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Preface

The research contained within this PhD thesis was carried out at the
Department of Environmental Engineering, at the Technical University of
Denmark. It was conducted from November 2013 to November 2016 under
the supervision of Professor Anders Baun with co-supervision from Associate
Professor Mette Broholm and Associate Professor Steffen Foss Hansen.

The thesis is organized in two parts: the first part puts into context the
findings of the PhD in an introductive review; the second part consists of the
papers listed below. These will be referred to in the text by their paper
number written with the Roman numerals I-1X.
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Summary

In 2004, the first article on ecotoxicity of engineered nanomaterials (ENMSs)
was published, subsequently giving birth to the field of nanoecotoxicity.
Today, approximately a thousand peer-reviewed articles have been published
on the topic albeit many challenges remain within the field. Central to these
is the continued examination of the applicability of ecotoxicity testing to
encompass the testing of particles, as the tests originally are developed for
dissolved chemicals. Furthermore, the ability of such testing to inform
environmental risk assessment and environmental risk management,
including the applicability of these concepts, has been questioned.

The present thesis provides an overview of the challenges facing ecotoxicity
testing of ENMs and investigates whether we can rely on such testing to
inform risk assessment and eventually management of the potential
environmental risk of ENMs.

Although the Organisation for Economic Co-operation and Development
(OECD) launched a seven year long testing programme around the use of
standardized OECD test guidelines (TGs) for ENMs, which concluded that
the TGs are generally applicable to ENMs, this thesis argues that it is not
possible to offer any conclusions based on their analysis. Efforts within
nanoecotoxicology are focused on modifying existing TGs to improve the
stability and dispersion of suspended ENMs, although it is paramount to
acknowledge that the underlying assumption of the dissolved nature of the
test compound is violated. Furthermore, several dilemmas - so called-double
binds - should also be acknowledged as they dictate the limitations of
standardization and therefore also its ability to guide risk assessment.

The paradigm of conducting in vivo animal toxicity testing and extrapolating
the data to either humans or the environment is gradually being replaced with
a focus on in silico and in vitro studies with an even greater need for and
reliance on extrapolation. However, in this thesis it is argued that within
ecotoxicity, whole organism models remain at the foundation of
environmental risk assessment, and as such, they are likely to remain in use
for nanoecotoxicology. Indeed, the use of more complex in vivo systems such
as microcosms and mesocosms are recommended to enable and validate
current risk assessment practices. But just as envisioned in human toxicology,
an integrated approach must be pursued to reap the benefits of simplified as
well as more complex testing systems, each fit for purpose for different tasks.

Vil



It is concluded that it is not possible to conduct environmental risk
assessment of ENMs with a satisfactory level of certainty, primarily due to
knowledge gaps and the uncertainty imbedded in current ecotoxicity data.
Albeit with time better data will be available, it is important that tools
encompassing uncertainty are utilized to facilitate decision-support. As the
risk constituted by ENMs cannot be quantified, the use, need and ability of
risk management options to encompass the potential risk are similarly
challenged. This should invoke a precautionary stance on the use of ENMs.

Within the field of nanotoxicology the concept of creating ‘safety by design’
has received much attention, arguably both due to these risk assessment and
management issues, but also in spite of them. Instead of focusing on
managing complexity and uncertainty, the rise of ‘safety by design’ indicates
that the field is going towards a more deterministic approach with a
misplaced promise to solve these management issues scientifically.

Finally, identifying risky ENMs and safer alternatives through alternatives
assessment should be encouraged. Importantly, in doing so we will also be
forced to look at risk in combination with benefits, as addressing risk in
isolation rarely leaves room for resolving societal issues.

viii



Dansk sammenfatning

I 2004 blev den faorste artikel om nanomaterialers gkotoksicitet publiceret,
hvilket derved blev starten for forskningen i nanogkotoksikologi. | dag er
omkring tusind videnskabelige artikler publiceret om emnet, men mange
udfordringer eksisterer forsat inden for omradet. Et centralt spgrgsmal er
anvendeligheden af de nuvearende metoder til gkotoksicitetstestning, da
testene oprindeligt er udviklet for oplgste kemikalier og ikke for partikler.
Ydermere er det betvivlet, om den slags testning muliggarer en vurdering og
handtering af nanomaterialers potentielle miljgrisiko.

Denne afhandling giver et overblik over udfordringerme forbundet med
gkotoksikologisk testing af nanomaterialer og undersgger om sadanne tests
kan facilitere miljgrisikovurdering og -handtering af nanomaterialer.

Selvom Organisationen for @konomisk Samarbejde og Udvikling (OECD) pa
baggrund af et syv ar langt testprogram har konkluderet, at OECD’s
retningslinjer for standardiserede tests generelt er anvendelige for
nanomaterialer, argumenterer denne afhandling for, at det ikke er muligt at
konkludere noget sadant udfra deres analyse. Mens bestraebelserne indenfor
nanogkotoksikologi fokuserer pa at modificere de eksisterende retningslinjer
for testning for at forbedre stabiliteten og dispersionen af suspenderede
nanomaterialer, er det vitalt at anerkende, at den underliggende antagelse om
teststoffets oplgste natur er overtradt. Yderemere eksisterer der et
spendingsfelt i nanogkotoksikologisk forskningen ift. om testing skal have et
regulatorisk eller videnskabelig fokus, hvilket skaber fundamentalle
dillemaer om hvad testing kan og skal undersgge.

