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The bioaccumulation testing strategy for
manufactured nanomaterials: physico-chemical
triggers and read across from earthworms in a
meta-analysis†
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N. van den Brink d and C. Svendsene

Little is known about the bioaccumulation potential of manufactured nanomaterials (MNs). For traditional

chemicals, the Organisation for Economic Co-operation and Development (OECD) Test Guideline (TG)

305, bioaccumulation in fish is often used. However, for MNs, there are no approved processes to trigger

or waive this test, or consider alternatives to vertebrate animals. The aim of the present study was to

conduct a meta-analysis of existing data sets on particle properties and bioaccumulation in earthworms to

understand what particle metrics could be used as a trigger for bioaccumulation testing. An apparent

steady state tissue concentration of metal from MNs exposure in the earthworm (Eisenia fetida) was

evident following exposures to Ag nanoparticles (NPs), CuO NPs and CdTe quantum dots (QDs). This

allowed the derivation of nano bioaccumulation factors (nBAFs), calculated using soil and earthworm tissue

metal concentrations. A prediction equation using all the particle metrics correlated with BAFs was possible.

Similarly, nano biomagnification factors (nBMFs) were calculated in the rainbow trout (Oncorhynchus mykiss)

tissue, relative to the concentration of total metals in the fish diet. Pearson's correlations were found to be

significant, with p < 0.05 for nBMFs for the liver, mid intestine, hind intestine and kidney relative to the

earthworm tissue nBAFs. Together these data indicate that bioaccumulationmeasurements in earthworms for

metallicMNs could be predictive of those values in fish, and that there is scope to predict the bioaccumulation

potential ofMNswith confidence from a few simple particlemetrics.

Introduction

Manufactured nanomaterials (MNs) are now finding
numerous applications in commercial products and
industrial processes including: electronics, textiles, industrial
coating and paints, cosmetics, medicines and medical
devices, and the agri-food sector.1–5 For the latter, the range
of applications includes food and drink, food packaging,
nano-encapsulated crop protection products and fertilisers.2,5

The use of nano-enhanced agricultural products, such as
nano pesticides, involves the direct application of the MN-
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Environmental significance

Determining the bioaccumulation potential of manufactured nanomaterials is a key part of environmental risk assessment for chemicals. A proposed
tiered approach to bioaccumulation testing is important for the provision of safety information about chemicals, without necessarily needing vertebrate
animal testing. A meta-analysis was undertaken, using existing data for silver, cupric oxide and cadmium telluride quantum dots, in order to show the
feasibility of using physico-chemical triggers and validated invertebrate protocols as initial tools to inform decision makers of any bioaccumulation
concerns. The results with silver and copper nanomaterials showed that the earthworm bioaccumulation test is predictive of the fish bioaccumulation test;
thus offering immediate value for regulatory testing.
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containing product to biota, soil or water. In addition, the
disposal of sewage sludge containing incidental
nanomaterials to land is a major concern for the fate and
behaviour of MNs in soils.6

Arguably, the release of MNs into soil and surface waters
has the potential to contaminate both terrestrial and aquatic
food chains. Soils are estimated to contain μg kg−1 amounts
of MNs,7 and surface waters contain ng L−1 to μg L−1

concentrations depending on the type of material.8 The
ecotoxicity of MNs have been given considerable attention
(e.g., review Lead et al.8). However, there is also concern
regarding the bioaccumulation potential of MNs in wildlife.9

The precise definition of ‘bioaccumulation’ is debated, but
originally it was intended as a steady-state determination of
tissue concentration or whole body concentration of the test
substance relative to the external medium.9 This approach
has been applied to organic chemicals in fishes,10 to metal
accumulation by soil invertebrates,11 and recently to MNs
and their environmental transformations.12

For the purposes of regulatory testing, bioaccumulation is
defined as the increase in concentration of a test chemical in
or on an organism (or specified tissue thereof) relative to the
concentration of the test substance in the surrounding
medium.13 Laboratory studies with metal-containing MNs
have demonstrated that total metal, nano form unknown
inside the tissue, can accumulate in soil organisms including
earthworms (CuO14), isopods (Ag NPs15), and nematodes
(ZnO16). Manufactured nanomaterials also accumulate in
some crops such as wheat and rice,17,18 and with the uptake
mechanisms in plants partly elucidated.19 Similarly, soil
mesocosm studies have raised concerns about the transfer of
MNs through terrestrial food webs.20 It is therefore prudent
to protect organisms in the environment from
bioaccumulation hazards.

For chemicals, including MNs, the bioaccumulation
potential is a key aspect of concern for environmental risk
assessment. The European regulation on Registration,
Evaluation, Authorisation and Restriction of Chemicals
(REACH) Annexes have been adapted by the Commission
Regulation (EU) 2018/1881 to better address the safety of
MNs. For traditional chemicals and MNs, bioaccumulation
potential is measured using the Organisation for Economic
Co-operation and Development (OECD) Test Guideline 305
for bioaccumulation in fish.21 For organic chemicals, the
n-octanol–water partition coefficient (logKow) has been used
as a ‘chemical trigger’ of concern for bioaccumulation
testing,9 and this is founded on the relationship between the
lipid solubility of the substance (the logKow value) and the
measured bioaccumulation factor (BAF) in animal tissue.10,22

However, there are conceptual problems with applying the
logKow measurement to MNs that are not solutes and do not
form steady-state equilibria.23 There are also practical
difficulties in conducting the logKow method,24 such as the
aggregation of the MNs at the oil–water interface, suggesting
that logKow may not be reliable as a trigger for the
bioaccumulation testing of many MNs. The current default in

the guidance if the logKow cannot be determined for a
substance is to proceed directly to the in vivo fish test, TG
305.25

For metals and in the EU, the appendix R7.13-2 of the
REACH guidance applies,25 where instead of using logKow,
a weight of evidence should be sought for a metal
bioaccumulation concern. This mainly uses the scientific
literature or existing data on dietary studies with fish,
terrestrial organisms such as earthworms, evidence from
aquatic and terrestrial food web studies, calculated oral
probable no effect concentrations (PNECoral) in birds and
mammals, as well as considering metal bioavailability in
any bioaccumulation factor. Similar approaches including
modelling bioaccumulation are suggested for the USA.26

However, it is not clear how such guidance for dissolved
metals should apply to metallic MNs, and in the absence
of existing bioaccumulation studies on the metallic MN of
concern, then the default will be to conduct TG 305. This
situation has unintended consequences for animal welfare,
with mandatory vertebrate animal testing in TG 305 for
MNs. In the EU alone, there were around 117 substances
with forms in the nanoscale with a production volume
over 100 tonnes per year expected to be registered under
REACH,27 and with a fish bioaccumulation test per
registration, this would potentially equate to an annual
cost of ∼€10–15 million and 17 550 fish used for in vivo
testing. In 2020, only around 136 unique registration
updates covering 52 chemicals had been received by the
European Chemicals Agency (ECHA), partly because of
difficulty and confusion in the implementation of new
nano-specific guidance in REACH.28 Innovation with new
MNs is still growing rapidly, and there is an urgent need
to overhaul the bioaccumulation testing strategy for MNs
to rationalise the workload to testing only the materials of
most concern while also minimising the use of vertebrate
animals.

