a. could be a suitable test organism for test items which tend to
accumulate in the sediment (Othman and Pascoe, 2001). H.a. has been successfully used in
studies on metal uptake and bioaccumulation (e.g. Kiihr et al., 2018; Shuhaimi-Othman and
Pascoe, 2007; Borgmann, 1998; Ball, Borgmann and Dixon, 2006; Norwood, Borgmann and
Dixon, 2007; Alves, Borgmann and Dixon, 2009).

Mussels are able to live in high densities on the ground of aquatic systems if suitable sediments
are available. They filtrate high amounts of water through their gill system to gain oxygen and to
extract plankton which represents an important part of their diet. Different studies have shown
that mussels are able to ingest and to incorporate MNMs suspended in water (Ward and Kach,
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2009; Hull et al,, 2011; Conway et al., 2014). Cilia filtrate the particles from the water and
transport them, attached to mucus, to the mouth (Amler, Fischer and Rogalla, 2000). For soluble
compounds such as AgNPs, the uptake of dissolved material from the surrounding media and the
uptake of particulate matter cannot be differentiated by this kind of uptake pathway. Therefore,
using filtering mussels as test organism only allows to investigate the overall accumulation of
test material. Only the less specific bioaccumulation factor (BAF) reflecting the bioaccumulation
of dissolved and particulate material can be determined. However, analysis of single particle
numbers and total concentration distribution in the soft tissue can provide complementary
information on the bioaccumulation potential of MNMs.

Standardized test methods to investigate the bioaccumulation of substances in mussels are
available, but have been developed and optimized for soluble, non-particulate substances (e.g.
American Society for Testing and Materials, 2003). Therefore, the development of a test system
allowing to apply MNMs at constant exposure concentrations was required.
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2 Objectives of the research project and project realization

2.1 Obijectives of the research project

The aims of this research project were:

a. Development of a suitable test system to determine the bioaccumulation of MNMs using
filtering organisms (Bivalvia)

b. Determination of the bioaccumulation potential of selected MNMs featuring differences
in their major characteristics

c. Estimation of suitable endpoints for bioaccumulation assessment of MNMs

d. Identification of limiting factors for test performance and optimizing the test system and
design

2.2 Project structure

The research project was divided in six parts. In the first part, MNMs featuring specific
characteristics and a suitable test species (freshwater bivalve) were selected. In the second part,
the relevant physical and chemical properties of the selected MNMs were specified. The third
part comprised the measurement and characterization of single particles in the test media using
inductively coupled plasma mass spectroscopy (sp-ICP-MS). The fourth part included the
development, testing and establishment of the new test system allowing constant exposure
conditions. The experimental investigations on the bioaccumulation of the selected MNMs were
carried out in the fifth part. A discussion of the results and recommendations for a specific test
implementation are provided (part six).
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3 Selection of test species and nanomaterials

3.1 Selection of test species and husbandry

The Asian clam Corbicula fluminea (C.f.) and the zebra mussel Dreissena polymorpha were
considered as potential species for bioaccumulation testing. Both species are exotic invaders
commonly found in Germany / Europe. The sampling of Dreissena polymorpha is difficult due to
the increasing abundance of the Quagga mussel Dreissena bugensis which is morphological
difficult to discern from Dreissena polymorpha. Therefore, C.f. (Fig. 1) was selected as test species
used in this project. Animals used in this project were collected from the field, due to their long
reproduction cycle and the high amount of animals required for bioaccumulation testing.

Because of the high demand of test animals required for the studies and pre-tests carried out in
this project, locations for field collection of C.f. were identified based on monitoring data from
the North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection.
Animals used in the studies were collected from the river Niers (47669, Wachtendonk) which
contains a dense population of C.f. Due to the high amount of animals required for
bioaccumulation testing, collected animals were kept in 1.5 m3 microcosms prior to be used in
the experiments. Up to 2,000 mussels were placed in stainless steel baskets within the
microcosms (Fig. 2) with frequent water exchange (every three weeks), aeration and slight
water circulation. Animals were fed with a suspension of fine milled stinging nettle leaves.
Animals could be maintained for at least 12 months under this conditions. Only moderate
mortality was observed. All main studies of this research project were carried out with animals
from the same batch of animals, collected in October 2017. All experimental animals were kept
in the mesocosms for at least 14 days before they were used in the bioaccumulation test. During
this time the mussels could depurate previously accumulated contaminants.

3.2 Selection of nanomaterials

Based on the available literature, four groups of MNMs were differentiated by their major
characteristics.

a) MNMs that release ions

b) MNMs with no ion release

) MNMs that are well dispersible

d) MNMs that are based on organic polymers

For each group one representative compound was selected:
The following MNMs were selected:

a) Zinc oxide nanomaterial NM 110

b) Titanium dioxide nanomaterial NM 105 (TiO:NPs)

) Silver nanomaterial NM 300K (AgNPs). Silver nitrate (AgNO3) was used (fifth test item),
representing the same element in non-nanoparticulate form

d) Polystyrene nanoparticle Fluoro-Max™ (nPS)
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Figure 1: Corbicula fluminea

Source: Fraunhofer IME

Figure 2: Husbandry of Corbicula fluminea in a mesocosm
| — T —

Source: Fraunhofer IME
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4 Nanomaterials: Elucidation of physical and chemical
properties

Different tests were carried out to determine the key chemical and physical properties of the test
items which are essential to be considered to ensure the preparation of stable stock solutions or
suspensions for bioaccumulation testing.

4.1 Zinc oxide nanomaterial NM 110

4.1.1 Solubility test

4.1.1.1 Test design

A solubility test for the zinc oxide nanomaterial NM 110 was carried out to elucidate the
solubility of the compound in the test media (copper-reduced tap water). Glass products like
Erlenmeyer flasks or glass beakers were cleaned with high purity grade acids (aqua regia)
before usage in the test to avoid distortion of the analytical measurements by contamination.
The acid treatment was supplied overnight, followed by rinses with nitric acid (HNO3) and ultra-
high quality water (UHQ). Stock suspensions with two different concentrations, separated by
factor 10, were produced by adding weighed aliquots of NM 110 to copper reduced tap water.
The suspensions were transferred into Erlenmeyer flasks and shaken at 100 rpm by a shaking
device. Media samples were taken at the start (day d0) and at the following three days (d1-d3,
Tab. 1). Zinc was measured as equivalent to zinc oxide (Zn0). Samples for the determination of
the total zinc content were acidified using high purity grade HNO3 to guarantee that the whole
zinc oxide was dissolved. Additional samples were taken and transferred into Sartorius Viva
Spin® ultrafiltration units with a pore size of 3,000 Dalton. Samples were centrifuged at

3,500 rpm (2851 x g) for 60 minutes. The filtrates were acidified with HNOs. The supernatant
was rinsed with aqua regia to allow the quantification of the non-dissolved / particulate ZnO. An
additional sample was handled in an analogous way, whereby the supernatant was rinsed with
copper reduced tap water. The obtained sample was not acidified to allow sp-ICP-MS
measurements. In addition, samples for the sp-ICP-MS measurements were taken directly from
the Erlenmeyer flask.

4.1.1.2 Analytics

The measurement of the total Zn concentration was carried out using an Agilent 8900 Triple
Quadrupole ICP-MS (ICP-QQQ-MS). Calibration solutions were prepared in the range of 1, 5, 10,
25 and 50 pg/L using certified standard solutions diluted in HNO3 (10 %). To avoid interference,
the isotope ¢4Zn was measured in the reaction mode with helium in addition to the no-gas mode.
A certified water reference material was measured as quality control sample as well as
duplicated calibration solution samples for evaluation of validity of the measurement. Additional
blank samples were measured between samples to detect a possible carryover within the
system. Additional rinses of the measurement system with hydrochloric acid (3 %) and nitric
acid (10 %) were necessary to minimize the carryover. For the sp-ICP-MS measurements, the
isotope ¢4Zn was selected and measured in the helium mode.

30



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

Table 1: Samplings zinc solubility test

Samplings [ml]

do 20 Total concentration
measurement
15 Single-Particle
15 Viva Spin sample water
15 Viva Spin sample aqua regia
dl 20 Total concentration
measurement
15 Single-Particle
15 Viva Spin sample water
15 Viva Spin sample aqua regia
d2 20 Total concentration
measurement
15 Single-Particle
15 Viva Spin sample water
15 Viva Spin sample aqua regia
d3 20 Total concentration
measurement
15 Single-Particle
15 Viva Spin sample water
15 Viva Spin sample aqua regia

4.1.1.3 Mass balance

The total amount of zinc in the Erlenmeyer flasks was measured at test start to allow the
establishment of a mass balance. The amount of zinc that was removed from the Erlenmeyer
flask by the daily samplings was calculated (Tab. 1 & 2). The remaining suspension in the
Erlenmeyer flasks after the last sampling was filled up to 250 ml using aqua regia. The solution
was shaken to dissolve potentially adhered zinc oxide from the glass. After that samples were
taken for determination of total zinc concentrations. A mass balance for zinc measured in the
test system during the solubility test was calculated.
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Table 2:

Total concentrations zinc solubility test in copper reduced tap water

Test day

do

d1i

d2

d3

4.1.1.4 Results

Concentration 1 [mg/L]

1,395.62
753.76
643.30

640.76

Concentration 2 [mg/L]

135.09

100.07

92.46

76.20

Initial concentrations of total zinc with 1,395.62 mg/L and 135.09 mg/L (for Conc. 1 and 2) were
determined (Tab. 2). The percentage of dissolved, non-particulate zinc (measured concentration
of the filtrate) in relation to the total Zn concentration increased from 17 % (Conc. 1) and 51 %
(Conc. 2) at d0 to 75 % and 76 % at d3 (Tab. 3). The mass balance shows that the recovery has
been acceptable: approx. 101 % for Conc. 1 and approx. 110 % for Conc. 2 (Tab. 4). Already at dO
no particles were detected in the supernatant or samples taken directly from the Erlenmeyer
flasks for sp-ICP-MS analysis. However, a very high background of dissolved zinc was detected,
comparable to the results of previous investigations.