Paradigmet om at udfgre in vivo toksicitetstestning med dyr og derefter
ekstrapolere data videre til enten mennesker eller miljget er gradvist ved at
blive erstattet med et fokus pa in silico og in vitro studier med endnu lengere
ekstrapolering. Denne afhandling fremfarer, at indenfor gkotoksikologi er
tests med hele organismer stadig fundamentet for miljgrisikovurdering, og
derfor er det forventligt, at de bibeholder deres role i nanogkotoksikologi.
Netop brugen af mere komplekse in vivo systemer, som mikro- og
mesokosmosforsgg, anbefales for at muliggere og validere den nuvarende
risikovurderingspraksis. Men pracis som for human toksikologisk testning,
skal en integreret tilgang tilstraebes for at hgste fordelene ved savel de simple
som de mere komplicerede testsystemer, hver med deres
anvendelsesmuligheder.



Det konkluderes, at det i dag ikke er muligt at foretage miljgrisikovurdering
af nanomaterialer med et tilstreekkelig niveau af sikkerhed, primert grundet
manglende viden og usikkerheden indlejret i nuveerende gkotoksicitetsdata.
Omend bedre data bliver tilgengelige med tiden, er det vigtigt, at
risikohandteringsverktgjer, der kan inkorporerer usikkerhed anvendes til at
fremme beslutningsstette. Da risikoen forbundet med nanomaterialer ikke kan
kvantificeres, er brugen, ngdvendigheden o0g anvendeligheden af
risikohandteringsmuligheder til at omfatte den potentielle risiko ligeledes
sveer at bedemme. Dette burde paberabe en forsigtig brug af nanomaterialer.

Inden for nanotoksikologi har konceptet ’safety by design’ modtaget meget
opmarksomhed og fremgagng, hvilket indikerer at omradet er pa vej mod en
endnu mere deterministisk tilgang med et fejlplaceret lgfte om at kunne lgse
disse handteringsproblemer videnskabeligt. | stedet burde der fokuseres pa at
handtere kompleksitet og usikkerheden i risikovurdering.

| afhandlingen tilskyndes der endeligt til identificering af risikobetonede
nanomaterialer og mere sikre alternativer ved hjalp af metoden ’alternatives
assessment’. Ved denne metode vil potentiel risiko blive sammenholdt med
de opnaede fordele. Dette reprasentere et fremskridt ift. nuveerende praksis,
da adressering af risiko i isolation kun sjeldent giver mulighed for at lgse
samfundsmaessige problemstillinger.
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1 Background and aim

Nanotechnology is often described as the purposeful manipulation and
creation of advanced materials at the nanoscale, generally termed engineered
nanomaterials (ENMs). Although definitions vary, ENMs are normally
defined as materials with at least one dimension below 100 nm (Boholm &
Arvidsson, 2016). The study of the environmental effects of ENMs is
correspondingly the study of nanoecotoxicology.

The field of nanoecotoxicology is considered a young scientific discipline as
no ENMs have been tested for their potential environmental hazard prior to
2004 (Skjolding et al., 2016 Paper VII). The field has been growing rapidly
since and, according to Thomson Reuters WoS, approximately 1000 peer-
reviewed articles have currently been published that are identified with the
terms nano* AND ecotox*. However, aquatic ecotoxicity testing of ENMs for
risk assessment purposes has proven challenging, as existing test guidelines
have been developed for dissolved chemicals and their applicability for
ENMs and risk assessment has been questioned from the dawning of the field
(OECD, 2006; Aitken et al., 2011).

ENMs are not dissolved entities as they behave as a solid phase within an
agueous phase and the stability of the suspension is influenced by colloidal
forces (Petosa et al., 2010). The surface of the solid can, for instance, be
charged or coated and is subject to surface forces such as van der Waals
forces (Baalousha et al., 2009), which can change in different aquatic medias
as well as over time. Particle aggregation and agglomeration are known
issues that eventually also can lead to particle sedimentation. For dissolved
chemicals a mass dose-metric is normally applied when conducting
ecotoxicity testing, however for insoluble ENMs only atoms on the surface
will be able to interact with an organism or the media. Other ENMs undergo
partial dissolution giving rise to a more complex exposure scenario
(Serensen, 2016). For an overview of the main processes involved in these
exposure issues see Figure 1.

Other concerns with testing ENMs include concentration-dependent behavior
(Baalousha et al., 2016), interactions with the test container (Sekine et al.,
2015), variability due to dispersion methods (Hartmann et al., 2015), the
stability of the suspension (Cupi, 2015) as well as the occurrence of physical
effects (Petersen et al., 2014; Sgrensen et al., 2015 Paper 1X). The main
consequence of these issues is the creation of unstable, convoluted and time-



dependent exposure concentrations (Sgrensen & Baun, 2014; Skjolding et al.,
2016 Paper VII) which hampers the establishment of dose-response
relationships which is at the core of aquatic ecotoxicity testing.

Uncertainty is also present throughout risk assessment (Grieger, 2011;
SCENIHR, 2009; Hristozov et al., 2012) and risk management (Klaine et al.,
2012). Fundamentally, each step relies on the previous steps and therefore all
steps are rooted in the assumption that the generation of ecotoxicity data will
facilitate the assessment of an environmental hazard which will enable
decision-making further downstream in risk management. However, whether
this holds true for ENMs is questioned and other approaches have been
proposed (Syberg & Hansen, 2015; Miller & Wickson, 2015).

Figure 1 Overview of processes that give rise to exposure issues for aquatic testing
for dissolved compounds (A) and for ENMs (B). Importantly, ENMs that partially
dissolve experience issues from both (A) and (B). 1) Evaporation, 2) Adsorption,
3) Speciation, 4) Precipitation, 5) Dissolution, 6) Agglomeration and aggregation,
7) Sedimentation 8) Surface transformations. Reprinted with permission (Sgrensen,
2016).