With these goals in mind, an alternative tiered approach
to testing was proposed.9 This included four tiers, starting
with a new physico-chemical trigger of concern and
progressing towards selected in vivo testing with TG 305. The
proposed tiers included: (i) particle settling and/or
dissolution tests as alternative triggers to the logKow test that
are more relevant to the behaviour of MNs; (ii) the inclusion
of data from in silico modelling, invertebrate tests, and/or cell
cultures to provide a weight of evidence for a
bioaccumulation concern; (iii) an in vitro tier using fish gut
tissue; and finally tier (iv), the dietary method of TG 305.
However, for regulatory acceptance of any such integrated
approach to testing, it is vitally important to show the
evidence-base that demonstrates the logic for tiers in the
strategy and the links between the tiers. It is also crucial to
show how any tests or measurements included in the first
tier of the strategy are predictive of a bioaccumulation
potential outcome. The relationship between the physico-
chemical properties of MNs and their bioaccumulation
potential in organisms is poorly understood, in part due to
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limited data sets on the latter.29 It is also unclear whether
bioaccumulation measurements on terrestrial invertebrates
such as earthworms, or other alternatives to vertebrate
animal testing, would be predictive of bioaccumulation in
fish and acceptable to replace, or decrease the use, of TG
305. Any scheme would also need to be precautionary and
especially avoid false negatives.

The overall aim of the current study was to use a meta-
analysis approach to provide data to support the first two
tiers of the testing strategy proposed by Handy et al.9 and to
determine whether or not the scheme could be simplified to
avoid vertebrate animal testing. The study necessarily focused
on metal-containing MNs, where data sets on the total metal
concentrations in tissues or whole animals are available. The
specific objectives included to: (i) determine whether key
particle metrics such as primary particle size, the
hydrodynamic diameters of dispersions, settling behaviour,
or dissolution rate, could be predictive of bioaccumulation
observed in earthworms; and (ii) show whether
bioaccumulation data from earthworms was predictive of
bioaccumulation in fish for MNs following a dietary TG 305
protocol, with a view to exploring invertebrate alternatives to
the fish bioaccumulation test.

Materials characterisation and data
sources

The data sources used in this study were primary
experimental data sets collected at the University of Plymouth
during the following EU projects: NANOSOLUTIONS (https://
nanosolutionsfp7.com/), Sustainable Nanotechnologies (SUN,
http://www.sun-fp7.eu/) and NanoFASE (http://nanofase.eu/).
The details of methodology are published in peer reviewed
articles from these projects. This included detailed
information on the MN characterisation with data on
dissolution for all the materials in NANOSOLUTIONS,30 the
CuO nanoparticles (NPs) used in NANOSOLUTIONS and
SUN,14 and the Ag NPs and Ag2S NPs used in NanoFASE.31

A summary of physico-chemical characteristics of the
particles and materials used throughout this study are shown
in Table 1; including details of purity and primary particle
sizes, as well as data about the particles dispersion and
settling in water. Only metal-containing MNs were considered
where total metal could be measured in the tissues of
organisms by inductively coupled plasma optical emission
spectroscopy (ICP-OES) or mass spectrometry (ICP-MS) in
order to infer bioaccumulation. Carbon-based MNs such as

Table 1 Materials characterisation

Material Manufacturer's information

dPrimary
particle size
(nm)

fHydrodynamic
diameter (nm)

gMetal dissolution
rate (μg min−1)

hSettling rate in ultrapure
water (mg min−1)

aAg NPs Diameter, 50 nm;
concentration 10.4 g L−1

55 ± 3 66 ± 4 0.03 --

aAg2S NPs Diameter, 20 nm;
concentration 9.6 g L−1

37 ± 19 135 ± 7 0.00 --

AgNO3, Sigma-Aldrich Purity, >99.00% - - -- -
CdTe bulk, Sigma-Aldrich Diameter, <250 μm;

purity, ≥99.99% trace metal basis
-- 172 ± 28 0.003 Cd --

0.002 Te
bCdTe QDs COOH-coated Diameter, 3–5 nm e<4 84 ± 58 0.058 Cd 0.002

0.021 Te
bCdTe QDs NH4

+-coated Diameter, 3–5 nm e<4 75 ± 50 0.494 Cd 0.011
0.249 Te

bCdTe QDs PEG-coated Diameter, 3–5 nm e<4 159 ± 72 0.107 Cd 0.007
0.038 Te

CuO bulk, British Drug
Houses Ltd

Analar grade -- -- -- 0.344

bCuO NPs uncoated Diameter, 10–20 nm;
csurface area, 42 ± 2 m2 g−1

12.00 ±
0.37

41 ± 28 0.028 0.152

bCuO NPs COOH-coated Diameter, 10–20 nm;
csurface area, 7.4 ± 0.5 m2 g−1

6.45 ± 0.16 121 ± 91 1.152 0.016

bCuO NPs NH4
+-coated Diameter, 10–20 nm;

csurface area, 6.1 ± 0.5 m2 g−1
9.53 ± 0.22 46 ± 36 0.31 0.043

bCuO NPs PEG-coated Diameter, 10–20 nm 7.46 ± 0.42 100 ± 36 0.867 0.000
CuSO4·5H2O, Sigma-Aldrich Purity, 99–102% - - -- -

a Supplied by Applied Nanoparticles (Barcelona) as part of the EU NanoFASE project. b Supplied by PlasmaChem GmbH as dry powder, with
bespoke design as part of the EU NANOSOLUTIONS project. c Brunauer–Emmett–Teller (BET) surface area values (mean ± one standard
deviation, n = 3) from EU NANOSOLUTIONS project. d Unless, otherwise stated based on transmission electron microscopy (TEM) images of
material stocks in ultrapure water (18.2 MΩ, ELGA, UK) with data as mean ± standard error of the mean (S.E.M) and n = ≥60 measurements at
University of Plymouth. e Unable to detect QDs using electron microscopy, an estimate is provided by Denmark Technical University. f Particle
size distribution measurements (mean ± one standard deviation, n = 3) by nanoparticle tracking analysis (NTA) on the material stocks in
ultrapure water at University of Plymouth. g Maximum slope from rectangular hyperbola function of curve fit of the metal rate of dissolution
from the material stocks in ultrapure water during dialysis experiments (n = 3) at University of Plymouth. h Maximum particle settling
calculated from an exponential decay curve fit of the material stocks in ultrapure water (calibration curves n = 3) at University of Plymouth. -
Data not applicable to the test material. -- Not determined.
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single walled carbon nanotubes (SWCNTs) were not
considered because of the absence of routine methods of
measuring the uptake of such materials in invertebrates. Raw
data on total metal accumulation from MN exposures of
earthworms were obtained from the following studies: CuO
NPs;14 CdTe quantum dots (QDs);32 and Ag and Ag2S NPs.33

Chemistry triggers for nanomaterials
of concern (tier 1)