Table 3: Total, solved and non-solved part of zinc in the ZnO solubility test in copper
reduced tap water
Conc.1 | Total Total Conc. of Percentage of Conc. of Conc. of Superna | Superna
conc. in conc. in dissolved | dissolved ZnO non-solved non-solved | tant + tant +
water water Zn0 of the total ZnO | ZnO Zn0 Filtrate Filtrate
(mg/L) (%) (mg/L) (% ) to total (mg/L) (%) to total | total (%) to
(solved) | total
(mg/L)
do 1,395.62 100.00 243.20 17.43 654.54 72.91 897.74 64.33
d1 753.76 54.01 329.66 54.22 278.34 45.78 608.00 80.66
d2 643.30 46.09 337.26 73.19 123.56 26.81 460.82 71.63
d3 640.76 45.91 381.82 75.35 124.92 24.65 506.74 79.08
Conc.2 | Total Total Conc. of Percentage of Conc. of Conc. of Superna | Superna
conc. in conc. in dissolved dissolved ZnO non-solved non-solved | tant+ tant +
water water Zn0 of the total ZnO | ZnO Zn0 Filtrate Filtrate
(mg/L) (%) (mg/L) (% ) to total (mg/L) (%) to total | total (%) to
(solved) | total
(mg/L)
do 135.09 100.00 69.41 51.38 60.48 44.77 129.89 96.15
di 100.07 74.08 71.64 71.58 30.25 30.22 101.88 101.81
d2 92.46 68.44 54.45 58.89 8.56 9.25 63.00 68.14
d3 76.20 56.41 58.13 76.29 2.27 2.97 60.40 79.26

32




TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms

(Bivalvia) — Final report

Table 4: Mass balance of the ZnO solubility test

Concentration 1: 1,395.62 mg/L

Initial mass after measurement d0 (mg)

Reduction of the initial mass due to loss by the daily
samplings for the concentration measurement (mg)

Residual mass of the initial amount after the daily
samplings (mg)
Balance (mg)

Recovery (%)

4.1.1.5 Conclusion

348.91
(100%)

177.84
(51.0%)

175.12
(50.2%)

4.05
(1.2%)

101.2

Concentration 2: 135.09 mg/L

Inital mass after measurement dO
(mg)

Reduction by samplings (mg)
Reduction remaining mass from
remaining volume (mg)

Balance (mg)

33.77
(100%)

20.25
(60.0%)

16.71
(49.5%)

-3.19
(9.5%)

109.5

The high solubility of the NM 110 NPs in copper reduced tap water would require the usage of
very high NM 110 concentrations to reach representative amounts of particulate nano ZnO in
the test media. These high concentrations may induce toxicity effects caused by dissolved Zn,
which may not be distinguished from those induced by the NPs.

Furthermore, the use of ZnO as test item is challenging due to high carryover effects observed

between the measurements of single samples in the analytical system during the analytical

procedure as well as the adherence of the material to glass ware. Those effects may also appear
during the exposure phase of bioaccumulation studies and may induce artefacts with respect to
the determination of the bioaccumulation potential of NM 110 (ZnO).

In consultation with the UBA project coordinators NM 110 was excluded from the list of

suggested test items. Therefore, only silver nanoparticle NM 300K was tested as representative
of the ion releasing group of MNMs (Group a). Investigations on tissue distribution of silver and

titanium concentrations in C.f. exposed to the NPs were carried out as replacement for the

cancelled studies with NM 110.
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4.2 Titanium dioxide NM 105

4.2.1 Stability test (I) NM 105 - in test media

4.2.1.1 Test design

The used glassware was cleaned before test start as described above (Part 4.1.1). Two stock
suspensions with concentrations separated by factor 10 were produced by adding weighed
aliquots of NM 105 to UHQ water. The stock suspensions were added to copper reduced tap
water and sonicated to gain the test suspensions. Each test suspension was transferred into two
glass beakers (1,000 mL). The glass beakers were used for a stirred and non-stirred test,
respectively. The stirred suspension was continuously stirred by a magnet stirrer at 300 rpm.
Samples of 20 ml were taken at the onset of the stability test (d0) and at the following five days
d1-d5. Titanium was measured as equivalent to titanium oxide (TiO). The sampling procedure
and the sampling position in the test system was identical for both tests (stirred and non-
stirred) and all sampling days.

4.2.1.2 Analytics

A MLS Ultra Clave microwave was used for hydrofluoric acid digestion of the samples to ensure
that the whole TiO; was solved. The digestion was carried out at 220°C and 95 bar, using HNO3
(69 %) and hydrofluoric acid (HF) (40 %) at a ratio of 4:1. Boric acid (4 %) was used to dilute
the solution and to complex non-reacted HF before the solution was analyzed for its total
amount of titanium. The measurement of the titanium concentration was carried out by
inductively coupled plasma optical emission spectrometry (ICP-OES) using an Agilent 720 ICP-
OES. Calibration solutions were produced in the range of 1, 2.5, 5, 7.5, 10, 25, 50, 75 100 and 250
pg/L prepared by dilution of a certified titanium standard solution in nitric acid (10 %). A
certified reference water sample was measured as well as duplicated calibration solutions to
control the quality of the measurement process. Measurements were carried out at the
wavelengths 307.52, 308.8, 323.45, 334.94 and 338.38 nm.

Table 5: Total Ti concentrations during the NM 105 stability test (1)
Sampling day | Concentration 1 | Concentration 1 Concentration 2 | Concentration 2

stirred (pg/L) non-stirred (pg/L) | stirred (ug/L) non-stirred (pg/L)
do 368.92 365.64 36.89 21.98
dl 19.85 168.13 20.40 9.79
d2 14.80 136.89 31.74 7.18
d3 364.51 89.31 25.83 10.44
d4 519.66 72.10 33.78 5.53
d5 247.91 68.74 17.39 10.73
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4.2.1.3 Results

The detectable concentrations of titanium decreased strongly within the first 24 h, whereby the
trend of decreasing concentrations weakened during the experimental period and seemed to
stabilize at low concentration levels. The trend of concentration changes observed for the stirred
suspensions was less clear: A measured concentration decreased over a period of 48 hours but
then increased after additional 24 and 48 hours to levels higher than the initial start
concentration (Fig. 3 & 4, Tab. 5).

Figure 3: TiO; concentrations during the 0.1 mg TiO,/L stability test
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Figure 4: TiO; concentrations during the 1 mg TiO,/L stability test
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4.2.1.4 Conclusion

In both assays only about 40 % of the used TiO could be recovered directly after preparation of
the suspension, whereby the concentration ratio of the measured concentrations was the same
as that of the target concentrations. To reveal errors from the weighing process or losses from
sorption or strong sedimentation processes, defined quantities of NM 105 were weighed directly
in the Teflon reaction vials for the HF digestion. Also in this case only 40 % could be recovered.
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Over all assays and independent of the concentrations applied, a trend to decreasing
concentrations could be observed over time in the test systems. This general trend can be
explained by the sedimentation of the NM 105 particles. For the stirred assays less visible trends
with even higher concentrations in comparison to the initial concentrations were observed. The
stirring process may have induced or supported the agglomeration of the nanoparticles. This
may explain the high variance of the test media concentrations due to a heterogeneous
distribution of the NPs.

4.2.2 Stability test (Il) NM 105 - in test media and ultra-pure water
4.2.2.1 Test design

Another stability test was carried out with NM 105 to elucidate the impact of the dilution
medium on the stability of NM 105 stock suspensions. The same test design was used as
described above (Part 4.2.1.1). However, no stirring was carried out and an additional assay
using UHQ water instead of copper reduced water was added.

Due to the fact that a trend towards stable concentrations (equilibration) was observed after
72 h in the former stability test, the sampling process started after 72 h of incubation. Further
samples were then taken every 24 h up to a total of 144 h.

Figure 5: TiO; concentrations during stability test (I1): 0.1 mg/L in UHQ and tap water
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Figure 6: TiO; concentrations during stability test (I1): 1 mg/L in UHQ and tap water
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4.2.2.2 Analytics

The samples were measured directly after sample collection without any processing or chemical
digestion. The measurements were carried out as described above (Part 4.2.1.2).

4.2.2.3 Results

Stable concentrations (equilibrium) were observed in both assays (UHQ and copper reduced tap
water) from 72 h up to 144 h (Fig. 5 & 6). The equilibrated concentrations (around 100 and

800 pg TiOz/L for 0.1 and 1.00 mg TiO2/L target concentrations (nominal)) of the UHQ water
assay were higher than those of the copper reduced tap water assays (around 60 and 600 ug
TiO2/L).

4.2.2.4 Conclusion

In comparison to copper reduced tap water, the UHQ water seems to be the more suitable
medium for the preparation of NM 105 stock suspensions, due to the higher concentration level
measured in the equilibrated NM suspensions. The lower stability of the NM 105 suspension in
copper reduced tap water may be caused by the higher ionic strength. This may counteract the
stabilizing effect of the repulsive forces between the NM 105 NPs leading to agglomeration and
increased sedimentation in the test system.

Alower recovery was also observed for the higher concentration tested in UHQ water (around
80 vs 100%). This effect may also be explained by the higher rate of agglomeration which may
be supported by the increased particle numbers of NPs at the higher concentration. A
comparable effect was not observed in the copper reduced tap water assay. At both
concentrations the recovery level was at around 60 %. Nevertheless, the recovery was still
higher than that of the method using HF-digestion (40 %) described above.

Based on this results, we decided to generate the NM 105 stock suspensions (using UHQ water),
required for the flow-through studies, which were allowed to equilibrate for at least 72 h before
usage. The working suspension was obtained by decantation of the equilibrated stock
suspension.
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4.3 Silver nitrate, AgNOs

4.3.1 Stability test

4.3.1.1 Test design

The used glassware was cleaned before test start as described above (Part 4.1.1.1). Weighed
aliquots of silver nitrate (AgNO3z, = 99 %, Ph.Eur. reinst, Carl Roth®) were dissolved in copper
reduced tap water to generate two solutions with concentrations separated by factor 10. The
solutions were stirred in amber glass bottles at 300 rpm using a magnetic stirrer. For each
concentration a stirred and non-stirred assay was carried out. The solutions were transferred
into glass beakers, covered with aluminium foil to avoid exposure to light. Samples were taken at
the test start (d0) and every 24 hours until d5. Samples were stabilized by adding 200 pl
concentrated HNO3 (68 %, supra pure) and stored protected from light.

4.3.1.2 Analytics

The measurement of total Ag concentrations was carried out by inductively coupled plasma
mass spectroscopy using an Agilent 7700 ICP-Q-MS. Ag solutions with concentrations of 0.1,
0.25,0.5,1,25,5,7.5,10, 25,50, 75 and 100 pg/L were prepared for the calibration by diluting a
certified Ag stock solution with HNO3 (10 %). Samples were also diluted with HNO3 (10 %) in
the ratio 1:10 or 1:2 before measurement. To avoid interferences during the measurement, the
isotopes 197Ag and 109Ag were measured in the no-gas mode and two additional collision modes
with helium. A reference water was measured as well as duplicated calibration solutions to
control the quality of the measurement process.

4.3.1.3 Results

A slight trend to decreasing Ag concentrations was observed over the test period (Tab. 6). The
non-stirred and stirred assays with the high concentration showed only small deviation from the
initial concentration with 2 % and 6 % respectively. A higher deviation was observed for the
lower test concentrations (about 23 % for 49.15 pg Ag/L and about 15 % for 49.04 ug Ag/L).