Overall, there is a need to address the applicability and current challenges
present in ecotoxicity testing of ENMs as well as the ability to handle ENM
risks through environmental risk assessment and management. The present
thesis aims at covering these aspects primarily within a European context.
Specially, the aim of the thesis is to:

e Evaluate the applicability of standardized aquatic ecotoxicity testing for
environmental risk assessment of ENMs (Paper 1V - 1X)

e Provide an outlook for how ecotoxicity testing of ENMs can be improved
to provide a better foundation for environmental risk assessment (Paper

)

e Analyze and discuss the feasibility of current risk management options to
ensure the environmental safety of ENMs (Paper | & 111)






2 The applicability of standardized

ecotoxicity testing for ENMs

In 1983, the U.S. National Research Council (NRC) at the National Academy
of Science published the so-called ‘Red Book’ entitled ‘Risk assessment in
the Federal Government: Managing the process’ (National Research Council,
1983). Risk assessment was defined as ‘the use of the factual base to define
the health effects of exposure of individuals or populations to hazardous
materials and situations’ and incorporates hazard identification, dose
response assessment, exposure assessment and risk characterization. The Red
Book is considered the original foundation for current risk assessment
schemes, including environmental risk assessment, and consequently
environmental risk assessment consists of the same four steps (ECHA, 2008;
Syberg & Hansen, 2015). Through hazard identification, a dose response
relationship should be established, with the aim to estimate a Predicted No-
Effect Concentration (PNEC), below which no environmental harm is
expected. Risk characterization is then considered the ratio between a PNEC
and the Predicted Environmental Concentration (PEC).

2.1 Hazard identification

Within ecotoxicology, testing is performed for two reasons, as described by
Calow (1997):

1. To anticipate how toxicants are likely to impact ecological systems
2. To assess what changes are taking place in ecological systems under the
influence of released toxic substances

Generally anticipatory tests comprise laboratory testing whereas assessment
tests typically are performed in the field or in ‘near-field’ conditions. Hazard
identification of chemicals and ENMs is the first step in risk assessment and
relies on anticipatory testing. To ensure reproducibility and reliability, these
tests have been harmonized to a large extent through standardized methods
and standardized test guidelines (TGs). These are developed by international
organizations, such as the Organisation for Economic Co-operation and
Development (OECD) and the International Organization for Standardization
(1SO). In this thesis, standardized tests and standardized testing refer to these.



As mentioned in Section 1, TGs have never been developed specifically for
the testing of ENMs; instead there has been a reliance on TGs developed for
dissolved chemicals to also cover ENMs, although ENMs do not adhere to
the test requirements and assumptions in the TGs. Today, uncertainty remains
regarding the applicability of the TGs for ENMs however various
stakeholders have formulated recommendations and offered preliminary as
well as more decisive conclusions (Rasmussen et al., 2016; Petersen et al.,
2015; Skjolding et al., 2016 Paper VII; Hund-Rinke et al., 2016; Sgrensen,
2016; Bondarenko et al., 2016; ECHA, 2016a; OECD, 2015, Hansen et al.,
2016 Paper VI).

2.2 Modifying OECD test guidelines

To address the applicability of current TGs to encompass ENMs,
international efforts have been directed towards the OECD and their Working
Party on Manufactured Nanomaterials (WPMN). In 2007, the WPMN
launched a Sponsorship Programme to pool expertise and fund the safety
testing of selected ENMs. In 2012, the WPMN concluded that the preliminary
analysis of the Sponsorship Programme showed that the current OECD tests
are ‘in general appropriate for assessing the safety of nanomaterials, but
[they] may have to be adapted to the specificities of nanomaterials’ (OECD,
2012). Two years later, the OECD seemed to specify this by deeming TGs on
alga growth inhibition (TG 201), D. magna reproduction (TG 211),
earthworm reproduction (TG 222) and L. variegatus toxicity (TG 225)
applicable to ENMs (OECD, 2014). The reasoning behind this was elaborated
on by Kihnel & Nickel (2014), who state that participants at an OECD
workshop found these tests generally applicable but also identified numerous
issues that needed to be addressed.

Finally, in 2016, the OECD released the outcome of the seven-year
Sponsorship Programme, in the form of 11 dossiers, along with statements
supporting the continued use of the standardized tests, with the caveat that
modifications and adaptions would be needed (OECD, 2015; Rasmussen et
al.,, 2016). Rasmussen et al. (2016), specify that TG 201, 202 (acute
immobilization of daphnids), 211, 222 and 225 are “generally applicable’, but
emphasize again that adaptions might be needed for some of them.



However, a comprehensive analysis of the 11 dossiers shows that it is
difficult to conclude much from the collected data and that the conclusions of
the OECD are unsupported (Hansen et al., 2016 Paper VI). As seen in Figure
2, only a few TGs have been tested across a diverse number of ENMs, which
would be needed to evaluate their general applicability. This concern is even
greater for the guidelines on environmental fate and behavior. Nevertheless,
the main issue is that the reporting in the dossiers largely is insufficient to
enable an analysis of their validity. For this reason, even for the most used
tests, e.g. TG 201, 202 and 203, it is difficult to offer any conclusions on the
applicability of the tests (Hansen et al., 2016 Paper VI).
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Figure 2 Heatmap of the number of tests carried out for each endpoint for each
material in the OECD Sponsorship Programme (Hansen et al., 2016 Paper VI).



Besides from the OECD WPMN, other stakeholders have reached similar
conclusions on the applicability of standardized testing of ENMs as well as
suggested modifications to the current guidelines. Deeming the TGs
applicable to ENMs seemed expected early on (Crane et al., 2008), and today
there is a good understanding of the challenges that creates, primarily around
the overarching issue of adequately determining exposure and separating
indirect physical effects from chemical toxicity (Handy et al., 2012a, 2012b;
Sarensen et al., 2015 Paper IX; Sgrensen, 2016). It is important to note that
similar issues can be present in the testing of e.g. metals (OECD, 2000) or
turbid solutions containing soil or dyes (Cleuvers & Weyers, 2003). As
reviewed by Hjorth et al. (2016 Paper 1V), Fe salts give rise to concerns
regarding the validity of the tests to such a degree that their use is
discouraged, primarily due to issues with precipitation, speciation and
indirect physical effects.