The key concern is that the logKow test is not appropriate for
many MNs and so an alternative trigger for the testing
strategy is needed, and preferably relating specific physico-
chemical properties of the MNs with bioaccumulation
potential (see Handy et al.9 for discussion). There are many
possible particle metrics that could be measured, but
pragmatically, the approach here in the meta-analysis was to
consider metrics that are usually reported in
bioaccumulation studies in the scientific literature. These
include the primary particle size determined by electron
microscopy, the hydrodynamic diameters of dispersions in
Milli-Q ultrapure water (18.2 MΩ, ELGA, UK) determined by
Nanoparticle Tracking Analysis (NTA), and the maximum
dissolution rate determined by dialysis, as reported in the
articles cited above. In addition, the meta-analysis also
considered the particle settling rate. The latter was
determined by measurements of optical density using an
ultraviolet-visible spectrophotometer (Jenway 7315) at 220
nm. This optimal wavelength had been previously
determined from preliminary experiments (data not shown).
Stock suspensions at a concentration of 4 g L−1 were prepared
in ultrapure water and sonicated (35 kHz frequency,
Fisherbrand FB 11010, Germany) for 4 h to disperse the
particles, and after that, immediately diluted to a
concentration of 100 mg L−1. These suspensions were then
homogenised by inverting the bottles vigorously ten times.
Samples (n = 3), were taken from each bottle at 0, 10, 20, 30,
40, 50, 60, 90, 120, 150, 180, 210 and 240 min and analysed.
The settling of particles in the test suspensions was
presented as the total metal concentration plotted against
time. The concentrations were calculated from the optical
density values using calibration curves at 0, 5, 10, 20, 40, 60,
80 and 100 mg L−1.

Handy et al.9 proposed the dissolution of MNs and settling
rate measurements as the chemical triggers in tier 1 to
initiate further testing. The tiers are illustrated with a
decision tree (Fig. 1), and with some refinements to show the
exit points from strategy. In the first tier, the particle
behaviours are of relevance to bioaccumulation in wildlife.
For example, a metal or metal oxide MN that shows
dissolution in water will release dissolved metals that are
readily taken up by organisms, and it is well-known that non-
essential metals such as Cd are bioaccumulative, and even
nutritionally required metals such as Cu can accumulate if
given in excess.34 While the focus here is on metal-
containing MNs, similar dissolution measurements could be

made with organic MNs in a lipid phase, such as corn oil, to
infer if any persistent organic chemical might be released
from the MNs.9 Settling rates are also relevant to
bioaccumulation, with the assumption, for example, that any
material that settles from the water column would
contaminate the sediment and therefore the base of the
aquatic food web. The meta-analysis here uses all the above
metrics to calculate the correlation coefficients to define
which metric, or rather, combination of metrics, gives the
best prediction equation for bioaccumulation potential. Some
of the methods for these metrics are also undergoing
standardisation at the OECD. For example, the recent
Guidance Document No. 318 (ref. 35) on testing of
dissolution and dispersion stability of MNs is available.
Whatever physico-chemical trigger(s) are selected, a key
aspect for decision making is what value of dissolution rate
or settling rate, for example, should trigger moving to the
next tier. Here consensus building is needed within the

Fig. 1 A proposed decision tree for working through the
bioaccumulation testing strategy for manufactured nanomaterials
(MNs), with scientific exit points in the early tiers. ‘Exit’ indicates
leaving the strategy at the point in the tier indicated without
proceeding to the next step or tier.
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scientific community to decide on threshold values, but for
example, a decision to move to tier 2 might occur if the
dissolution shows the release of a toxic metal at more than
the current environmental quality standard, or if the metal is
known to bioaccumulate.

A similar thinking could be applied to settling rates, or an
arbitrary cut off applied, such as if more than 50% of the
material settles during the test, then one would proceed to
the next tier. A negative result from both the physico-
chemical tests would exit the scheme and no further testing
would be required. Thus, a MN that remains in the
particulate form without dissolving and forms stable
dispersions in water (i.e., no settling) would be regarded as a
low bioaccumulation risk. The thinking here is that
freshwater fish do not readily take up intact MNs across the
gills and into the internal organs from a waterborne exposure
in vivo.36 Instead, the emphasis in the scheme is on the
dietary bioaccumulation and biomagnification risks.
However, there is one caveat to consider regarding marine
fishes. Seawater-adapted teleosts drink the surrounding
media as part of their osmoregulatory strategy, and could be
exposed by ingesting the MN dispersed in the water. This
scenario is unlikely to lead to a negative result of the settling
rate test because the high ionic strength of seawater would
tend to cause particle settling by aggregation. The very saline
conditions on the gut lumen would likely limit the
bioavailability of any aggregates in the gut lumen of marine
fish.37

Particle settling and/or aspects of dissolution are
influenced by many factors in the media, including the pH
value, the ionic strength, the presence of divalent ions,
additions of natural organic matter (NOM), the level of
anoxia, as well as viscosity and temperature.8,38,39 Of course,
in the research laboratory, it is possible to make detailed
experimental investigations of those parameters in order to
understand particle settling or dissolution in natural
water.39–41 However, for the international standardisation of
methodology, and with regulatory use in mind, a simplified
approach to the media composition is needed. In the meta-
analysis here, we chose to illustrate the arguments using the
behaviour of the MNs in ultrapure water. This was a
pragmatic decision that enabled comparisons across different
materials, and with the scientific literature where ultrapure
water is often used as a reference point or control. Indeed,
the existing guidance, TG 105, on the ‘water solubility’ of
chemicals uses pure water.42 However, the dilemma of
simplification of methodology for standardisation versus the
complexity of environmental realism is recognised for MNs.
In tier 1, the recently approved TG 318 for dissolution and
dispersion stability of MNs43 could be used. This method
uses synthetic natural water (i.e., a media of defined chemical
composition), but with a simple matrix of chemistry variables
(e.g., pH 4, 7 and 9; 0, 1 and 10 mM Ca2+, with and without
NOM) that spans the likely concerns in freshwater at least.
The TG 318 also includes a decision tree on how to categorise
the results of the tests (e.g., dissolution present or absent).

The TG 318 would be applicable, as written with synthetic
natural water, in tier 1, when a waterborne bioaccumulation
test with fish is intended within TG 305. However, there is an
artificial saline that represents the trout gut lumen, and it is
used in gut sac studies to measure bioaccumulation from
MNs.31 This gut saline could be adopted into TG 318 to
compliment any proposed dietary bioaccumulation test in
fish using TG 305 at tier 4.