Table 6: Total concentrations of Ag during the AgNOs stability test in copper reduced tap
water
Sampling day | Concentration 1 | Concentration 1 Concentration 2 | Concentration 2

stirred (pg/L) non-stirred (pg/L) | stirred (pg/L) non-stirred (pg/L)
do 520.84 525.37 49.04 49.15
di 512.40 515.80 43.77 44.04
d2 516.45 540.30 42.82 43.25
d3 508.75 515.15 42.68 41.44
d4 503.47 523.18 42.99 41.19
d5 490.76 516.92 41.61 37.80
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4.3.1.4 Conclusion

The assays with the higher concentrations seemed to be more stable than those with a 10 times
lower concentration. The observed decrease of the Ag concentrations may have been caused by
minimal precipitation of Ag*- ions (Ag*) as silver chloride (AgCl) or silver carbonate (AgCOs3) or
by the reduction of Ag* to Ag(s) and may explain the greater deviations from the initial
concentrations observed in those assays.

Therefore, the higher concentrated solutions were selected for the performance of the
bioaccumulation studies.
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4.4 Silver NM 300K

4.4.1 Stability test

44.1.1 Testdesign

The used glassware was cleaned before the test start as described above (Part 4.1.1.1). Fresh
material of NM 300K was filled up to 10 ml using UHQ water and sonicated to obtain a stock
solution. Aliquots of the stock solution were taken to generate working suspensions of two
concentrations divided by factor 10. The stock solution was added to copper reduced water in
glass beakers and directly stirred to generate the working suspension. For each concentration a
stirred and non-stirred assay was tested. A sample of each assay was taken directly (d0) to
determine the initial concentration of Ag. Further samples were taken every 24 hours until d5.
Samples were stabilized by adding 200 pl concentrated HNO3 (68%, supra pure) and stored
protected from light.

4.4.1.2 Analytics

The measurement of total concentrations of Ag was carried out by inductively coupled plasma
mass spectrometry as described above (Part 4.3.1.2).

4.4.1.3 Results

The target concentrations were not reached in all assays. The measured concentrations were
separated by nearly factor 2 and not 10 (Tab. 7), as targeted. In all assays a small trend to
decreasing concentrations was observed over the test period. The highest deviation (16 %) was
found in the non-stirred assays with the higher initial concentration (109.97 pug Ag/L). A smaller
deviation (5 %) of the measured concentrations over the test period in relation to the initial
concentration was observed in the stirred assay with the higher concentration (95.40 pug Ag/L).
This deviation was comparable to those in the lower concentrated stirred assay (4.5 %).
Whereas the lower concentrated non-stirred assay showed a higher deviation (8 %).

Table 7: Total Ag concentrations during the NM 300K stability test in copper reduced tap
water
Sampling day | Concentration1 | Concentration 1 Concentration 2 | Concentration 2
stirred (pg/L) non-stirred (ug/L) | stirred (ng/L) non-stirred (ug/L)
do 95.40 109.97 58.87 57.93
d1i 93.51 96.26 56.17 57.01
d2 93.59 93.26 57.12 55.96
d3 96.06 92.14 58.33 56.43
da 90.42 92.84 56.91 53.28
d5 92.25 107.37 56.42 54.64
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4.4.1.4 Conclusion

The NM 300K suspension seemed to be stable with respect to the selected test concentrations.
Deviations between the concentrations and the different treatments (stirring or non-stirring)
were negligible.

4.4.2 Solubility test

4.4.2.1 Testdesign

The potential of NM 300K NPs to release ions was investigated in a solubility test. Samples were
also taken from the assays of the previously described stability test. Samplings were carried out
every 24 hours from dO until d5. Media samples from the NM 300K assays of the stability tests
were transferred directly in Sartorius Viva Spin® ultrafiltration units with a pore size of 3,000
Dalton and handled as described above (Part 4.1.1.1). Filtrates were stabilized by adding 200 pL
concentrated HNO3 (68 %, supra pure) and stored protected from light.

4.4.2.2 Analytics

The measurements of the total Ag content in the media samples were carried out as described in
Part4.4.1.2.

4.4.2.3 Results

The measured concentrations in the filtrates of the higher concentrations were within the same
range. In the stirred assay with the higher concentration around 22.4 % of the Ag was present as
dissolved Ag, the percentage of dissolved Ag in the non-stirred assay was comparable with 19.8
% (Tab. 8). The percentage of dissolved Ag was lower in the assays with lower Ag concentrations
(3.9 % stirred, 3.2 % non-stirred). During the test period a trend to increasing percentages of
dissolved Ag was observed.

Table 8: Total Ag concentrations in the filtrate of the NM 300K solubility test in copper
reduced tap water

Sampling | Concentration 1 Concentration 1 Concentration 2 Concentration 2

day stirred (pg/L) non-stirred (pg/L) stirred (ug/L) non-stirred (pg/L)
do 21.45 18.25 2.38 1.63
dl 20.31 20.23 1.73 1.53
d2 20.97 19.26 1.77 1.51
d3 20.17 19.15 2.37 1.41
da 21.21 19.68 2.43 1.75
d5 21.78 19.86 2.86 2.78

@ solved 22.4 19.8 3.9 3.2

part [%]
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4.4.2.4 Conclusion

The MNM NM 300K meets the criteria to be used as an ion-releasing MNM without showing too
high dissolution rates. The recommended exchange rate for the working suspensions used in the
bioaccumulation studies was estimated to be between every 24 to 120 hours to allow
bioaccumulation of Ag following ingestion of AgNPs.
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4.5 Polystyrene nanoparticles

4.5.1 Stability test

4.5.1.1 Test design

A test suspension was generated having a target concentration of 5 mg nPS/L. Green fluorescent
Fluoro-Max™ nPS stock solution was added to an equivalent amount of copper reduced tap
water in a glass beaker. Samples were taken at the start (0 h), after 12 h and 24 h.

4.5.1.2 Analytics

The measurement of the fluorescence in the test suspension was carried out using a
fluorescence light detector coupled to an asymmetrical flow field-flow fractionation system also
coupled to multi-angle laser light scattering (AF4-FLD-MALLS). The system was calibrated by
measurement of nPS suspensions of different concentrations and a calibration function was
established. Quantification of nPS in media samples was performed on the basis of estimated
peak areas (Fig. 7)

4.5.1.3 Results

The measured initial concentration of the stability test was 4.1 mg nPS/L. The concentration
decreased to 3.8 mg nPS/L after 12 h, and remained stable within the next 12 h (Tab. 9, Fig. 7).

Table 9: Calculated nPS concentrations of the test media in the nPS stability test
Duration of the | Calculated concentration nPS
test [h] [mg/L]
0 4.1
12 3.8
24 3.8
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Figure 7: AF4-FLD-fractogram of samples at different sampling times: Fluorescence intensity
during the nPS stability test
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4.5.1.4 Conclusion

The nPS suspension showed to be stable over a period of 24 hours. A target concentration of
5 mg nPS/L led to detectable concentrations also after 24 hours of incubation. Therefore, the
following studies were carried out with concentrations of at least 5 mg nPS/L to ensure
detectable concentrations.

44



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

5 Establishment of the new test system

5.1 Description of the flow-through system

A flow-through system was developed to allow continuous exposure of MNMs containing test
media at constant concentrations. The new test system was designed to comply with specific
requirements caused by the properties of the MNMs. On the one hand the system allows a wide
range of adjustments (e.g. aeration, intensity of stirring or the flow rate) to make testing of test
items with different properties possible. On the other hand the system was designed to be easy
to handle and to clean. The use of glass and stainless steel (V4A) parts allows to clean the
experimental units with strong acids.

The central part of the new test system is a zuger glass jar with a volume of 8 L used as test
vessel. Within this vessel a V4A rack allows to place up to 170 bivalves (in a size of 2 - 2.5 cm) on
perforated shelves. The test system includes an adjustable aeration as well as a stirrer with
adjustable spin rates from 2 to 40 rpm. Test media (nanomaterial suspension) and food
suspension are applied into a mixing vessel using peristaltic pumps (IPC High Precision
Multichannel Despenser, ISMATEC®) and further diluted with copper reduced tap water
supplied by a membrane pump (gamma / X, ProMinent®) that delivers copper reduced tap water
to the mixing vessel to produce the test media. The test medium is supplied into the zuger glass
jar by TYGON® tubes (E-3603, TYGON®). The whole system allows a flowrate from < 0.5 L/h (or
static conditions) to > 20 L/h. The test media leave the test system at the bottom of the zuger
glass jar by an overflow pipe (Fig. 8 - 10).

Figure 8: Schematic presentation of the bivalvia flow-through system
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Figure 9: Bivalvia flow-through system
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Figure 10: Corbicula fluminea on steel grids

Source: Fraunhofer IME
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5.2 Feeding study

5.2.1 Study design

A feeding study lasting 192 hours was carried out to identify a suitable experimental diet for
bioaccumulation studies. Five treatments were tested: Spirulina spec. (SP), grounded stinging
nettle (SN), grounded plant based fish food tablets (FFT) (www.ms-tierbedarf.de), a
combination of ground stinging nettle and fish food tablets (SN+FFT), were compared with a no
food treatment (/). The test system was running for 24 h before the test started to allow
equilibration of experimental conditions.

For the feeding study flow-through units (one unit / treatment) were stocked with 50 animals
which were pre-conditioned in microcosms for several weeks. Prior to the study the animals
were brushed and transferred into a clean microcosm without any food source to allow
defecation. After 24 h the cleaning procedure was repeated, animals were transferred into a
second microcosm for defecation. Before the animals were transferred into the test vessels, their
length was measured and their valves were dried using paper towels before the animal’s weight
was determined. During the feeding study the test systems were set to a flow rate of 4 L/h,
whereby each litre of test media contained 16 ml of a food suspension (equivalent to 400 mg dry
mass/L). Temperature, dissolved oxygen as well as the pH were measured daily. Measurements
of ammonia, nitrite and nitrate were carried out at the start and end of the test. During the
feeding study the valve opening and filtration activity were observed. At the end of the feeding
study, the animal valves were cleaned and dried, and each animal was weighed again.

5.2.2 Results

The average weight of the animals used in the dietary test was 6.68 g (+ 0.79), their average
length was estimated to be 26.84 mm (* 1.23) (anterior-posterior) and 17.07 mm (* 0.77)
(ventral-dorsal). The temperature in the single treatments units ranged from 17.7 to 19.0 °C
over all test vessels. The pH values ranged from 7.5 to 7.9. The average oxygen level and
saturation ranged from 8.2 mg/l and 93 % in the SP and FFT treatments to 97 % in the “no food”
treatment (/), which also showed the best water chemical parameters whereas the SP treatment
showed the lowest water quality as shown in Tab. 10. 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 animals in the no food treatment showed very low filtration
activity. The strongest pollution of the test vessels caused by e.g. (pseudo) feces or biofilms
appeared in the SP treatment, whereas nearly no pollution was detectable in the no food
treatment (Tab. 10, Fig. 11).

5.2.3 Conclusion

During the feeding study ground stinging nettle (SN treatment) showed, apart from the no food
treatment (/), the lowest water burden with respect to ammonia, nitrite and nitrate
concentration. Good oxygen saturation levels and moderate pH values in this treatment resulted
in the lowest mortality rate (4 %) over 192 h of all treatments. However, it is not clear if the
higher mortality rates were induced by the different food sources or by the impaired water
quality. Considering the fact that in comparison to the other food sources less pollution was
observed in the test vessels like feces or biofilms, grounded stinging nettle appeared to be the
best food source of the tested treatments. Generally, the amount of food should be supplied on a
very low level to avoid sorption processes of the NPs to the food, but still high enough to allow
sufficient nutrient uptake during the bioaccumulation studies.