Recently, Petersen et al. (2015) discussed possible modifications to OECD
TGs including adjusting medium composition, standardizing testing vessels
and ENMs dispersion methods to address the issue of exposure control.
Likewise, the FP 7 project MARINA also proposed modifications to OECD
TG 201 and 202 among others (Hund-Rinke et al., 2016), however, these
primarily tackle specific issues, e.g. the introduction of artifacts during
measurements, and do not aim at remediating the underlying issue with the
testing paradigm (i.e. that particles are not dissolved). Even with careful
considerations on optimizing test conditions - such as adjusting medium
composition, dispersion methods and pH levels - stable ENMs suspensions
are hard to maintain in testing media (Cupi et al., 2015; Cupi, 2015),
effectively ruining a stable exposure level during the test incubation. In
general, significant progress has been made on how to characterize ENMs
and describe their behavior during testing - however, good characterization
aside - describing the inherent toxicity of a specific material is still
challenging if said material is undergoing change during testing and
furthermore violates the premise of the test. Minimizing the influence of
time, as well as accounting for its effect, has also been proposed as a
potential solution to increase the quality of data obtained in e.g. TG 201
(Serensen & Baun, 2014).

However, not all seem to agree on the severity of the challenges facing
standardized testing. For instance, within the European FP7 project
NANOVALID, which aimed at providing methods for reliable hazard
identification of ENMs, a test battery consisting of 15 bioassays were used to



assess seven ENMs (Bondarenko et al., 2016). The authors concluded that the
standardized tests ‘proved efficient’ for ENMs and they especially praised the
unmodified use of TG 201 and 202 and toxicity testing with V. fischeri
(1SO021338:2010) to accurately pinpoint hazardous ENMs. Notably TG 201
and 202 were found to be the most sensitive and were described as
‘supposedly easily adapted for the testing of ENMs’ (Bondarenko et al.,
2016). This is in contrast to findings by Hjorth et at. (2016a Paper 1V) that
specifically addresses the difficult use and interpretation of results from these
three tests, which also finds support from other studies (Sgrensen et al., 2015
Paper IX; Cupi et al., 2015; Hjorth et al., 2016b Paper VIII; Skjolding et al.,
2016 Paper VII).

The European Chemicals Agency (ECHA) is currently modifying their
guidance document on aquatic ecotoxicity testing of ENMs (ECHA, 2016a).
Based on the current draft, dated May 2016, the revisited guidance will
primarily be based on publications that affirm the applicability of the tests,
e.g. Petersen et al. (2015), Rasmussen et al. (2016) and OECD (2012; 2014).
For TG 201 and 202, however, ECHA specifically refer to Hjorth et al.
(2016b Paper VIII), Sarensen et al. (2015 Paper 1X) and Cupi et al. (2015),
indicating that ECHA acknowledges, at least, part of the challenges facing
aguatic ecotoxicity testing.

2.3 The three double-binds of nanoecotoxicology

The effort to modify existing guidelines reflects a need for a set of
standardized ecotoxicity tests applicable for ENMs, which can feed into
regulatory risk assessment and ensure mutual acceptance of data (MAD). As
noted by Wickson et al. (2014 Paper V) the quest for standardization,
however, is not unequivocal in the best interest of nanoecotoxicology — rather
it is a mixed blessing. Specifically, standardization produces three double-
binds or dilemmas with no good outcome (i.e. ‘you are damned if you do and
damned if you don’t’).

2.3.11tis too early and too late

The first double-bind emerges as standardization in nanoecotoxicology is
both too early and too late. It is too early as the field is still young and
working towards gaining an understanding of which endpoints are relevant
and whether or not we can adapt current test guidelines as covered above. But
in a sense it is also too late, as we needed the tests when nanomaterials first



entered the marketplace. Since new products containing nanomaterials are
continually being released onto the market, knowledge is needed for
regulatory purposes right away, limiting the possibility of studying the
adequacy of current methods, leaving standardization facing a temporal
double-bind. This only compounds the temporal challenges already facing
regulatory agencies (Linkov & Satterstrom, 2008).

2.3.2 Realism vs control

A more fundamental issue in toxicology is the tension between pursuing
testing with a high degree of realism at the expense of control and vice versa.
This is part of the general challenge for ecotoxicity testing, as tests ideally
should be relevant, reproducible, reliable, robust and repeatable, however
testing always incorporate a compromise and trade-offs between these five Rs
(Calow, 1997), giving rise to the second double-bind. In standardized testing
emphasis is given to achieve testing with a high degree of control. However,
controlling experimental conditions to enhance comparison and
reproducibility tends to undermine environmental realism — i.e. what is being
tested under highly controlled and standardized conditions often has little
connection with the complex and varied real world conditions. This ‘realism-
control’ double-bind, which is widespread for risk-related science, is
particularly salient for regulators who are looking for knowledge that is
reliable, reproducible and environmentally relevant.

2.3.3 Selective ignorance

The last double-bind originates from a more universal dilemma within the
philosophy of science, as pursuing knowledge according to any research
paradigm unavoidably creates ‘selective ignorance’. All scientific research is
structured or framed by its own paradigm, which includes theoretical
assumptions, research questions and criteria for defining ‘adequate evidence’,
with a corresponding use of particular instruments or methods. This means
that selecting a particular way to generate knowledge inclines researchers
toward partial understandings of complex phenomena. Standardizing
nanoecotoxicity testing early on, can therefore be seen as irresponsible as one
cannot assume that a fuller understanding is not relevant, in particular as the
field is characterized by high levels of uncertainty (Grieger, 2011). By not
paying due respect to fundamental differences in the behaviour of ENMs in
existing testing systems, flawed test methods may fail to capture impacts that
are relevant for ENMs.