Using invertebrate bioaccumulation
tests as an alternative to fish (tier 2)

Bioaccumulation studies with aquatic invertebrates in the
presence of MNs are becoming available, with the prospect of
using aquatic invertebrates in a tiered approach to testing
(review, Kuehr et al.44). Studies on bivalves, gastropods,
amphipods and brachiopods show that bioaccumulation can
be measured,44 and in organisms relevant to the fate and
behaviour of MNs in aquatic systems. For example, filter
feeders and animals living on/in sediments. Metal uptake
and elimination of Ag NPs in the estuarine snail utilised ICP-
MS to measure total metal concentrations in the tissues.45

Studies using freshwater snails have measured total metals
from Ag NPs and Ag2S NPs exposures using atomic
absorption spectrometry,46 and total Cu from CuO NPs using
ICP-MS coupled with an isotope tracing technique.47 The
bioaccumulation potential of TiO2 NPs and SWCNTs was also
assessed in a sediment dwelling marine polychaete using
ICP-OES.48 More recently the technique of single particle ICP-
MS (spICP-MS) has being used, in addition to total metal
concentrations measurements of Ag NPs and TiO2 NPs, to
determine particle concentration during metal uptake and
elimination from a freshwater bivalve,49 and from an
amphipod, Hyalella azteca.50

The methods used in these available data sets on aquatic
invertebrates might require further validation to enable a
standardised protocol for the tissue detection of MNs in a
technical guidance document. For example, filter feeding by
aquatic invertebrates can show some size selection in the
micron range for food particles, and this, as well as the
filtration efficiency, may depend on the concentration of food
particles in the media.51 There is also some evidence of
selective filtration by size of MNs in clams.52 So, whether or
not to feed the animals, and standardising the particle
number concentration in the media, may be crucial aspects
to the ingested dose of MNs in filter feeders and therefore
any test method on bioaccumulation with these types of
animals. There are also practical considerations for
standardising washing procedures that remove excess media
from delicate invertebrates, when the integument anatomy of
invertebrates is so diverse. For invertebrates with a moulting
cycle, a standardised protocol might also consider whether to
include the carapace in the bioaccumulation measurement if
moulting is likely during the test, or to only use animals in
the inter-moult stage. Nonetheless, for the metal MNs at
least, accumulation might be predicted from total metal
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concentration in the organisms. Of course, from a hazard
perspective, it may seem logical to replace an aquatic test on
fish with an aquatic test on an invertebrate. However, there is
no requirement under REACH to focus on only aquatic data,
and many of the freshwater invertebrate assays that are
available for research purposes on bioaccumulation can
provide data as part of a weight of evidence approach, despite
those methods not yet being validated as OECD or similar
guidance documents.

In contrast, bioaccumulation testing is well established
with earthworms for metals and organic chemicals. There is
an internationally agreed protocol, OECD TG 317, for testing
the bioaccumulation of new substances in earthworms.13 In
2015, eighteen published studies had looked at the
bioaccumulation potential of MNs in earthworms.53 The
techniques used included ICP-OES, or sometimes flame
atomic absorption spectrophotometry for total metals, as well

as X-ray fluorescence spectrometry or gamma spectrometry
for other MNs.53 Arguably, earthworm bioaccumulation
studies show the most promise in their utility as a
replacement for vertebrate fish tests with MNs. Earthworms
are ecologically important detritivores that have been used in
studies on the bioavailability of MNs,54,55 and also provide
the ecosystem service of improving soil quality.56 Earthworms
are also able to withstand relative high concentrations of
substances in the environment and are easy to maintain in
laboratory cultures.57 From the viewpoint of kinetics, it is
possible to show net uptake and excretion of total metal or
particles in earthworms so that accumulation factors can be
calculated,33 and this would be fundamentally similar to
whole body uptake kinetics as measured using TG 305 using
fish. Indeed, some of the uptake mechanisms for MNs in the
gut are highly conserve across the invertebrate species to
fish.37

Table 2 Derived earthworm–soil bioaccumulation factors (BAFs) from data in the literature

Material
Primary particle
size

Nominal exposure
concentration (mg kg−1)

Bioaccumulation
factora Species Method

Exposure
duration Authors

AgNO3 - 100 0.05 Eisenia fetida OECD73 28 d Shoults-Wilson et al.55

Ag NPs 30–50 nm 0.01–0.02
AgNO3 - 15 7.8 E. fetida OECD13 28 d Baccaro et al.33

Ag NPs 50 nm 9.5
Ag2S NPs 20 nm 0.8
AgNO3 - 1.09 0.74 Eisenia andrei OECD13 21 d Velicogna et al.74

Ag NPs 20 nm 3.9 0.89
Ag NPs 5 nm 50 0.096 E. fetida OECD73 28 d Garcia-Velasco et al.75

AgNO3 - 15 0.033 Lumbricus rubellus ISO76 28 d Makama et al.77

Ag NPs 50 nm 250 0.002
AgNO3 - 154 0.200 L. rubellus ISO76 28 d van der Ploeg et al.78

Ag NPs 15 nm 15.4 0.023
AgNO3 - 200 0.030 E. andrei OECD73 28 d Schlich et al.79

Ag NPs 15 nm 0.060
Al2O3 bulk 50–200 μm 10000 0.008 E. fetida ASTM80 28 d Coleman et al.81

Al2O3 NPs 11 nm 0.011
CdĲNO3)2 - 1 17 E. andrei OECD73 28 d Stewart et al.57

H2SeO3 - 0.4 11
CdSe QDs 10–20 nm 1 9.6 Cd

0.4 6.2 Se
MWCNTs 30–50 nm 3000 0.015 E. fetida ASTM82 28 d Li et al.83

SWCNTs 1–2 nm 100 0.0078 E. fetida ASTM82 14 d Petersen et al.84

MWCNTs 30–70 nm 300 0.023
ZnO bulk 5 μm 10 1.99 E. fetida OECD61 28 d Jośko et al.85

ZnCl2 - 2.07
ZnO NPs 50 nm 2.09
CuO bulk 10 μm 0.56
CuCl2 - 0.82
CuO NPs 100 nm 0.94
ZnO bulk 0.2 μm 238–2500 0.36 E. fetida OECD73 28 d Heggelund et al.86

ZnO NPs 30 nm 0.48
ZnCl2 - 0.39
ZnCl2 - 5 1.53 L. rubellus OECD13 72 h Laycock et al.60

ZnO NPs 7.8 nm 1.56
ZnCl2 - 500 0.44 E. andrei OECD73 28 d Romero-Freire et al.87

ZnO NPs 20–40 nm 1000 0.26
ZnO bulk <5 μm 1000 0.150 E. fetida OECD88 28 d García-Gómez et al.89

ZnCl2 - 0.130
ZnO NPs 58 nm 0.210

a Bioaccumulation factor used as a general term with no specific distinction being made here between diet uptake and uptake from direct
environmental contact. - Data not applicable to the test material.
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Table 2 shows some example studies where data on the
bioaccumulation of MNs has been collected using the
earthworm species (Eisenia fetida, Eisenia andrei, Lumbricus
rubellus). The criteria used to identify these peer reviewed
studies were: (i) appropriate particle characterisation through
measurements of primary particle size and/or hydrodynamic
diameter; (ii) measured metal concentrations in the test
media to confirm the exposure; (iii) measured metal
concentrations in the test organism that were detectable
above the tissue background; (iv) evidence of quality
assurance in the procedures for metal analysis, such as
procedural blanks, spike recoveries, analysis of certified
reference materials; (v) the experimental design was
replicated, at least n = 3 vessels per treatment; and (vi) the
experimental design had unexposed controls, and metal salt
controls or bulk material controls as appropriate for a MN
study design. In these studies, OECD, International
Organization for Standardization (ISO) or similar test
guidelines were essentially followed. The test materials
studied were CuO, ZnO, Al2O3, Ag NPs, CdSe QDs and CNTs,
with appropriate micro-scale and salt controls, as applicable.
Crucially, these studies provide enough information to
estimate bioaccumulation factors (BAF) for earthworms. The
data shows (Table 2) that some non-essential metals, as
expected, are very bioaccumulative, such as Cd in the nano
form. There is also some evidence that the BAF values may
be size-dependent within Ag NPs, but overall it is unclear if
bulk forms of metal-containing materials have different BAFs
to the nano form. Comparison with the metal salts are
confounded by the necessity to use much lower
concentrations of dissolved metals to avoid acute toxicity in
the test design (Table 2).