47



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms

(Bivalvia) — Final report

Table 10: Endpoints of the feeding study. Water parameters after 192 h
Treatment Ammonium | Nitrate | Nitrite Oxygen | Oxygen | pH Mortality
[mg/L] [mg/L] | [mg/L] | [mg/L] | [%] [%]

No food 0.2 7 0.11 8.5 96.7 7.81 8
Spirulina 0.9 8 0.37 8.2 93.0 7.68 10

Fish food tablet 0.7 7 0.26 8.2 92.7 7.65 6
Stinging nettle 0.6 7 0.22 8.3 94.7 7.73 4
Fish food tablet 0.8 8 0.24 8.3 95.4 7.76 8

+ stinging nettle

Figure 11:

Bivalvia test system during the feeding study, top-left: Spirulina, top-right:

stinging-nettle powder, bottom-left: fish food tablet, bottom-right: no food
. - i

Source: Fraunhofer IME
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6 Investigations on the bioaccumulation of the selected
nanomaterials

6.1 Preliminary studies

Preliminary tests were carried out to determine optimized conditions for the performance of
bioaccumulation studies. Key parameters such as concentration levels, amount of food, flow
rates, duration of the exposure phase and the animal’s behaviour during the test period were
considered.

6.1.1 Preliminary study AgNO;

6.1.1.1 Study design

A solution of AgNO3 was tested to estimate the optimal test concentration. The test system was
used as described above (Part 5.2). The AgNOs stock solution of 833 pg Ag/L was renewed every
48 hours and stirred at 300 rpm. The food stock suspension was renewed every 24 hours. Stock
solution and food suspension were transferred into a mixing chamber where they were diluted
with copper reduced tap water. The medium in the mixing chamber was stirred at 300 rpm and
finally rinsed through TYGON® tubes (E-3603, TYGON®) into the zuger glass. A flow rate of 1 L/h
was used. The system was aerated continuously and was allowed to equilibrate prior to the start
of the experiment. The animals were added to the systems after three sequential samples (taken
in intervals not less than 3 h), to prove that concentrations did not vary more than 20 % from
each other. The test started (0 h) when the mussels were placed in the zuger glass. Samples of
the animals were taken as specified in the sampling scheme (Tab. 11). The collection of
duplicated samples of animals was combined with a media sampling (triplicates). The media
samples were stabilized by addition of 200 pL conc. HNOs as described above. The duration of
the uptake phase was 72 hours, after that time the remaining mussels were taken from the test
system, rinsed with tap water and transferred into a new clean test system running under the
same conditions but without test medium. During the depuration phase animals were sampled
as described in the sampling scheme (Tab. 11). Test medium remaining in the bivalves was
removed after the shells were opened and each animal was rinsed two times in two water bowls
containing clean tap water. After that the soft tissue was removed from the shells using clean
disposable scalpels. The soft tissues were blotted using lint free lab towels, weighed and stored
at -20 °C until chemical analysis. For the measurement of the total Ag content the animals were
weighed again and transferred to quartz glass vials for the microwave digestion using HNOs.

5 ml of concentrated HNO3z were added to the samples following vortexing for a few seconds
before the samples were digested at 220 °C, 95 bar for 1 hour using a MLS ULTRA Clave
microwave. The resulting solution was filled up to 15 ml using UHQ water and measured as
described in Part 4.3.

6.1.1.2 Results

The media concentration decreased slowly during the uptake phase from initial 8.85 pg Ag/L at
0 hto 5.29 ug Ag/L at 72 h. The tissue concentration increased from 0.12 mg Ag/kg (fresh
weight based) at 2 h to 0.22 mg Ag/kg at the end of the uptake phase (72 h). The tissue
concentration decreased during the depuration phase to 0.09 - 0.11 mg Ag/kg after 168 and
192 h (based on the whole test duration) (Tab. 12, Fig. 12 & 13). The calculated time weighted
average concentration (TWA) of the media was 6.18 pg Ag/L.
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Table 11: Sampling scheme preliminary study with AgNO3, *end of the uptake phase
Time [h] Animal sampling Media sampling
0 Control 3 x4 animals 3x
2 2 x 2-3 animals 3x
6 2 x 2-3 animals 3x
24 2 x 2-3 animals 3x
48 2 x 2-3 animals 3x
72* 2 x 2-3 animals 3x
74 2 x 2-3 animals 3x
78 2 x 2-3 animals 3x
96 2 x 2-3 animals 3 x
144 2 x 2-3 animals 3x
Table 12: Preliminary study with AgNOs: total Ag concentrations in test media and C.f. tissue,

*end of the uptake phase

Time [h] Media concentration Tissue concentration
(g Ag/L] [mg Ag/kgl

0 8.85 0.23
2 9.20 0.12
6 8.26 0.09
24 6.57 0.18
48 6.18 0.21
72* 5.29 0.22
74 0.23
78 0.18
96 0.13
120 0.14
144 0.09
168 0.09
192 0.11
TWA 6.18
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Figure 12: Preliminary study with AgNOs: total Ag concentrations in test media
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Figure 13: Preliminary study with AgNOs: total Ag concentrations in C.f. tissue
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Source: own diagram, Fraunhofer IME

6.1.1.3 Evaluation

During the test period a slight increase of chloride was detected in the copper reduced tap water,
which may explain the trend of decreasing Ag* concentrations in the test media during the
uptake phase by precipitation of silver chloride in the mixing chamber (Fig. 12). The increase of
the Ag concentration in the soft body from 0.12 mg Ag/kg to 0.22 mg Ag/kg could be explained
by the accumulation of dissolved Ag from the test media. Due to the fact that the concentration
was still increasing at 72 h, it can be assumed that the concentration equilibration, and thus the
steady state was not reached. The Ag content in the soft tissue of the mussels decreased during
the depuration phase until it reached a level of (0.09 mg Ag/kg) which was comparable to the
test start (Fig. 13). Considering a steady state concentration of 0.22 - 0.25 mg Ag/kg (72 h), the
calculated TWA of 6.18 pg Ag/L would result in a BAF value of 37.2 - 42.
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6.1.2 Preliminary study NM 300K

6.1.2.1 Study design

A suspension of NM 300K was tested in a preliminary test carried out as described above for
AgNO;3 (Chapter 6.1.1). The NM 300K stock suspension was generated as described in part 4.4.1
and renewed every 48 hours. Samplings of the animals were taken as described in the sampling
scheme (Tab. 11). Samplings and measurements were carried out as described for the
preliminary test with AgNO3 (Chapter 6.1.1).

6.1.2.2 Results

The test media concentration decreased slowly over the uptake phase from 5.42 pg Ag/Lat0h
to 4.41 pg Ag/L at 72 h. The tissue concentration increased slightly from 0.15 mg Ag/kg (fresh
weight based) after 2 h to 0.19 mg Ag/kg at the end of the uptake phase (72 h) (Tab.13, Fig. 14 &
15). The Ag concentration in the soft tissue decreased during the depuration phase to 0.16 pmg
Ag/kg. The calculated TWA was 4.73 pug Ag/L.

Table 13: Preliminary study with NM 300K: total Ag concentrations in test media and C.f.
tissue, *end of the uptake phase
Time [h] Media concentration Tissue concentration
[ng Ag/L] [mg Ag/kgl

0 5.42 0.23
2 5.59 0.15
6 5.17 0.20
24 4.99 0.20
48 4.71 0.18
72* 4.41 0.19
74 0.27
78 0.22
96 0.20
120 0.14
144 0.16
TWA 4.73
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Figure 14: Preliminary study with NM 300K: total Ag concentrations in test media
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Figure 15: Preliminary study with NM 300K: total Ag concentrations in C.f. tissue
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6.1.2.3 Evaluation

It can be only speculated why decreasing media concentrations occurred during the uptake. It is
assumed that decreasing concentrations resulted due to sorption of AgNPs to the algae
suspended in the test media that were replaced as food source in following studies due to the
results of the dietary test that was carried out after the preliminary study.

The increase of the Ag body burden from 0.15 mg Ag/kg to 0.2 mg Ag/kg within 2 to 6 h could be
explained by the accumulation of Ag or AgNPs from the test media. The equilibration of the body
burden at a level of 0.2 mg Ag/kg for the following samples indicates that steady state conditions
were reached. The decreasing Ag content in the soft tissue of the mussels during the depuration
phase reached concentrations at the end of the depuration at the same level at test start. Based
on the calculated TWA of 4.73 ug Ag/L a BAF value of 42.3 was calculated.
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6.1.3 Preliminary study nPS

6.1.3.1 Study design

The preliminary test using nPS was carried out as a semi-static approach due to limited
availability of the test material. Animals were transferred into a glass beaker (1 L) containing
700 ml of test medium, consisting of copper reduced tap water mixed with nPS at a
concentration of 5 mg/L and food in the same range as in the other preliminary tests. Animals
were exposed for 24 h. Samples of the test media were taken at the test start and after 24 hours,
animals and feces were also sampled after 24 hours.

6.1.3.2 Results

The exposed animals showed an increased fluorescence compared to animals in the husbandry
or in the other preliminary tests, with respect to their filtration behaviour. The fluorescence
measurement showed a strongly decreased nPS concentration in the test media after 24 hours.
The sampled feces were strongly fluorescent under daylight without special stimulation. In
contrast, no fluorescence was detectable in the animal’s tissue.

6.1.3.3 Evaluation

Media replacement should be carried out at least every 12 hours due to the fact that nearly no
fluorescence was detectable in the media after 24 hours. In addition, samples of feces should be
taken and also measured to elucidate the transfer of nPS in the test system.

6.2 Main studies

6.2.1 Bioaccumulation study AgNOs

6.2.1.1 Study design

The main studies on the bioaccumulation of AgNO3; were carried out as described for the
preliminary tests, whereby some parameters were adjusted to take observations into account
made during the preliminary tests. The number of animals used per test was increased to 170
individuals, to allow triplicated samples at each sampling point consisting of three animals each.
In addition, the length of the uptake phase was extended to 144 hours to ensure that steady state
conditions were reached during the uptake phase. Animals remaining in the test system at the
end of the uptake phase were cleaned and transferred to new, uncontaminated test systems to
investigate the depuration of previously accumulated test material over additional sampling
points (Tab. 14). Two concentrations, separated by factor 10, were tested in two independent
treatments allowing investigations on the concentration dependency of the resulting BAF,
values. The flowrates in the test systems were set to 4 L/h.