10



3 Testing needs for environmental risk
assessment

In REACH, ecotoxicity data are needed for two overall purposes: 1)
Classification and labelling of chemicals, and 2) PNEC derivation (ECHA,
2016c¢). In the first case the aim is to rank ecotoxicity and compare it to well-
defined criteria and cut-off values — i.e., a relative metrics that can be used
for e.g. regulation and hazard communication. In the second case the purpose
Is to derive a deterministic value for the concentration below which no toxic
effects are likely to occur, i.e. an absolute metrics for a protective
concentration. This fits well with the prior distinction between anticipatory
laboratory testing and field-scale assessment testing, as some tests are suited
for hazard identification and others for the assessment of environmental
impact (see Section 2.1.1).

3.1 Feasibility of environmental risk assessment

for engineered nanomaterials

Generally all steps through hazard identification to risk characterization have
been deemed applicable in principle for ENMs and establishing PNEC-values
have similarly been assessed feasible although with similar caveats as for
ecotoxicity testing (Grieger et al., 2010; Aitken et al., 2011; Palmqvist et al.,
2015). However, the issues from testing carry over to risk assessment as the
assessment only is “as good as the quality of the data’ (Som et al., 2013).

Recently Liftzhgft et al. (2015) set out to determine the PNEC values of nine
ENMs, deemed regulatory relevant. They identified 1,200 scientific papers on
nanoecotoxicology, with less than half of them providing data that could be
relevant for PNEC derivation. However, only few of these were found
adequate for risk assessment purposes, rendering PNEC derivation through
assessment factors the only feasible approach. In REACH, species sensitivity
distribution (SSD) is an alternative option for PNEC derivation, but as
concluded by Luftzheft et al. (2015), high quality No Observed Effect
Concentrations (NOECs) values from multiple taxonomic groups, needed for
this approach, do not exist for ENMs. In general, the authors identified a lack
of long-term studies, studies at different trophic levels and in different
environmental compartments, but the unreliability and potential inadequacy
of nanoecotoxicology testing was also stressed (Liftzhgft et al., 2015).
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This work was part of the NanoDen project commissioned by the Danish
EPA. Based on these findings, the final NanoDen report concluded that there
is little environmental concern for ENMs (Kjglholt et al., 2015) and
corresponding conclusions have also been reported by e.g. Voelker et al.
(2015) for nanoscale silver. Critically, due to data gaps, Kjglholt et al. (2015)
was only able to perform risk assessment for the freshwater compartment,
and since sediments have been deemed a possible sink for ENMs, more data
on the long-term impacts in this compartment is needed (Luftzheft et al.,
2015; Mouneyrac et al.,, 2015; Wang et al., 2016; Coll et al., 2016).
Furthermore, the validity of the results are heavily questioned and an
emphasis was put on the dubious quality of ecotoxicity data feeding into risk
assessment, which was identified as ‘the major gap’ for estimation of PNEC
values. As stated by Kjglholt et al. (2015) *...despite a wide range of tests
have been performed according to accepted international guidelines (or
modification thereof), they cannot be fully trusted to yield accurate and
conservative estimates of the toxicity of an ENM’. Additionally,
extrapolation from e.g. ECsq or NOEC-values to PNEC values involves a new
set of assumptions that have not been examined for ENMs. The premise of
PNEC derivation is that through the establishment of a dose-response
relationship it is possible to estimate a dose at which no effect, or only an
acceptable effect will occur. However, as described in Chapter 1 & 2, the
confidence in dose-response relationships is limited, especially for far-
reaching extrapolations due to, for instance the concentration-dependent
behavior of ENMs (Baalousha et al., 2016). As reviewed by Syberg and
Hansen (2015), even the extrapolation for dissolved chemicals is based more
on convention than scientific evidence.

Importantly, a confounding factor is the severe lack of fate and exposure data
within nanotoxicology, meaning even with accurate PNEC values, risk
characterization would still suffer due to a lack of predicted environmental
concentrations (PECs). This leaves modelling based on production estimates
as the current approach to predict environmental concentrations (Mueller &
Nowack, 2008; Sun et al., 2014).

Modelling is similarly used to derive PNEC estimates. Recently Coll et al.
(2016) utilized probabilistic species sensitivity distributions (PSSD) to
establish PNEC values for nanoscale titanium dioxide, silver, zinc oxide,
carbon nanotubes and fullerenes. Missing NOEC values are estimated
through assessment factors and the combined data are used to generate
PSSDs through a Monte Carlo based model described by Gottschalk &

12



Nowack (2013). Again, none of the estimated PNEC values were higher than
the PEC values for both the freshwater and the soil compartment. Wang et al.
(2016) reached a similar conclusion for iron based ENMs. However, both
Coll et al. (2016) and Wang et al. (2016) could not estimate the risk in
sediments due to lack of ecotoxicity data.

Others challenge whether environmental risk assessment is even applicable
for ENMs or whether it should be the risk analysis tool of choice (Syberg &
Hansen, 2015; Miller & W.ickson, 2015) and alternative methods or
frameworks for decision support and risk analysis have been proposed
(Grieger, 2011; Grieger et al., 2012; Rio-Echevarria & Rickerby, 2015;
Arvidsson et al., 2016). To various degrees, these all try to embrace the
uncertainty present in risk assessment to facilitate decision-support.