The tradition in the scientific literature for earthworms
has been to use the phrase bioaccumulation factor (BAF),
and while this is associated with dietary exposure through
the ingested soil (i.e., like a BMF), some small or incidental
dermal uptake through cutaneous contact with the soil
cannot be excluded (e.g., for dissolved metals,58). However, in
the case of both Ag and ZnO MNs, dietary uptake seems to
dominate for earthworms59,60 and so these ‘BAF’ values
might be considered as equivalent to the BMF in a dietary TG
305 test. For practical purposes of the decision tree (Fig. 1),
this mechanistic detail is secondary, the idea is that a whole
body bioaccumulation measurement in earthworms is
broadly analogous to that in a fish using TG 305. In addition,
given that MNs do not form steady-state equilibria like
solutes, it is proposed that the prefix ‘nano’ or ‘n’ (e.g., nBAF
for earthworms) is included to infer the value has come from
an experiment on the nano form.9 The earthworm
bioaccumulation test has two phases; an exposure phase (i.e.,
for ‘uptake’) of up to 21 days, and then a ‘depuration’ phase
where the animals are transferred to clean soil for up to a
further 21 days, with worms removed at time points during
both phases for tissue analysis. The TG 317 protocol for
earthworms13 works for both phases of the test for Ag NPs.33

BAFs can then be determined from the uptake and excretion

kinetics. One suggestion is that data from TG 317 could be
used as part of a weight of evidence approach for a
bioaccumulation concern in REACH assessments for MNs.9

Evidence could also come from the earthworm reproduction
test, OECD TG 222,61 which is essentially the same as the
exposure phase in OECD TG 317 but lasting four weeks,
where earthworms can also show metal accumulation from
MNs exposures: CuO MNs14 and CdTe QDs.32

In the earthworm bioaccumulation test, like in the fish
bioaccumulation test, the first concern is whether or not an
apparent steady state can be achieved in order to validate
any nBAF (earthworms) or (nBMF, dietary in fish) approach.
Fig. S1† shows that this is indeed the case, with an
apparent steady tissue concentration of metal from MNs
exposures in the earthworm (Eisenia fetida) following
exposure to different Ag-containing materials. Similar
observations were made for CuO NPs with different surface
coating (Fig. 2), and for the Cd concentrations (Fig. 3A–D)
and Te concentrations (Fig. 3E–H) in earthworms exposed
to CdTe QDs with different surface coating. The nBAFs
determined for earthworms are shown in the respective
figures (Fig. 2 and 3).

Can nanomaterial metrics be used to
trigger an earthworm
bioaccumulation test?

Given that the logKow measurement is problematic for MNs,
and that MNs do not behave in the same way as dissolved
metals, it is useful to understand if particle properties could
be used as a chemical trigger for conducting the earthworm
bioaccumulation test (TG 317). Fig. 4 shows the physico-
chemical parameters of particle size, hydrodynamic diameter,
metal dissolution and particle settling plotted against the
calculated nBAFs for the E. fetida, following soil exposure to
uncoated CuO NPs and with negative, positive, or neutral
particle coatings present (CuO–COOH, CuO–NH4

+ and CuO-
PEG respectively). Soil and tissue metal concentration data
were taken from the last time point in the exposure (week 4)
of Tatsi et al.14 The r2 values for the linear plots were 0.88,
0.65, 0.80 and 0.76 for primary particle size, hydrodynamic
diameter, maximum metal dissolution rate, and particle
settling rate respectively. However, due to the limited data set
in the plots with just the CuO MNs, the Pearson's
correlations were not statistically significant ( p > 0.05).
Nonetheless, the approach does show that the nBAF can be
determined for earthworms.

Similar plots are drawn (Fig. 4) for the calculated nBAFs
for the total Cd or Te in Eisenia fetida, following soil exposure
to various CdTe QDs (CdTe QD-COOH, CdTe QD-NH4

+ and
CdTe-PEG) and a bulk CdTe material using the last time
point of exposure in the experiment (week 4,32). The r2 values
for the cadmium plots were 0.31, 0.02 and 0.97 for
hydrodynamic diameter, maximum metal dissolution rate
and particle settling rate respectively. The r2 values for the
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tellurium plots were 0.46, 0.22 and 0.34 for hydrodynamic
diameter, maximum metal dissolution rate and particle
settling rate respectively. Notably, because of the uncertainty
in the thickness of the coatings on the CdTe QD materials,
the primary size of individual particles was not possible to
measure; and this might be a problem for many materials
with organic coatings. Again, because the plots were limited
to one metal from a few materials, all the Pearson's
correlation coefficients were not statistically significant (p >

0.05).
A multiple linear regression of the metal BAFs for all the

materials (Ag, Cd, Te and Cu) against the particle metrics was
carried out to reveal if together the particle metrics could
better explain the observed calculated BAFs. The primary
particle size, hydrodynamic diameter, dissolution rate and
settling rate were used as independent variables, and the
earthworm calculated BAFs as the dependant variable.
Additionally, the ionic radii and charge densities of the
metals in the different materials were included in the model
(Table S2†). In the initial regression model, the mean
calculated BAF values gave an r2 value of 0.99 and a good fit
of the data (p < 0.002); suggesting that the independent
variables explained 99% of the variability. To improve the
accuracy, the model was re-run with all the calculated BAF
values (n = 53), yielding an r2 of 0.87, with particle size and
dissolution rate (p < 0.05) statistically significantly
accounting for the ability to predict the bioaccumulation
potential (Table S3†). A regression prediction equation was
then fit to the data using eqn (1);

y = 2.306 − (0.348 × a) + (1.064 × b) − (0.435 × c)
− (0.00157 × d) − (1.090 × e) + (4.933 × f ) (1)

where y = bioaccumulation factor, a = ionic radius, b = charge
density, c = particle size, d = hydrodynamic diameter, e =
dissolution rate and f = settling rate.