6.2.1.2 Results

The measured total Ag concentrations in the test media and C.f. tissue are summarized in the
Tab. 14 & 15 and visualized in Fig. 16 to 21. The calculated TWA concentrations applied in the
first and second study were 0.682 and 7.791 pg Ag/L. The filtration behaviour of the animals
exposed to both concentrations was reduced discernibly, whereby the filtration activity of the
animals at the higher concentration was more reduced compared to the low test concentration.
Within the single test systems homogenous concentrations were measured at different sampling
depths (Fig. 17 & 20). The total Ag concentrations measured in the soft tissue are shown in

Fig. 18 & 21. At the low test concentration (TWA 0.682 pg Ag/L) the media concentration
decreased slightly under 0.6 ug Ag/L within the first 72 hours, after 72 hours the concentration
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ranged from 0.72 to 0.84 pg Ag/L. The total Ag concentrations in the soft tissue increased from
0.06 mg Ag/kg (0 h) to around 0.5 mg Ag/kg after 72 h to 144 h of exposure. The total Ag
concentration in the soft tissue decreased during the following depuration phase to a level of
around 0.25 mg Ag/kg.

Table 14: Bioaccumulation study with AgNOs;— low concentration: total Ag concentrations in
test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration
[ng Ag/L] [mg Ag/kel

Control animals 0.06
2 0.59 0.07
6 0.56 0.12
12 0.56 0.15
24 0.55 0.17
48 0.58 0.30
72 0.55 0.49
96 0.72 0.47
120 0.85 0.51
144* 0.84 0.47
146 0.44
150 0.37
156 0.35
168 0.29
192 0.33
216 0.27
240 0.25
264 0.26
288 0.25
TWA 0.68
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At the higher test concentration (TWA 7.791 pg Ag/L) the media concentration ranged from 7.04
to 8.71 ug Ag/L during the uptake phase. The soft tissue concentration in the animals increased
from 0.06 mg Ag/kg at Oh to 0.24 mg Ag/kg at 24 h and was stable at this level until the end of

the exposure phase (144 h). During the depuration phase concentrations decreased to a level of
0.18 mg Ag/kg after two hours of depuration.

Figure 16: Bioaccumulation study with AgNO; - low concentration: total Ag concentrations in
test media
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Figure 17: Bioaccumulation study with AgNO; - low concentration: total Ag concentrations in
test media at several levels (depths) of the flow-through system
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Figure 18: Bioaccumulation study with AgNOs;— low concentration: total Ag concentrations in
C.f. tissue
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Table 15: Bioaccumulation study with AgNOs — high concentration: total Ag concentrations in

test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration

[mg Ag/L] [mg Ag/ke]
Control 0.06
animals
1 8.47 0.11
2 7.51 0.12
6 7.67 0.16
12 8.51 0.18
24 8.64 0.24
48 7.92 0.24
72 7.04 0.23
96 7.30 0.23
120 8.71 0.24
144* 7.39 0.24
146 0.18
TWA 7.79
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Figure 19: Bioaccumulation study with AgNO; - high concentration: total Ag concentrations in

test media
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Figure 20: Bioaccumulation study with AgNOs - high concentration: total Ag concentrations in

test media at several levels (depths) of the flow-through system
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Figure 21: Bioaccumulation study with AgNOs — high concentration: total Ag concentrations in
C.f. tissue
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6.2.1.3 Evaluation

The reduced filtration activity of the test animals observed during the uptake phase may be
explained by a protective mechanism. Different studies showed that C.f. reduce their filtration
activity and the time of shell opening in response to the concentration of dissolved metal cations
or other pollutants (e.g. Rodgers et al., 1980; Doherty and Cherry, 1988). Those effects are in
accordance with our observations with a stronger reduction of filtration activity observed at the
higher AgNO3 concentration.

The fluctuation of the test concentration at the beginning of the low-dosage test treatment
cannot be fully explained. Presumable deviations in the Cl- content in the copper reduced tap
water may have led to precipitation and thus to reduction of the detectable total Ag
concentration in the test media. Nevertheless, Ag concentrations in the test media increased
after 72 h when a steady state of Ag concentrations was reached in the tissue samples. It could
not be verified if the increase of the Ag concentrations in the media was caused by a reduced
ingestion rate of Ag from the media due to saturation of the mussel tissues.

Of particular note is that the time to steady state as well as the Ag concentration at steady state
obviously depend on the exposure concentration. At the higher concentration a lower steady
state concentration (0.24 mg Ag/kg) was reached after just 24 hours, whereas the lower Ag
exposition led to a higher steady state concentration (0.485 mg Ag/kg) which was reached only
after 72 hours. A closer look at the depuration phase of the test with the lower Ag concentration
showed, that the tissue concentration did not reach the initial concentration (around 0.06 mg
Ag/kg). A tissue concentration of around 0.25 mg Ag/kg was reached within 240 hours and
remained stable until the end of the depuration phase. Due to a lack of samples, an extended
depuration period was not possible to be applied.

Using the calculated TWA concentrations and the estimated total Ag concentrations in the soft
tissue we were able to calculate BAFs values. The low exposure concentration (TWA 0.682 pg
Ag/L) resulted in a BAF, of 710.7, whereas the high exposure concentration (TWA 7.791 pg
Ag/L) was leading to a BAFss of 30.5. The higher BAF;; value at the lower concentration
treatment may be explained by the higher Ag storage capacity due to the binding of the Ag to MT
proteins resulting in a higher steady state concentration and leading to a reduced Ag
elimination.
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6.2.2 Bioaccumulation study NM 300K

6.2.2.1 Study design

The main studies on the bioaccumulation of NM 300K were carried out as described for the
AgNOsstudies. Two concentrations, separated by factor 10, were tested in two treatments. The
test concentrations were chosen to be comparable to those from the AgNOj3 studies. This should
allow a comparison between ionic and particulate based uptake and/or bioaccumulation of Ag.

6.2.2.2 Results

Total Ag concentrations in the test media and C.f. tissue are summarized in Tab. 16 & 17 and
visualized in Fig. 22 to 27. As observed in the AgNOs3 studies the filtration activity of the mussels
was reduced at the highest concentration even though the reduction was on a lower level than in
the AgNOj3 studies.

The calculated TWA concentrations of the two treatments were 0.624 and 6.177 ug Ag/L. Within
the single test systems homogenous concentrations were measured (Fig. 23 & 26).

At the lower test concentration (TWA of 0.62 pg Ag/L) the initial media concentration was
slightly higher (0.90 pug Ag/L) compared to the average concentration but decreased over the
exposure period to 0.50 pg Ag/L at the end of the uptake phase at 96 h. The total Ag
concentrations in the soft tissue increased from initial 0.03 mg Ag/kg (0 h) to 0.08 mg Ag/kg at
24 h and stayed on this level until the end of the uptake phase (96 h). The total Ag concentration
in the soft tissue decreased during the depuration phase to a level of around 0.04 mg Ag/kg
which is comparable to the start concentration (0.03 mg Ag/kg). This concentration was reached
after 12 hours of depuration and was stable until the end of depuration phase after 48 hours of
depuration.

At the high test concentration (TWA of 6.18 ug Ag/L) the media concentration ranged from 9.11
to 7.67 pg Ag/L within the first 24 hours and from 5.75 to 4.95 within the last 24 hours of the
uptake phase. The soft tissue concentration of the animals increased from 0.03 mg Ag/kgat 0 h
to around 0.20 mg Ag/kg at 24 h and was stable until the end of the exposure phase (96 h).
Additional samplings during the depuration phase showed that tissue concentrations, decreased
to 0.05 mg Ag/kg after 12 hours of depuration.
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Table 16: Bioaccumulation study with NM 300K - low concentration: total Ag concentrations
in test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration

[ng Ag/L] [mg Ag/kg]
Control 0.03
animals
1 0.90 0.05
2 0.83 0.05
6 0.78 0.06
12 0.74 0.07
24 0.71 0.08
48 0.71 0.08
72 0.54 0.08
96* 0.50 0.08
98 0.07
100 0.06
102 0.06
108 0.04
120 0.04
144 0.04
TWA 0.62
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Figure 22: Bioaccumulation study with NM 300K — low concentration: total Ag concentrations
in test media
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Figure 23: Bioaccumulation study with NM 300K — low concentration: total Ag concentrations
in test media at several levels (depths) of the flow-through system
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Figure 24: Bioaccumulation study with NM 300K - low concentration: total Ag concentrations
in C.f. tissue
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Table 17: Bioaccumulation study with NM 300K - high concentration: total Ag concentrations

in test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration

[ug Ag/L] [mg Ag/ke]
Control 0.03
animals
1 8.90 0.06
2 9.11 0.07
6 7.67 0.10
12 8.04 0.16
24 8.59 0.20
48 5.67 0.19
72 5.75 0.20
96* 4.95 0.18
98 0.09
100 0.07
102 0.06
108 0.05
TWA 6.18
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Figure 25: Bioaccumulation study with NM 300K - high concentration: total Ag concentrations
in test media
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Figure 26: Bioaccumulation study with NM 300K - high concentration: total Ag concentrations
in test media at several levels (depths) of the mussel device of the flow-through
system
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Figure 27: Bioaccumulation study with NM 300K — high concentration: total Ag concentrations

in C.f. tissue
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6.2.2.3 Evaluation

The decrease of the total Ag concentrations in the media observed during the uptake phase may
be at least partly explained by sorption of particles to the surfaces of the zuger glass, the
stainless steel device or the shells of the mussels.

The increase of the total tissue concentration during the uptake phase may be explained by the
uptake of AgNPs and the accumulation of Ag* released from NM 300K. The investigations using
sp-ICP-MS showed that AgNPs were definitely ingested by the mussels (see part 6.24) whereas it
remains unclear whether the AgNPs simply moved through the mussel body or whether they
were really incorporated into different compartments or even penetrated single cells. A BAF;; of
128 was calculated for the low test concentration (TWA of 0.62 pg Ag/L) and a BAF of 31 for
the high test concentration (TWA of 6.18 ug Ag/L). The difference in the BAF values may be
explained by the different filtration rates observed during the tests potentially induced by the
previously discussed protection mechanism triggered by metal ion exposure. However, the
effect was probably reduced compared to the study on AgNOs due to the lower presence of free
Ag*in the NM 300K media.

6.2.3 Bioaccumulation study NM 105

6.2.3.1 Study design

The main studies on the bioaccumulation of NM 105 were carried out as described for the
studies with AgNO3 (part 6.2.1). Two concentrations, separated by a factor of at least 5, were
tested in two separate tests. The working suspension was generated by allowing a stock
suspension with a concentration of 1 mg TiO,/L (based on UHQ water) to equilibrate for 72 h in
2 L glass beakers at room temperature. Two thirds of the suspension volume were decanted and
the equilibrated suspension used as working suspension. The NM 105 working suspension was
supplied directly into the test vessel at 3 different spots to avoid agglomeration and
sedimentation processes in the mixing vessel. Media samples were measured directly, tissue
samples were measured after digestion as described in Chapter 4.2.1.2.

6.2.3.2 Results

The measured total Ti concentrations were summarized as calculated TiO; concentrations in
Tab. 18 & 19 and visualized in Fig. 28 to 33. No reduced filtration activity of the mussels was
observed in response to TiO; exposure.