3.2 Testing in the 21% century

Due to the current constraints in nanoecotoxicology testing and the inability
to adequately assess risk, the development of new testing strategies has
received much attention. These primarily address the need to fill knowledge
gaps but also aim towards identifying patterns in nanotoxicology that will
allow for grouping, read-across and predictive testing needed to avoid case-
by-case assessments (Villeneuve & Garcia-Reyero, 2011; Godwin et al.,
2015). To achieve this, prioritization needs within nanotoxicology, in both
the short term and long term, have been formulated by e.g. Stone et al.
(2014). These deliberations are part of a bigger trend within toxicology
clearest articulated by the NRC in 2007, where they published ‘Toxicity
Testing in the 21st Century: A Vision and a Strategy’ (National Research
Council, 2007). In this report - and in a report leading up to it (National
Research Council, 2006) - they envisioned a radical paradigm shift needed to
improve toxicity testing by:

I. Providing broader coverage of chemicals and their mixtures, end points,
and life-stage vulnerabilities.

Ii. Reducing the cost and time of testing, increase efficiency and flexibility,
and make it possible to reach a decision more quickly.

iii.  Using fewer animals and cause minimal suffering to animals that are used.
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iv. Developing a more robust scientific basis of risk assessment by providing
detailed mechanistic and dosimetry information and by encouraging the
integration of toxicologic and population-based data.

In other words, a shift from ‘time-consuming’ and ‘resource-intensive’ in
vivo testing to integrated and fast in vitro and in silico testing to address the
‘depth’ and ‘breadth’ needs in risk assessment in conjunction with animal
welfare and resource considerations. The focus of the NRC was clearly on
human toxicology, but it has likewise shaped the vision for ecotoxicology
partly as similar thoughts also are present in the REACH (Hartung, 2009).
The “21%—century vision’ is correspondingly a major driver in nanotoxicology
(Walker & Bucher, 2009; Lai, 2012; Nel et al., 2013a; Nel, 2013; Savolainen
et al., 2013). However, moving away from the traditional in vivo testing
towards a more integrated testing approach based on modelling and screening
rests on the predictive power of these new test systems, collectively referred
to as alternative testing strategies (ATS).

3.2.1 Alternative testing strategies

Today, alternative testing or ATS is used synonymously with non-animal
testing as it is seen as a response to the pressure to replace, reduce and refine
animal testing in toxicology (Shatkin & Ong, 2016). However in
ecotoxicology animal models still remain at the foundation of environmental
risk assessment. In nanoecotoxicology in vivo models, such as crustaceans,
dominate the literature and more testing with higher trophic level species,
such as fish, is requested to facilitate better risk assessment of ENMs
(Juganson et al., 2015; Luftzhgft et al., 2015). In contrast to human
toxicology, ecotoxicology is therefore not looking to substitute the current in
vivo testing with corresponding in vitro models. Consequently, the role of
ATS in nanoecotoxicology is conflicted. This is also the premise of Paper Il
(Hjorth et al., 2016c Paper 11), which sets out to discuss and define the use of
ATS in the field of nanoecotoxicology, based on its ability to feed into ERA.
It is clear that a single in vitro study is not sufficient for ERA but it is instead
likely that a holistic approach between high throughput screening and higher-
tier testing, including suitable standardized tests, could provide useful
answers for risk assessment. Specifically, Hjorth et al. (2016¢c Paper II)
propose that interplay between simple low-tier tests and validation through
higher-tier tests along the so-called ‘ecotoxicity complexity continuum’

14



(Figure 3) should be pursued to advance the development of faster and more
accurate risk analysis.

However, as also accentuated earlier by Wickson et al. (2015 Paper V) there
is a considerable need for diversity in testing. For that reason, exploratory
testing has value in itself, and as such conducting testing ‘without necessarily
assuring regulatory relevance should be encouraged to improve the
understanding of a variety of factors (e.g. toxic mode(s) of action of ENMSs)
which indirectly will highlight what should be emphasized for risk
assessment’ (Hjorth et al., 2016c Paper I11).

Ecotoxicity complexity continuum

Sub- . .~ Cellular Tissue/ | Whole Ecosystem
cellular Bioassays Organ Organism Studies
Bioassays L Studies Animal Studies

In vitro In vivo

Figure 3 The ‘Ecotoxicity complexity continuum’. Ecotoxicity testing span from
anticipatory sub-cellular in vitro assays to assessment testing in complex
ecosystems, either in mesocosm or in the field (Hjorth et al., 2016c Paper II).

ATS of course also face many of the same overall testing issues as reviewed
in Chapter 1 & 2 and whereas field and mesocosm data already can feed
directly into risk assessment (e.g. ECHA, 2008), the use of in vitro tests
needs to be validated (Nel et al., 2013b; Shatkin & Ong, 2016). The proposed
changes to ecotoxicity testing challenge the current way of incorporating and
assessing ecotoxicity data in environmental risk assessment and the
regulatory readiness can be questioned (Hjorth et al., 2016c Paper II; Malloy
& Beryt, 2016). Partly, this is caused by a regulatory focus on standardized
anticipatory testing, highlighted by the use of Klimisch scores for data quality
evaluation, which ranks studies performed with standardized guideline testing
under good laboratory practices (GLP) above all other studies (Klimisch et
al., 1997). This is in contrast to the needs for environmental risk assessment
which calls for more long-term assessment testing, i.e. testing with an
assessment scope instead of testing for hazard identification.