This approach of iterative multiple regressions of particle
properties against BAF values in earthworms is best included
as part of the bioaccumulation modelling exercise at the start
of tier 2 (Fig. 1). This is for practical reasons. At the present
time, it is likely that the dissolution and settling rate
measurements will need to be made in tier 1, and along with
the manufacturer's information on particle size, or additional
measurements of hydrodynamic diameters, the regression
analysis may then be conducted to derive a prediction
equation for the MNs being considered. In the future, as data
sets on particle properties are accrued, it might be possible
to conduct such regression analysis as part of the ‘problem
formulation’ in tier 1. It will be for the scientific community
to decide on thresholds for the ‘acceptability’ of the
regression analysis, so that it is used in a standardised way
as a tool for predicting bioaccumulation. However, there are
widely accepted conventions used by statisticians in
regression analysis, such as considering the residuals and
the tests for the significance of the regression coefficient or
slope, as well as estimates of the lack-of-fit and effect-size
differences in meta-analysis as part of the data
interpretation.62 We adhered to those conventions here, with
the multiple regression equation above for all the MNs in the

Fig. 2 Nominal chemical dose exposure in soil with copper materials (A) CuSO4 (B) uncoated CuO NPs (C) CuO–COOH (D) CuO–NH4
+ (E) CuO-

PEG plotted against measured total metal concentration in the earthworm (Eisenia fetida) tissue (mean ± S.E.M, n = 4). Data are from Tatsi et al.14
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Fig. 3 Nominal Cd (left panels) or Te (right panels) dose exposure in soil with CdTe QDs materials (A and E) CdTe–COOH, (B and F) CdTe–NH4
+,

(C and G) CdTe-PEG, (D and H) CdTe bulk material, plotted against measured total cadmium concentration in the earthworm (Eisenia fetida) tissue.
Data are mean ± S.E.M, n = 4, from Tatsi et al.32
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Fig. 4 Physico-chemical parameters plotted against calculated (mean ± S.E.M, n = 4) bioaccumulation factors (BAFs) for the earthworm Eisenia
fetida following exposure to copper- (left panels) or CdTe-based (right panels) materials. Properties of (A) particle size, (B and E) hydrodynamic
diameter, (C and F) metal dissolution and (D and G) particle settling were considered against the calculated BAFs, following soil exposure. The
copper nanoparticles were uncoated CuO, CuO–COOH, CuO–NH4

+ and CuO-PEG. The CdTe treatments were CdTe bulk, CdTe QDs COOH, CdTe
QDs NH4

+ or CdTe QDs PEG. All Pearson's correlations were found to be insignificant (p > 0.05). Equations for the curve fits are in Table S1.† Data
sourced from Tatsi et al.14,32
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meta-analysis offering an r2 of 0.87 using 53 data points.
Values exceeding an r2 of 0.8 seem very robust, given that
traditional models for predicting bioaccumulation factors in
fish from logKow often had r2 values around 0.75, and even
with refinements and hundreds of data points for organic
chemicals after years of research, outliers remain, with r2 not
exceeding 0.95 (e.g.,63). Thus for MNs, provided the r2 values
are around 0.75 or more, and the multiple regression
equation is statistically significant, then BAF predictions
exceeding 1.0 (i.e., bioaccumulative) would trigger the need
for the earthworm bioaccumulation test in the latter part of
tier 2 in the scheme.

Are earthworm bioaccumulation tests
(tier 2) predictive of the in vitro
finding in fish (tier 3)?

The proposal for a tiered approach testing put forward by
Handy et al.9 included a third tier that was intended to
represent ‘in vitro fish’ alternatives that might help to decide
to include or waive the final tier, the in vivo fish test (TG
305). The tier 3 include an in chemico digestibility assay for
simulating the bioaccessible fractions of MNs in the gut
lumen, and gut sac studies to show uptake to the gut tissue
(Fig. 1). The tier 3 therefore enabled the implementation of
the 3Rs (replacement, reduction, refinement); that is
replacement of the in vivo test with ‘in vitro’ fish alternatives,
and/or a reduction in the use of the TG 305 test. It was
considered that the regulatory acceptance of any proposal to
replace the dietary in vivo fish test would need an alternative
that still used fish tissue, or was relevant to fish gut.9

However, with the benefit of new data here (see below), it is
apparent that the earthworm bioaccumulation test is not only
predictive of the in vivo fish test, but also predictive of the
fish alternatives in tier 3. The latter will give confidence in
the decision making to move from tier 2 (invertebrates) to
tier 3 (‘in vitro’ fish) or not.

While there is some logic to using alternative methods in
fish gut to support an in vivo fish dietary bioaccumulation
test. From the view of comparative physiology, a dietary
bioaccumulation study on an earthworm is not conceptually
different from that on a fish. In terms of colloid chemistry,
the guts of both organisms have an ionic strength that would
promote particle settling to exposure in the epithelium.64 The
REACH annexes and the US EPA procedures for metals also
allow bioaccumulation data on species other than fish, and
any subsequent risk analysis would include safety factors for
species differences and/or the amount of data on different
organisms in the risk assessment. Ultimately, a path could be
found through the regulations to waive studies on fish in
favour of earthworm, as long as there was confidence that
earthworm data would predict bioaccumulation in other
biota.

Nonetheless, the tier 3 on ‘in vitro’ fish included the use
of isolated gut sacs from rainbow trout (Oncorhynchus mykiss)

intestine. The gut sac method has been used for many years
in research on gut physiology and to determine the uptake
mechanisms of chemicals,9 now including MNs e.g., TiO2;

65

Ag and Ag2S NPs.31 Experiments have also been completed
for trout gut sacs on CuO NPs compared to CuSO4 (ref. 66)
and on the same CdTe QDs used in the earthworm studies
(Clark et al., unpublished data). In these gut sac studies, the
mid and hind intestine usually showed more metal
accumulation than other regions of the gut, as expected for
the absorptive functions of the gut. During the processing of
the tissue samples, the underlying muscularis was separated
from the gut mucosa, and both anatomical portions were
analysed for total metals in the gut sac method. The
muscularis is especially interesting as this may represent
total metal that has been internalised (i.e., crossed the gut
epithelium to arrive in the underlying vasculature and
lymphatics). Therefore, the muscularis of the mid intestine
was chosen for comparison with the total metal
accumulation by earthworms, since both would be indicative
of an internal dose.

Fig. 5 shows the data for the CdTe QDs, and plots the total
Cd or Te in the earthworm against the muscularis of the mid
intestine in fish. In both the CdTe QD-COOH and CdTe QD-
PEG treatments, both Cd and Te accumulation in the
earthworm was well correlated with that in the muscularis of
the intestine (r2 > 0.78 for all), with each showing a
statistically significant relationship: correlation coefficients
with p values: 0.907 (p < 0.01), 0.882 (p < 0.01), 0.933 (p =
0.02) and 0.961 (p < 0.01) for the Cd in CdTe QD-COOH, Cd
in CdTe QD-PEG, Te in CdTe QD-COOH and Te in CdTe QD-
PEG treatments, respectively, using the Pearson's or
Spearman's correlation. However, some of the linearity of the
relationship is lost in the CdTe QD-NH4

+ treatment; for
instance, the Te tissue concentrations (Fig. 5E). For CuSO4

and CuO NPs, the relationship between total metal in the
earthworm and fish gut sac is curvilinear (Fig. S2†), and this
might be expected for an essential nutrient that is regulated
by both organisms. Despite this, all treatments show a
significant predictive relationship between earthworms and
fish tissue. Importantly, the measurements are made at an
apparent steady-state and with a sub-lethal exposure
concentration so that the data are comparable. In any event,
the key point is that the earthworm data are generally
predictive of the gut sac results, so arguably, the tier 3
proposed9 could be omitted, and the scheme instead, rely on
the invertebrate data in tier 2.