The calculated TWA concentrations were 0.099 and 0.59 pg TiO2/L, equivalent to a separation
factor of around 6. Within the single test systems homogenous concentrations were measured at
different depths (Fig. 29 & 32).

In both treatments the initial media concentrations were lower at the beginning (0.074 and 0.28
ug TiO2/L), increased concentrations were observed after 72 h with 0.127 and 0.67 pg TiOz/L).
In both treatments the total TiO; concentrations in the soft tissue increased during the uptake
phase.

At the low test concentration a soft tissue TiO, concentration of around 0.6 mg TiO,/kg was
reached after 24 h and was nearly stable until the end of the uptake phase (120 h). During the
depuration phase a rapid decrease of the concentration was observed. After 6 h of depuration a
concentration equivalent to the start concentration was reached (0.22 mg TiO2/kg). During the
remaining depuration time the concentration remained on this level.

65



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

Table 18: Bioaccumulation study with NM 105 - low concentration: total TiO, concentrations
in test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration
[ug TiO/L] [mg TiO2/kg]

Control animals 0.22
2 0.074 0.37
4 0.42
6 0.43
12 0.47
24 0.61
48 0.073 0.59
72 0.127 0.54
96 0.116 0.64
108 0.114 0.58
120* 0.096 0.74
122 0.47
124 0.31
126 0.22
132 0.16
144 0.17
168 0.17
192 0.19
216 0.26
224 0.16
240 0.15
264 0.13
TWA 0.099
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Figure 28: Bioaccumulation study with NM 105 - low concentration: total TiO, concentrations
in test media
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Figure 29: Bioaccumulation study with NM 105 - low concentration: total TiO, concentrations

in test media at several levels (depths) of the flow-through system
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Figure 30: Bioaccumulation study with NM 105 - low concentration: total TiO, concentrations
in C.f. tissue

1,2

TiO; [mg/kg]
o
[=33
— —
— —

f=

[n]
°

| kol
-

0 24 48 72 96 120 144 168 192 216 240 264
time [h]

67



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

Source: own diagram, Fraunhofer IME

At the high test concentration a TiO; concentration of around 5.4 mg Ti02/kg was reached in the
soft tissue under steady state conditions and stayed on this level until the end of the uptake
phase (Tab. 19). The elimination of TiO, was also very rapid like in the assay with the low TiO-
concentration. A stable tissue concentration of 0.20 mg TiO,/kg was reached after 24 hours of
the depuration phase equivalent to the same low level measured at the start of the test (0 h).

Table 19: Bioaccumulation study with NM 105 — high concentration: total TiO, concentrations
in test media and C.f. tissue, *end of the uptake phase

Time [h] Media concentration Tissue concentration
[ug TiO2/L] [mg TiO2/kg]

Control animals 0.22
2 0.28 0.67
4 0.87
6 1.13
12 1.22
24 1.57
48 0.27 2.66
72 0.67 4.99
96 0.65 5.36
108 0.59 5.30
120* 0.50 5.61
122 2.19
124 1.10
126 0.68
132 0.50
144 0.20
168 0.27
192 0.24
216 0.30
224 0.30
240 0.17
264 0.18
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TWA 0.59

Figure 31: Bioaccumulation study with NM 105 — high concentration: total TiO, concentrations

in test media
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Figure 32: Bioaccumulation study with NM 105 - high concentration: total TiO, concentrations
in test media at several levels (depths) of the flow-through system
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Bioaccumulation study with NM 105 — high concentration: total TiO, concentrations
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6.2.3.3 Evaluation

The heterogeneous concentration levels measured in the test medium during the uptake phase
can be explained by the exchange of the NM 105 working suspension reservoir. Similar
observations were made in both assays using the same stock suspension reservoir. The decrease
in the total Ti or TiO; concentrations at the end of the uptake phase may be explained by
sedimentation processes within the NM 105 working suspension reservoir.

The increase in the total Ti or TiO; tissue concentrations during the uptake phase could be
explained by the uptake and potential accumulation of NM 105 NPs by the mussels from the
media. However, the rapid decrease of the soft tissue concentrations during the depuration
phase points to the quick elimination of the NPs. As mentioned for NM 300K it is not sure if the
particles were just ingested or really incorporated into the tissue. The measured total
concentrations may have been caused by particles localized in the digestive tract and in the
viscera (see Chapter 6.2.4).

For the low concentration (TWA of 0.099 ng TiO2/L) a BAF value of 6,150 was calculated. The
calculated BAF;; value of 9,022 was calculated for the high concentration (TWA of 0.59
ugTiO2/L). Due to the high standard deviation of the measured total tissue concentrations in the
lower concentrated exposure the BAF;; value of 6,150 should be handled with caution and the
presence of a concentration depending BAF could not be answered clearly.

6.2.4 Investigations on particle number and distribution of total concentrations in the
soft tissue

6.2.4.1 Study design

An additional study was carried out to elucidate the contribution of MNMs to the total
concentrations measured in soft tissue, to elucidate potential particle size dependent uptake and
elimination processes of the MNMs, and to investigate the distribution of MNMs in different
compartments of the animals. Finally, the total concentrations of NM 300K, AgNO3; and NM 105
measured in different compartments were compared.

The test systems were running under the same conditions as the systems used for the main
study to investigate the bioaccumulation of the MNMs. The media with the highest test
concentrations of those studies were applied. Animals were sampled during the uptake phase as
well as during the depuration phase to show changes in the amount of incorporated NPs.
Therefore, triplicated samples, each consisting of 3 animals, were sampled for the sp-ICP-MS
measurements. The duration of the uptake phases was the same as in the main study to ensure
that steady state conditions were reached. Samples used for the sp-ICP-MS measurements were
directly frozen, using liquid nitrogen and stored at -20 °C. For the measurements, the samples
were digested using the enzyme Proteinase K according to the method described by Loeschner
etal, 2013, and Schmidt et al.,, 2011. The defrosted soft tissues were incubated with 10 ml of the
digestion solution per 400 mg fresh weight for 3 hours at 50 °C and shaken at 100 rpm. The
digestion solution was composed of 45 mg Proteinase K in 1 L puffer solution (0.5 % SDS + 50
mM NH4HCO3, pH 8.0 - 8.2). After the complete dissolution of the tissue, the solution was filtered
using 0.45 pm syringe filters and measured using an ICP-QQQ-MS (Agilent 8900). The
preparation of the calibration suspensions carried out at the day of measurement. Gold
nanoparticles (AuNP, 60 nm, BBI Solutions) were used as reference material to determine the
nebulization efficiency, a parameter needed for interconversion of measured particle event
intensities into particle masses and sizes. Transient signals were recorded for 60 s for each
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sample, using a dwell time of 100 ps. Each sample was diluted to gain 200 - 2000 particle events
per minute. According to Sannac et al. (2013) and Mitrano et al. (2014) this correlates to an
element concentration in the range of ng/L. Ag was measured as the isotope 197Ag. 48Ti was
measured in the NHs-reaction mode to minimize interferences with calcium. The used
evaluation software calculated the particle size depending on the measured signals (for TiO-
under consideration of the mass fraction of Ti in TiO3).

Animals were sampled presumably under steady state conditions and dissected to investigate
the total concentrations as well as particle distributions in the compartments (foot, mantle,
muscle and viscera (Fig. 34). Five replicates, consisting of five animals each, were sampled. The
samples were stored at -20 °C and solved by acid digestion (Chapter 6.1.1.1) before being
measured using ICP-MS as described above and directly frozen using liquid nitrogen in case of
sp-ICP-MS analysis.

Figure 34: Compartments dissected from Corbicula fluminea
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6.2.4.2 Results

Results of the particle measurements

In the case of NM 300K a clear increase of particle concentration occurred in the soft tissue of C.f.
during the uptake phase of 48 hours. The particle concentration in the soft tissue tended to
decrease during the 24 hours lasting depuration phase as shown in Fig. 35. The determined
median particle size in the soft tissue and in the media of around 14 nm was consistent over the
whole test period, including uptake and depuration time (Fig. 36 & 37). However, no significant
difference was observed between the particle sizes in the tissue over time and between the
particles in the tissue and the medium. The size of NM 300K is near the particle detection limit
for silver and the measured size distributions showed an overlap with the instrumental and
ionic background.
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Figure 35: Particle concentrations in the soft tissue during uptake and depuration phase of
NM 300K
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Figure 36: Calculated median particle size in the soft tissue - NM 300K
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Figure 37: Calculated median particle size in media - NM 300K
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When looking at the different compartments of the mussel’s soft tissue, the viscera showed the
highest particle concentration of all compartments, with all particles being on a comparably low
level with respect to their standard deviation (Fig. 38). The calculated median size of the
particles ranged between 15 and 17 nm, only the median particle size of the particles in the
muscle tissue was calculated to be on a lower level of 11 nm (Fig. 39).

Figure 38: Particle concentrations in the different compartments at the end of the uptake
phase - NM 300K
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Figure 39: Calculated median particle size in the different compartments at the end of the
uptake phase - NM 300K
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Also for soft tissue of animals exposed to AgNO3 sp-ICP-MS measurements were conducted. The
data evaluation, with a setting of similar particle thresholds, showed also for these samples the
presence of “particles”. This finding may be explained by the overlap of ionic background and
particle domain due to the small size of NM 300K NPs near the analytical particle detection limit
(background estimation diameter 7 - 10 nm). The increase of the presumed particle
concentration during the uptake phase was much slower than that in the NM 300K exposure
scenario. Similarly a slow decrease of the particle concentration was observed during the
depuration phase (Fig. 40). The determined median size of the silver particles in the different
tissues of the animals exposed to AgNO3z was around 13 nm during the uptake phase and at

10 nm in the samples taken during the depuration phase (Fig. 41). The calculated median size of
the particles in the media fluctuated around 14 nm during the uptake phase (Fig. 42).

Figure 40: Concentrations of presumed particles in the soft tissue during uptake and
depuration phase of AgNO;
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Figure 41: Calculated median particle size in the soft tissue — AgNO3
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The comparison of the different compartments showed comparable results as described for NM
300K, even if differences between the viscera and the other compartments were smaller (Fig. 43
& 44). All particle concentrations were on a lower level than those measured under the NM 300K
exposure scenario, indicating that observed presumed “particles” of AgNO3z were likely
background signals.
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Figure 43: Concentrations of presumed particles in the different compartments at the end of
the uptake phase — AgNO;
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Figure 44: Calculated median size for the presumed particles in the different compartments at
the end of the uptake phase — AgNO;
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In the case of NM 105, an increase of the particle concentration in the whole soft tissue of the
animals was observed (Fig. 45). The increase stopped at a lower level than in the case of the NM
300K exposure, but reached a stable level after 12 h and remained stable for the rest of the
uptake phase. A higher standard deviation was observed in comparison to NM 300K. The
measured particle concentration decreased during the depuration time. As shown in Fig. 46 the
calculated median particle size in the tissues was around 50 nm during the whole uptake phase
and on a similar level during the depuration phase (45.7 * 3.3 nm). The calculated median
particle size of NM 105 NPs in the test media was in a range of 65 and 83 nm during the uptake
phase (Fig. 47).
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Figure 45: Particle concentrations in the soft tissue during uptake and depuration phase of
NM 105
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Figure 46: Calculated median particle size in the soft tissue = NM 105
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Figure 47: Calculated median particle size in media — NM 105
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Fig. 48 shows particle concentrations measured in the different compartments of the mussels.
The mean concentration of particles was four times higher in the foot than in the other
compartments, which showed comparable levels. No differences in the particle sizes were
observed in the different compartments (Fig. 49).