As ENMs do not uphold the exposure requirements in current laboratory
testing, assessing their environmental impact and fate in more complex
environments (e.g. micro- and mesocosms), will provide a more realistic
exposure regime (Shaw & Kennedy, 1996; Baalousha et al., 2016). The case
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for more environmentally relevant testing is also advocated by e.g. Holden et
al. (2016). As such testing is resource intensive, only selected materials with
a high production, hazard potential or exposure potential should be
prioritized. A similar tiered/concern driven testing is described by Oomen et
al. (2014), Hund-Rinke et al. (2015) or found within the data requirements in
REACH. Currently, micro- and mesocosms experiments remain substantially
unexplored for ENMs (Bour et al., 2015a, 2015b; Minetto et al., 2016), but
would be relevant for the assessment of the long term impact of ENMs as
well as to validate or examine NOECs or PNEC derivations. As the use of
assessment factors in environmental risk assessment to facilitate
extrapolation from dose descriptors is disputed for ENMs, more
environmental realistic testing can validate and/or circumvent their use. In
general, a better understanding of ecotoxicity is obtained by using laboratory
studies in conjunction with field-based studies (Chapman, 1995). As
described earlier, laboratory testing of Fe salts faces many of the same
challenges as ENMs, and for the derivation of PNECs and environmental
quality standards, field or near-field studies have been useful to provide
better estimates than what can be achieved through conventional laboratory
testing (Hjorth et al., 2016a Paper V).
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4 Environmental risk management

As the ‘ultimate goal of assessing risk is managing risk’ (Klaine et al., 2012),
facilitating environmental risk management of ENMs is consequently the
eventual purpose of ecotoxicity testing. The Red book (see Section 2.1)
introduced and recommended a distinction between the scientific aspects
(risk assessment) and policy aspects (risk management) - which
consequently, also have had a significant impact on the structure of European
regulation, although relatively later (Lofstedt, 2003). Risk management is
defined as the “process of weighing policy alternatives and selecting the most
appropriate regulatory action, integrating the results of risk assessment with
engineering data and with social, economic, and political concerns to reach a
decision” (National Research Council, 1983). In other words, whereas risk
assessment addresses how risky something is, risk management asks ‘what
are we willing to accept’ and ‘what shall we do about it’. Risk management
normally is comprised of four steps: risk classification, risk benefit-analysis,
risk reduction and finally, monitoring and review (van Leeuwen, 2007).

As shown in the previous chapters, ecotoxicity testing has challenges in
providing suitable data for risk assessment, which also only is applicable to
ENMs with caveats, and consequently the environmental risk posed by ENMs
is difficult to estimate with certainty. A similar conclusion is reached by
Klaine et al. (2012) who state: ‘A consensus view exists that the paucity of
usable data on the environmental hazard of nanomaterials has created
unacceptable uncertainty in risk analysis from the regulatory decision-making
perspective’. This both highlights the need for effective tools for risk
management of ENMs, but also the uncertainty in which risk managers have
to navigate. Understandably, if testing and assessment is compromised, risk
management consequently becomes a steep uphill battle. Classifying risk (i.e.
determining whether a risk is acceptable) is arguable not possible as the risk
cannot be quantified as per the consensus view above, or can only be done to
some degree as seen in Section 3.1.1 The risk benefit-analysis is seen as a
tool to identify cost-effective risk reduction options, if risk reduction is
deemed necessary. However, again it relies on a good quantification of the
risk (van Leeuwen, 2007). Furthermore, tools for environmental monitoring
of ENMs are not available (Gottschalk et al., 2013; Coll et al., 2016)
hampering the use of environmental quality standards (Baun et al., 2009).
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The point being that although risk management still has risk reduction
options to consider, the need and ability of these options to reduce risk is
hard to assess.

4.1 ‘Safety by design’

Generally risk management options can be ranked according to their
efficiency and preferability, with risk elimination (i.e. completely removing a
hazardous chemical) and substitution (i.e. replacing a hazardous chemical
with a safer alternative) as the highest ranked, respectively (Oksel et al.,
2016). Whereas the focus for environmental risk management normally is on
exposure control (e.g. how high of a concentration is allowed in the
environment), for ENMs it has arguable primarily been on hazard control as
the risk management option that has received the most attention has been the
creation of safer ENMs (Lynch, 2016). This is a derivative of predictive
testing that enables rapid screening and identification of ENMs with low or
lower intrinsic hazard potential, which has spurred considerable funding as
well as regulatory interest. This has especially been true for the purposeful
manipulation of ENMs based on high throughput screenings to achieve ‘safe-
", ‘safer-’ or ‘safety by design’ (SbD). Table 1 provides an overview of
current European research projects which strive towards SbD and as
described by Hjorth et al. (2016d Paper Ill), the paradigm of designing for
safety is emphasized throughout current nanosafety research.

Although the term SbD can imply otherwise, true elimination of risk is only
possible through no exposure, practically implying no use of a material,
which seems outside the scope of SbD. However, what the actual concept of
SbD entails is unclear. Indeed, despite having had a noticeable presence in
past research projects and a dominating role in current ones, SbD appears
superficial, unevaluated and un-conceptualized with little to no scientific
literature attached to it (Hjorth et al., 2016d Paper III).

What can be achieved through SbD therefore remains to be seen.
Nonetheless, Hjorth et al. (2016d Paper IllI) point out that conceptually
perceiving ‘safety’ as an inherent material property is fundamentally
problematic as it tend to neglect exposure considerations and marks a return
to the hazy lines between the scientific task of risk assessment and the policy
task of risk management.
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Table 1 Overview and focus of the projects in the 2016 Nanosafety Cluster Compendium that address safety by design (SbD). The
exes indicate whether the projects are involved in the conceptual idea behind SbD and whether safety is approached through hazard,

exposure and/or fate considerations (Hjorth et al., 2016d Paper III).