Is bioaccumulation in earthworms
predictive of bioaccumulation in fish?

In keeping with the 3Rs and the desire to replace vertebrate
animal testing entirely, it is apparent that TG 317 on
earthworms might replace the fish test (TG 305) in a REACH
assessment in cases where there is predictive data. This
would be a positive step-change for the regulatory community
with respect to animal welfare, and while a mandate from
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Fig. 5 Correlations between tier 2 (earthworms) and tier 3 (gut sacs) exposed to COOH-, NH4
+- or PEG-coated cadmium quantum dots. The left

hand panels (A–C) are total Cd concentrations, whereas the right hand panels are the associated total Te concentrations. The earthworms were
exposed to 50 mg kg−1 of the CdTe materials for 28 days, and the fish gut was exposed to 1 mg L−1 for 4 h. Data were ranked and then correlated.
The equations of the lines are (A) y = 0.7899x + 72.997, (B) y = 0.6905x + 141.69, (C) y = 0.201x + 153.74, (D) y = 0.0079x + 0.3529, (E) y = 0.0522x
+ 0.85 and (F) y = 0.0066x + 0.9173. The CdTe earthworm data from Tatsi et al.,32 and the CdTe fish data is in preparation (Clark et al., unpublished
data).
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Fig. 6 The relationship between rainbow trout (Oncorhynchus mykiss) calculated biomagnification factors (BMFs) for the: (A) liver, (B) mid
intestine, (C) hind intestine, (D) kidney, and (E) whole fish body, as plotted against the earthworm tissue (Eisenia fetida) calculated bioaccumulation
factors (BAFs). The equation of the linear polynomial line fitting panels (A), (B), (C), (D), and (E), are y = 0.0452 + 0.6818x, y = 0.0662 + 6.9740x, y =
0.1569 + 0.6075x, y = 0.2165 + 2.9754x, and y = 0.1734 + 18.77x, respectively. Pearson's correlation was found to be significant, (p < 0.05) for all
four fish organs and fish whole body relative to the earthworm tissue.
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the regulatory authorities to formally discontinue TG 305
would be required, in principle, in vivo testing on fish may
not be needed at all for metallic MNs. This thinking might
even be extended to organic MNs, and in time, to chemicals
generally, with considerable financial savings in the overall
testing strategy and with respect to the animal welfare of fish.
However, an incremental first step would be to show that the
metal concentrations in the internal organs of fish correlate
with those in the earthworm; and then to determine if the
nBAF values in the earthworm correlate with the nBMFs in
the fish test. For this aspect of data analysis, the fish liver
was chosen as the central internal compartment in metal
metabolism, and plotted against the whole body metal
concentration in the earthworms (Fig. S3†).

Following the exposure to AgNO3, Ag NPs or Ag2S NPs
(Fig. S3A–C†), there was a significant relationship between
the fish liver total Ag concentration and the respective
earthworm total Ag concentration (AgNO3, Spearman's
correlation coefficient 0.888; Ag NPs and Ag2S NPs, Pearson's
correlation coefficient of 0.728 and 0.866 respectively, both p
< 0.01). This was also observed in both the CuSO4 and CuO
NPs treatments for total metal concentrations (Fig. S3D and
E;† Pearson's correlation coefficients for CuSO4 and CuO NPs
were 0.924 and 0.944, respectively, both p < 0.01).

Given the similarities in the biogeochemistry of Cu and
Ag, the nBMF of the organs of fish was plotted against the
nBAF of the earthworm for both Cu and Ag together; and
ranking the pairs of data points by exposure concentration to
accounts for concentration differences between studies
(Fig. 6). When these variables were plotted against each
other, the r2 values for a linear fit were 0.99, 0.94, 0.89, 0.97,
and 0.97 for the liver, mid intestine, hind intestine, kidney,
and fish whole body, respectively. Pearson's correlation
values were also found to be significant for fish organs and
fish whole body relative to the earthworm tissue (p = 0.000
for liver; 0.007 for mid intestine; 0.016 for hind intestine;
0.002 for kidney; and 0.002 for fish whole body). This
demonstrates that nBMF from the fish bioaccumulation test
could be replaced with the nBAF from the earthworm test in
a REACH assessment for both the silver and copper-
containing MNs. Whether this relationship exists for the
CdTe QDs with different surface coatings is yet to be
determined because the in vivo fish tests (TG 305) with these
materials have not yet been conducted.

There is a mechanistic logic as to why nBAFs in
earthworms might correlate with nBMF in fish for metals.
For essential metals such as Cu, the solute transporters are
highly conserved across species67 and this is no surprise as
all animals need to homeostatic control their nutritive metal
uptake. Conversely, for non-essential metals such as Ag, Cd,
Pb, etc., no metal-specific endogenous uptake or excretion
pathways have evolved in eukaryotes, as the metals have no
biological functions and are therefore not needed inside the
tissues.68 So, whether one examines invertebrates or
vertebrate animals, the non-essential metals are not regulated
and tend to be bioaccumulative. Logically, these arguments

should also apply to minerals at the nanoscale since
organisms have evolved in a nanoparticle-rich biosphere.
Indeed, we now understand that some nutritionally required
metals are taken up through high affinity vesicular trafficking
systems (e.g., Cu,69), and/or taken up in the particulate form
(e.g., iron,70). More data sets on MNs made from essential
and non-essential metals are needed to prove this point and
to refine any prediction equations that might be used. For
organic chemicals, the idea of lipid solubility is universal,
since all organisms have biological membranes made from
lipids and so data from many species fit on the same line of
bioaccumulation factor versus the logKow measurement.63

However, for organic MNs such as dendrimers or carbon
nanotubes with organic coatings, the uptake and therefore
bioaccumulation potential is dependent on the affinity of the
endocytosis-related mechanisms involved.71 More data are
needed, but for example, it may also be the case that MNs
with coatings or compositions found in nature (e.g.,
carboxylated or sulphated colloids,72) are taken up more
readily, than entirely novel synthetic chemical structures. Of
course, the notion of safe-by-design MNs would argue that
they are made of naturally occurring ligands that might
therefore be biodegradable, or at least not accumulated by
organisms.

Decision tree and exit points from the
testing strategy

A decision tree is needed in order to guide the user through
the tiers in the testing strategy and to offer clear guidance on
implementation. This is discussed in detail elsewhere,9 but
the commentary here focusses on the utility of the
invertebrate aspects and lower tiers. Fig. 1 shows the decision
tree, with some additional refinements modified from Handy
et al.9 to illustrate the exit points from the strategy and how
to move forward from one tier to the next. The scheme starts
with the problem formulation and initial evidence of
concern, as would normally be the case in any hazard
assessment process. For example, it might be that the
intended use of the MN gives rise to a bioaccumulation
concern; such as the use of MNs in crop protection products,
or is designed to be persistent/durable (i.e., not
biodegradable), or has a chemical composition that includes
a substance known to bioaccumulate (e.g., MNs made with
Cd).