Figure 48: Particle concentrations in the different compartments at the end of the uptake
phase — NM 105
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Figure 49: Calculated median particle size in the different compartments at the end of the
uptake phase — NM 105
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Results of the measurement of total concentrations

Fig. 50 shows the distribution factors for the total Ag and TiO2 contents measured in the
different compartments of the test animals exposed to NM 300K, AgNOzand NM 105 and
sampled under steady state conditions at the end of the uptake phase. The contents of the
different compartments were used to calculate the total content of Ag and TiO; in the complete
animals. The mean total concentration (n = 5) of each compartment was divided by the mean
value of the calculated for the complete samples (n = 5) to gain distribution factors for the
different compartments.
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Following the Ag exposure the mantle showed the highest distribution factor (1.20 and 1.36 for
NM 300K and AgNO3) followed by the viscera (1.09 and 1.04). The muscle tissue showed the
lowest distribution factor for the total Ag content (0.33 and 0.15 for NM 300K and AgNO3).
However, the viscera tissue showed the highest distribution factor for the total TiO2 content
(1.45), whereas the other compartments were without any great differences with factors from
0.40 in the foot tissue to 0.50 in the muscle tissue (Fig. 50).

Figure 50: Distribution factors of total content of Ag/TiO, based on the total content of
calculated complete soft tissue bodies
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6.2.4.3 Evaluation

The results of the sp-ICP-MS measurements show that the uptake and accumulation of Ag from
NM 300K was driven, at least partially, by the ingestion of AgNPs. Even the fact, that the viscera
had the highest Ag particle concentration of the measured compartments (mantle) shows that
ingested Ag was bioavailable also as AgNPs and not only as ions. However, the role of the ions
must not be underestimated. A look at the calculated mean particle size of particles found in the
muscle tissue of animals exposed to NM 300K highlights this fact when compared to the
estimated comparable size of the measured particles in the AgNO3 treatment. The adductor
muscle has less contact to the exposure media, even by the flow of the filtered or ingested media.
However, Ag might be transported to the muscle tissue as Ag* by the haemolymph.

The slightly increased distribution factors of Ag calculated for the viscera for both, NM 300K and
AgNO3, may be explained on the one hand by the flow of the ingested water towards the viscera.
The viscera contains the filtrating cilia and gills that extract the AgNPs from the water as well as
the solved Ag* ions, e.g. by Na+and Cu* uptake and transport mechanisms (e.g. Solioz and
Odermatt, 1995; Bury and Wood, 1999; Fabrega et al., 2011). Also sorption processes to organic
matter in the digestion system or mucus and pseudo feces could lead to higher Ag body burden
causing a higher distribution factor. On the other hand the high distribution factor for the viscera
may be explained by the binding of Ag* ions to Ag induced MTs (Marie et al., 2006), that are
strongly released in the tissue of the gills (belonging to the viscera) and the tissue of the mantle
(Hardivillier et al., 2006). This also may be a factor that explains the high distribution factor for
Ag estimated for the mantle tissue.

The sp-ICP-MS measurements showed that NM 105 uptake and elimination was driven by the
TiOz NPs. The high distribution factor for TiO; in the viscera may be explained by the fact, that
the NM 105 particles were ingested and transported through the digestive system without
transport across any tissue or cell barriers. The transport through the tissue by the haemolymph
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can be rather excluded. The presence of very low particle concentrations in the different
compartments may thus be simply explained by the particles adhesion to the tissue surface
following contact to the exposure media. The higher particle concentration measured in the
tissue of the foot may be explained by the uptake of NM 105 particles by pedal feeding and
additional adhesion of particles to the relatively high surface of the foot that is exposed to the
media outside the shells for a longer time than other compartments.

6.2.5 Bioaccumulation study nPS

6.2.5.1 Study design

The main study on the bioaccumulation of nPS was carried out using one test concentration in a
semi-static design due to the limited availability of the test material. The test medium was
replaced every 12 hours with fresh medium. The animals (n = 40) were exposed ina 10 L
rectangular glass tank containing 2 L of the test medium. Because of this, only a limited amount
of animals could be exposed during the test and thus no proof for a steady state to calculate a
BAF;; could be given by repeated samplings. Tissue concentrations measured can only provide a
rough indication for the bioaccumulation potential of nPS due to the early development stage of
the methods applied. Prior to the test start the animals were kept in a tank with uncontaminated
water tank without feeding to ensure defecation to allow the collection of feces produced during
the test. Feces were collected every 12 hours in combination with the water replacement and the
material collected within 24 h was pooled in one sample. Aeration was ensured using an
aquarium pump.

The duration of the uptake phase was 120 hours, followed by a 24 hours depuration phase.
Triplicated samples, each consisting of 4 animals, were collected at the end of the uptake phase.
The samples were digested using proteinase K as described in chapter 6.2.4.1 and measured
using an AF4-FLD-MALLS. Additional samples (mussels & feces) were collected and mussels
were dissected for further investigations using a HP-UVIS (DESEGA) at 254 nm and a
fluorescence microscope (Leica CTR 6000).

6.2.5.2 Results

During the exposure period, a strong filtration activity was observed combined with a strong
excretion of feces and pseudofeces. For a first overview a fluorescent lamp was used to make the
nPS that were taken up by the animals optically visible. As shown in Fig. 51, the feces of C.f.
collected during the exposure time showed fluorescence (yellow-green spots). The feces
collected after 12 h of depuration showed less fluorescence and after 24 h of depuration showed
nearly no fluorescence. Also the soft tissue of the animals showed fluorescence at the end of the
uptake phase. The hot spots of the fluorescence in these animals were localized in the viscera
and foot of the animals (Fig. 52, red arrows). After 24 h of depuration, no fluorescence was
visible in the animals using the fluorescence lamp.

Additional samples of the soft tissue were observed using a fluorescence microscope. All
samples showed fluorescence after the uptake phase, whereby the viscera showed the strongest
intensity of fluorescence (Fig. 53). All compartments showed less fluorescence after 24 hours of
depuration (Fig. 53). The strongest decrease in the fluorescence intensity was observed for the
viscera. Only a weak decrease was observed for the mantle and foot tissue.
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Figure 51: Feces of C.f. from the nPS bioaccumulation study under a fluorescence lamp,
showing different intensities of fluorescence
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Figure 52: Whole soft tissue of an animal sampled after the uptake phase (top) and an animal
sampled after 24 h of depuration (bottom), left: fluorescence lamp, right: daylight
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Figure 53: Pictures (fluorescence microscope) of different compartments of C.f. sampled after
the uptake phase (top) and after 24 h of depuration (bottom)
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7 General discussion

7.1 Dietary tests

Ground stinging nettle appeared to be the best food source of the tested diets leading to less
pollution, build-up of biofilm and accumulation of organic matter, compared to the other food
sources. Generally, the amount of food should be supplied on a level as low as possible to avoid
sorption processes of the NPs to the food, but still high enough to allow sufficient nutrient
uptake during the bioaccumulation studies and to trigger the filtration activity of the mussels.

7.2 Uptake, elimination and accumulation of Ag

Reviewing the bioaccumulation studies with AgNO3z and NM 300K, the observed increases of the
Ag body burden could be explained by the uptake of Ag from the exposure media. Reduced
filtration activities were observed in all exposure periods containing Ag, although with variable
intensity. Due to the fact that the degree of filtration inhibition depends on the concentration as
well as on the presented form of Ag, reduced filtration may be explained as a kind of protective
behavior. A slight decrease of the filtration rate was previously observed in response to
increased metal exposure, e.g. for the green mussel Perna viridis (Vijayavel, Gopalakrishnan and
Balasubramanian, 2007), the zebra mussel Dreissena polymorpha (Wildridge et al., 1998) as well
as for C. fluminea (Rodgers et al., 1980; Doherty and Cherry, 1988). A complete bivalve closing
behavior in response to higher heavy metal concentrations in the water was described as a
strategy to protect bivalves from waterborne contaminants and to avoid toxic conditions
(Doherty, Cherry and Cairns, 1987; Kadar et al, 2001; Tran et al., 2003; Fournier et al., 2004;
Liao, Jou and Chen, 2005; Tran, Fournier and Durrieu, 2007). Wildridge et al. (1998) described a
concentration depending filtration decrease of D. polymorpha during potassium exposure which
is in accordance to our observations of a higher reduction of the filtration rate at higher total Ag
concentrations during AgNO3; exposure. The lower inhibition of the filtration activity during
exposure to NM 300K, compared to AgNO3 similar total Ag concentration levels, indicates that
this protection strategy was triggered only by the presence of metal ions released by NM 300K
and not by the particles. The total Ag concentrations measured in our studies were mainly
represented by the particulate fraction. The amount of dissolved Ag in the NM 300K test media
was estimated in pretests to be between 1.6 and 21.5 % in test media aged for 24 h under static
conditions. Considering the flow-through conditions in the exposure scenarios of this work, the
percentage of dissolved Ag* in the bioaccumulation studies was supposed to be on an even lower
level.

Protective behavior may also explain differences in the time required to reach steady state
conditions of Ag concentrations in the soft tissue of C. fluminea. The steady state condition was
reached within 24 h at the higher AgNO3 concentration, while it was reached after 72 h at the
lower AgNO3 concentration. The steady state body burden was two times lower in the higher
concentrated AgNOs (0.24 mg Ag/kg) assay than in the lower one (0.5 mg Ag/kg), whereby the
medium concentration of the higher concentrated treatment was around ten times higher
compared to the lower concentrated treatment resulting in BAF; estimates of 710.7 and 30.5,
respectively. This may be explained by the lower filtration rate in the higher concentrated
treatment resulting in a lower uptake of Ag from the exposure medium. This process is very
important to be considered in further investigations on the bioaccumulation potential of other
ionic or ion-releasing substances or MNMs in bivalves as this mechanism may lead to totally
different results regarding the calculated endpoints.
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In the bioaccumulation studies with NM 300K the steady state conditions were reached within
24 h of the uptake phase. In this case the level of the steady state body burden in the soft tissue
showed a positive correlation with the exposure concentration. The ten times higher
concentrated exposure led to a four times higher body burden in the higher concentrated NM
300K assay. Aside from the fact, that the measured total Ag concentration in the media was
represented by a smaller dissolved fraction (1-20 %) which can be accumulated by the animals,
the investigations using sp-ICP-MS showed that also Ag NPs were definitely taken up by the
mussels. However, it remains unknown how Ag NPs were incorporated into the different
compartments, e.g. by phagocytosis across the gill epithelium and moved through the
haemolymph. Hereafter we use the term “taken up” for particles that were ingested by the
mussels and simply moved through the mussel’s body or digestive tract. This term should not be
confounded with the term “uptake” that is typically used to describe the transfer of a compound
into organic tissue. Nevertheless, the sp-ICP-MS investigations showed increasing particle
concentrations with increasing tissue concentrations of total Ag during the NM 300K study. The
major part of the particles could be found in the viscera, including the gills and the digestive
tract. All other compartments just showed negligible particle concentrations. This clearly
indicates that there was no significant transport of Ag NPs through the different compartments
tissues or haemolymph and is thus pointing to the only negligible bioavailability of Ag NPs. In
consideration of this and due to the fact, that we were able to observe a rapid and nearly
complete elimination of Ag during the depuration phase, it can be assumed that only very low
amounts of dissolved Ag* released from the test material were really bioaccumulated by the test
organisms. The ingested Ag NPs obviously simply moved through the digestive tract resulting in
low BAF;; values of 31 and 128.