In tier 1, environmental chemistry triggers could be
obtained from existing chemistry data sets, or as part of the
initial data collection on the properties of the MN. New
dissolution and particle settling measurements could be
made using the recently approved TG 318 on dispersion
stability of nanomaterials in simulated environmental
media.43 Importantly, both measurements would be needed
to decide on exiting the strategy, minimising the risk of a
false negative (predicting no bioaccumulation when a
bioaccumulation concern exists) so the scheme remains
precautionary with respect to chemical safety in tier 1. For
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example, if dissolution was negligible (e.g., no ‘free metal
ion’ bioaccumulation concern) and the MN showed no
evidence of particle settling to contaminate the base of the
food web, then the bioaccumulation concerns would be low
(i.e., a reasonably inert MN that remains in the water
column). In this case, one could exit the strategy without
needing to proceed to a TG 305 test with fish, albeit with any
caveats or exceptions about the likelihood of waterborne MN
uptake through the gills. For example, a lipid soluble MN
that might be taken up by diffusion, or a MN with a coating
specifically designed to permeate cell membranes may still
be a concern. Such aspects could be reported in the problem
formulation step. If either one of the chemistry trigger(s) are
positive for a concern, then one would move to tier 2. The
thresholds for those chemical triggers need to be decided by
consensus building within the scientific community, but for
example, if the metallic MN entirely dissolved, as might be
the case at pH 2 using an artificial saline to represent the
stomach of a trout, then existing metals risk assessments
would apply. Alternatively, if the MN remained
predominantly in the nano form and showed particle
settling, then there would be a bioaccumulation concern. The
strategy aims to minimise the use of any animal testing, and
so the first step in tier 2 is a mandatory review of existing
data on bioaccumulation potential. Of course, some of this
may have been done in the initial problem formulation, but
this step is intended to be in more detail. This will include
the use of existing bioaccumulation models for MNs in
invertebrate species, such as that available from the
NanoFASE EU project11 to predict BAFs in earthworms, as
well as any measured BAFs from the scientific literature.
Existing data from the literature on fish cell lines (gill, gut or
liver cell lines) could also inform on bioaccumulation
potential if those cells show bioaccumulation from the MN
exposure.9

Similarly, existing data from digestibility assays could be
used, from gut sacs, or from existing data from in vivo
studies on fish and oral exposure studies in rodents for
bulk materials and MNs. Existing data sets on the
earthworm bioaccumulation test TG 317 would be especially
welcome, as this could waive the need for doing this test in
tier 2. If the review of existing data does not support a
concern for bioaccumulation potential, then one can exit
the strategy with no further testing required. However, if a
concern is present and there is no existing data on TG 317
for the MN, then the earthworm bioaccumulation test
should be conducted. If the nBAF for earthworms from that
test raises a concern, then proceed to tier 3, if not, exit the
testing strategy. This assumes that a very low nBAF value in
the earthworms would equate to a low nBMF or no
accumulation in the fish. This is certainly the case for Ag2S
NPs (Fig. 6), but more data on MNs that yield negative
results are needed. Note that tier 2 contains several steps
and data from different sources, again this minimises the
risk a false negative in the earlier tiers so that the tier
remains precautionary.

The in vitro fish (tier 3) and the in vivo fish (tier 4) are
discussed in detail elsewhere.9 However, one aspect to agree
is the threshold that constitutes a bioavailable fraction of
concern in the gut lumen of fish. The in chemico digestibility
assay measures the release of dissolved metal in the case of
metallic MNs, but does not exclude the possibility that the
particle remains intact, and yet also bioavailable. Therefore,
it would also be prudent to conduct the gut sac studies to
confirm uptake of total metal, regardless of the chemical
form suspected in the gut lumen. Thus, both the in chemico
digestibility assay and gut sacs would show a concern in
order to move to tier 4 on in vivo fish. For the gut sacs, a key
decision to move to tier 4 would be the presence of the test
substance in the muscularis (i.e., confirmed translocation
across the gut to the internal compartment). However, the
accumulation into the gut mucosa might also be considered.
For example, CuO NPs dissolve in the acid conditions
expected in the stomach (i.e., a positive results on
‘digestibility’), but in the gut sacs also show accumulation in/
on the gut mucosa rather than muscularis over 4 h.66 Clearly,
the total Cu was bioavailable to the mucosa, but may not yet
have had time to translocate to high enough concentration in
the muscularis in such a short test to infer an internalised
dose. In such circumstances, the precautionary principle
could be applied, and one might move to tier 4 to be sure of
the outcome.

The correlations here with nBAFs show that the results
from earthworm tests are predictive of the fish
bioaccumulation test, and one would therefore argue the
scheme could stop at tier 2 to eliminate vertebrate animal
testing all together. Whether or not tier 3 could be omitted,
and instead to rely primarily on evidence from earthworm
bioaccumulation tests, or similar tests with other
invertebrates, will depend on attitudes towards using
alternatives to vertebrate animals, as well as the providing
sufficient data on a wide variety of MNs so that the scientific
evidence for replacement is strong.

Conclusions and the way forward

The data analysis for the earthworm tests shows that an
apparent steady-state can be observed and a nBAF calculated
from the total metal concentration in the media and the
organism. The use of total metal concentrations is a
pragmatic approach to nBAF that does not rely on knowledge
of particle transformations in the tissue. In any case, at this
time, it is not technically possible to quantify particle
number concentration, particle transformation in different
organs, biocorona, etc., in most fish and invertebrates
species. However, in the medium term, it would be desirable
to at least achieve a standardised method for measuring
particle number concentration in fish and/or invertebrate
tissues to support bioaccumulation testing protocols. The
requirement to minimise vertebrate animal testing under
REACH is very clear, and more widely in other regulations for
chemicals around the world. A much stronger consideration
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of the 3Rs is advocated here for the bioaccumulation testing
strategy, where it is possible to exit the strategy and have
safety information without necessarily needing vertebrate
animal testing. The threshold values that enable the testing
to move from one tier to the next should be agreed, and it
may be that the data in tier 2 on earthworms could be
sufficiently robust to waive tier 3 and 4 entirely for some
MNs. However, one should also be mindful of the speed of
innovation in nanotechnology, and with second and third
generation MNs now appearing in the market place. The
tiered approach to bioaccumulation testing should be
standardised in a way that enables it to be used for a wide
variety of MNs. Here we have demonstrated the scheme with
some metallic MNs with different properties, and further
laboratory work is already underway in the NanoHarmony EU
project to expand the data sets to other metallic MNs. It will
be for the scientific community to decide on how many
different metallic materials are needed to validate the
scheme. The scheme has not yet been applied to entirely
organic MNs, such as pristine carbon nanotubes or
dendrimers, partly because detection methods are not
routinely available for the intact MNs in complex matrices
such as tissue. Aspect such as dissolution may be less
relevant to some organic MNs, although it might be
measured in lipophilic media.9 Regardless, any scheme that
is agreed should remain precautionary and effective at
assessing the chemical safety of MNs, as well as working long
into the future for all varieties of new MNs.
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