During AgNOs exposure, the observed bioaccumulation of Ag resulted from the uptake of
dissolved Ag* from the exposure media. Thus the estimated endpoint was the BCFss and not
BAF;;. The BCFss value of 30.5 estimated for the high AgNO3 treatment, may be explained by the
strongly reduced filtration rate and thus the limited uptake of Ag* from the test media. Due to
less reduction of the filtration rate in the lower concentrated AgNO3 treatment, the continuous
uptake of small amounts of Ag* may have led to the higher BCFss of 710.7. Similarly, a higher
release of Ag* in the higher concentrated NM 300K treatment (BAFs 31) compared to the lower
concentrated treatment (BAFs 128), may have led to reduced filtration and thus the lower BAFs;.

The high body burden observed in the study with the lower AgNO3 concentration might be also
explained by a second protective mechanism that may induce a reduced elimination of Ag during
the depuration phase - the binding of Ag to metallothionein (MT). MT gene expression is
upregulated by various metals like Cd, Au, Pt as well as by Ag, whereby the MT reaction
correlates well with increasing metal body burden (Lansdown et al., 1997; Lansdown, Sampson
and Rowe, 1999; Lansdown, Sampson and Rowe, 2001). The MT expression in C. fluminea is well
known and used for metal pollution assessment (Baudrimont et al., 1999; Legeay et al., 2005;
Hardivillier et al., 2006; Marie, Baudrimont and Boudou, 2006; Ringwood et al., 2010). The
ability of MT to bind up to 12 mol of Ag per mol MT may explain the accumulation and lack of
elimination of Ag (sink) during the depuration phase (Nielson, Atkin and Winge, 1985; Liu,
Kershaw and Klaassen, 1991; Lansdown et al., 1997; Lansdown, 1999; Lansdown, 2002; Ikemoto
et al,, 2004). The increase of MT in the tissue und thus the increase of the Ag binding capacity
may explain the higher steady state concentration in the low concentration of AgNO3in
comparison to that in the study with the higher concentration, At the lower exposure treatment
the valve closing behavior is less pronounced due to lower media concentration and thus no
filtration reduction is triggered. In this way incorporation and accumulation of Ag may occur
until a body burden is reached that triggers the expression of MT. As long as the release of Ag*
from NM 300K is not effecting the valve closing behavior similar effects may occur. In this study,
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in the low NM 300K treatment the release of Ag* was leading to a limited body burden
potentially having only a low effect on the expression of MTs and as reflected by the lower
accumulation of Ag. At the higher exposure concentration, the higher release of Ag* potentially
led to reduced filtration behavior and reduced valve opening time. Therefore, tissue
concentrations triggering the expression of MT could not be reached.

The distribution factors for accumulated Ag in the different compartments underpin the
presumption, that only Ag*, even at a small level as measured in the NM 300K study, were really
incorporated in the mussels” tissue. Both exposure scenarios, AgNO3z and NM 300K, led to
comparable distribution factors for total silver. The high distribution factors of Ag for both, NM
300K and AgNOs; estimated for the viscera, may be explained on the one hand by the flow of the
ingested water towards the viscera. The viscera contains the filtrating cilia and gills that extract
the AgNPs from the water as well as the solved Ag+ ions, e.g. by Na+ and Cu* uptake and
transport mechanisms (Solioz and Odermatt, 1995; Bury and Wood, 1999; Fabrega et al., 2011).
Also sorption to natural organic matter and proteins in the digestion system or mucus and
pseudo feces could lead to higher Ag concentrations causing a higher distribution factor
(Ravindran et al., 2010; Chinnapongse, MacCuspie and Hackley, 2011; Khan et al,, 2011; Gao et
al, 2012). On the other hand the high distribution factor of Ag estimated for the viscera may be
explained by the binding of Ag to MTs (Marie, Baudrimont and Boudou, 2006), that are strongly
released in the gill and mantle tissue (belonging to the viscera) in response to Ag exposure
(Hardivillier et al., 2006).

7.3 Uptake, elimination and accumulation of TiO>

The increase in the total Ti tissue concentration during the bioaccumulation studies could be
explained by the uptake and potential accumulation of NPs from the media. Single particle
concentration measurements in the mussel tissue showed a progression along the uptake and
depuration phase that mirrored the course of the measured total Ti concentrations. This
indicates that TiO, NPs were taken up from the exposure media. However, the measured
concentrations were probably mainly caused by particles localized in the digestive tract and in
the viscera as shown by the distribution factors for TiO, with the viscera showing the highest
distribution factor.

Therefore, the decrease in the soft tissue concentrations in the depuration phase might be
simply explained by the elimination of the NPs. As described 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 tests
with TiO; points to the assumption that the NPs were only ingested. Our observations are in
accordance with the results of the work of Doyle, Ward and Mason (2015), where an elimination
of more than 90 % within 12 h of previously ingested TiO, NPs was observed in Mytilus edulis.

The increased BAFs; values (6,150 and 9,022) estimated for TiO, NPs may be explained by two
factors: First by the higher filtration activity during the uptake phase, which can be explained by
the increased filtration activity of the bivalves triggered by particulate matter. This effect should
be stronger for NM 105 NPs that were measured to be in a range of 63 and 83 nm in the
exposure media, while the Ag NPs of NM 300K were clearly smaller (15 to 17 nm). In addition,
NM 105 NPs are known to show a high tendency to agglomerate which may again lead to a more
effective uptake. Filter feeding mussels take up bigger and agglomerated NPs much more
effectively than smaller und free particles (Hull et al., 2011; Garcia-Negrete et al., 2013). Second,
the higher BAF; values for the TiO, NPs may be explained by the lack of dissolved toxic ions in
the test media that could trigger protective mechanism as observed for the Ag tests.

84



TEXTE Development of a method to determine the bioaccumulation of manufactured nanomaterials in filtering organisms
(Bivalvia) — Final report

7.4 Uptake, elimination and accumulation of nPS

This study has shown that nPS are ingested by the animals as shown by high fluorescence
observed under the fluorescence lamp. The strong fluorescence in the viscera may be explained
by the gill uptake of nPS from the media and presence of fecal matter that bound the ingested
nPS. The effective elimination of nPS from the viscera could be explained by the release of the
feces and pseudo feces leading to the strong decrease in the intensity of fluorescence in the soft
tissue samples collected during the depuration phase. The high filtration rate and excretion may
have been induced by the nPS triggering the filtration activity of C. fluminea due to their
particulate character. The higher intensity of fluorescence found in the foot tissue may have
been caused by the uptake of nPS by pedal feeding processes. Accumulation of nPS in the feces
or pseudo feces leading to a strong intensity of fluorescence shows that the nPS were ingested
by mussels but quickly eliminated via the feces without incorporation in the tissue. The fast
ingestion of the nPS and accumulation in fecal matter explains the strong observed decrease of
nPS concentration in the test media during the preliminary test and the fast elimination of nPS in
the viscera by defecation.

7.5 Suitability of the test system and the suggested endpoints

The bioaccumulation studies with the fresh water bivalve C. fluminea demonstrated the
suitability of the new test system for the performance of bioaccumulation studies and the
feasibility of such studies on MNMs with C. fluminea as filtering organism. 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
elucidated. However, methods like correlative microscopy using transmission electron
microscope are required for the absolute evidence that MNMs are really incorporated into the
tissue or penetrated into cells. Nevertheless, the results obtained with this 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 (Handy et al., 2018). Even if some MNMs are
only ingested but not really bioaccumulated, the estimated BAFss may still provide a valuable
indication for the uptake of MNMs by bivalves if combined with information on the elimination
rate estimated following the ingestion of 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
for the bioaccumulation of the MNMs. However, it cannot be excluded that the bioaccumulation
occurred by accumulation of dissolved / ionic fractions or particulate matter which would
require further elucidations using advanced microscopy methods. For BAF estimates which are
based on a real accumulation of the test item as indicated by low elimination rates, suitable
criteria for the regulatory assessment of bioaccumulation should be defined and verified.

The steady state concentration represents the maximum loading capacity of MNMs taken up
from the surrounding medium. Due to the high filtration rate of the bivalves the high loading
capacity for MNMs, as shown in the studies on TiO2, may lead to an increased risk of secondary
poisoning for predatory species in the aquatic food chain even if no real bioaccumulation
occurred.

Benthic invertebrates that feed on bivalve feces and / or pseudo feces may also cause the
transfer of MNMs into the aquatic food chain. The high filtration rate of bivalves leads to the
release of feces / pseudo feces with high concentrations of MNMs. Further investigations are
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required to elucidate the uptake of highly contaminated feces or pseudo feces by benthic
invertebrates that feed on fecal matter. Due to the fact that bivalves and other filtering benthic
organisms represent the main part of the biomass in fresh water systems, the benthic food chain
is supposed to play a central role regarding the ecological impact of MNMs (Karatayev,
Burlakova and Padilla, 1997; Roditi, Strayer and Findlay, 1997; Gergs, Rinke and Rothhaupt,
2009; McMahon, 1983).

Mussel may also represent an important route of MNMs into the human diet (McMahon, 1983;
Ferry et al,, 2009). The human intake of MNMs via freshwater or marine bivalves needs to be
further investigated.

The suitability of the new test system for bioaccumulation studies with freshwater bivalves was
shown in this study. The use of marine bivalves for bioaccumulation studies is described in two
guidance documents (e.g. American Society for Testing and Materials, 2003). However, the
systems described are supposed to be not suitable for a constant exposure of MNMs. The new
test system may thus also represent a potential alternative for testing MNMs in marine bivalves.
In addition to the bioaccumulation assessment of MNMs, the test system may be also suitable to
investigate the uptake / bioaccumulation of microplastic in bivalves.

Generally, pretests should be carried out to describe the fate of the test item in the test system
and to estimate a suitable exposure concentration to avoid protective behavior as described for
Ag*. At least two test concentrations should be applied to investigate concentration related
effects on the bioaccumulation of MNMs.
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