gFgx
>3 N O S
o 9 O
® g 2
3
Projects Statement
‘By scanning main groups of engineered NMs, we will identify the NM properties that might be responsible for causing a particular toxic effect and lead to a particular
SmartNanoTox AO, and thus should be modified or avoided. This will provide means of grouping and read- across characterization of NMs and enable development of materials that X
are safe by design’
g: [activities in NanoFase] ‘will aid Safe by Design and Benign by Design Concepts, as it will inform on how basic ENM properties will affect their final environmental
3. | NanoFase form(s) and distribution following environmental release, allowing this to be a relevant consideration in the design phase’ X
o
H]
§ NANOGENTOOLS Conduct research and training on biophysical techniques and mathematical models for accurate and fast nanotoxicity prediction linked to safety-by-design concepts X
i ProSafe [one objective is to] ‘Acceptance and further elaboration of the NANOREG safe innovation and safe-by-design concept’ X
‘The NANOREG Il project, built around the challenge of coupling SbD to the regulatory process, will demonstrate and establish new principles and ideas based on data
NANOREG II from value chain implementation studies to establish SbD as a fundamental pillar in the validation of a novel MNM’ X X X X
‘...we will develop resources, tools and standards for a scientifically sound risk assessment of ENMs that will support the design of new safe and environment- friendly
eNanoMapper ENM s as well as the assessment of existing materials’ X
[one objective is] ‘To develop an understanding of the relationships between nanoparticle (pristine) structure, its properties (including in situ), and its biological and
FutureNanoNeeds  enyironmental activity (that is, structure and “identity’ broadly defined) thereby giving early support to the science of ‘new nanomaterials, safe by design” X
‘SbD strategies were intended to : re-design relevant physicochemical properties of NM to mitigate their hazardous potential, while maintaining their characteristic
functionality within the NM enabled product, avoid or reduce the release of NM during different life cycle stages of the nano-enabled products by improving
GUIDEnano compatibility between NM and matrix, to lower the possibility of environmental and/or human exposure to NM, avoid or reduce the environmental and/or human X X
exposure to NM by designing and synthesizing less reactive and/or less persistent NM’
-n ‘NanoMILE intends to revolutionise nanosafety research through its robust and novel approaches to the selection and development of the test nanomaterials, its
o
N | NanoMILE technically and computationally advanced integration of systems biology, its thoughtfully balanced toxicological / ecotoxicological approaches, its development of X
novel high throughput platforms for screening and its feedback loops for development of nanomaterials that are safer by design’
‘NanoToxClass also enhances our understanding of modes of action for NM and can give guidance to the large set of possible toxicity endpoints for NM by selecting
the most predictive ones (which will be then used as a basis for grouping). Omics techniques will enable to assess NM hazards on a mechanistic basis and will enable
NanoToxClass the determination of adverse outcome pathways (AOP). Finally, this knowledge may be applied as a tool to create safer nanoparticles (so called “safe-by-design” X
approaches)’
‘The SUN approach has covered the entire lifecycles of real nanoproducts, aiming at developing safer by design strategies in order to open new possibilities for
SUN innovators to design greener nanotechnologies’ X X X
NANOREG ‘An integrated research strategy which addresses product/material design and the safety aspects for humans and the environment will be developed’ X X X




Ensuring safety, and correspondingly accepting risk, is primarily a political
task. SbD therefore represents a reduction and a recasting of risk management
issues into technical problems. However, early identification of risk and
corresponding focus on risk mitigation and safer alternatives is of course
desired. These elements are also a central part of ‘chemical alternatives
assessment’, which addresses the second best option in risk management —
substitution.

4.2 Alternatives assessment

Alternatives assessment offers a concrete framework of steps to identify and
evaluate potentially safer alternatives to a chemical of concern (see Figure 4).
The use of alternatives assessment has witnessed tremendous growth in the
last number of years driven by the increased demand to eliminate or replace
known hazardous chemicals in consumer products and manufacturing
processes (Lavoie et al., 2010; Malloy et al., 2015). As argued by Hjorth et
al. (2016e Paper 1), ENMs may not easily fit into existing frameworks even
though they can be considered both emerging “chemicals” of concern, as well
as potentially safer alternatives to currently used chemicals. Nevertheless, the
authors conclude that the frameworks could be adapted to better embrace
ENMs. The pivot of the issue is once again, the challenges in adequately
assessing the hazard and exposure of ENMs, needed to compare alternatives.
However, as the decision-making in alternatives assessment is based on
relativity (i.e. is this material safer than this one), quantitative measurements
of, for instance, hazard might not be needed to facilitate identification of
safer alternatives (Hjorth et al., 2016e Paper ). Therefore many of the
aspirations of predictive testing and SbD, as covered earlier, could potentially
find a framework in alternatives assessment to provide near-term decision-
making about material design choices to ultimately enable the generation of
safer ENMs. Hjorth et al. (2016e Paper 1) conclude that case studies with
ENMs are encouraged as well as required to further study the methodological
needs of nano-specific tools for alternatives assessment to adequately cover
ENM:s.
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U.S. National Research Council (NRC)
Alternatives Assessment Framework

Step 1:
Identify chemical of concern

Step 2:

Scoping and problem formulation
Az Scoping:
Determine appropriate stakeholder engagement
& describe goals, principles and decision rules.

B: Problem formulation:
Gather information an the chemical of concern
& determine assessment methods.

Step 3:
Identify potential alternatives

Step 4:
Determine if alternatives are available; refer cases with
limited or no alternatives to research & development

Step 5:
Assess physicochemical properties

Step 6:
Assess comparative exposure, ecotoxicity
and human health

Step 7:
Integration of information to identify safer alternatives

Step B:
Life cycle thinking

Step 9:
Optional assessments

A: Life cycle assessment
B: Performance assessment

C: Economic assessment

Step 10:
Identify acceptable alternatives and refer cases
with no alternatives to research and development

Step 11:
Compare or rank alternatives

Step 12:
Implement alternatives

Step 13:
Research/De Novo Design

The IC2
Alternatives Assessment Guidance

Step 1:
Identify chemical(s) of concern

Step 2:
Conduct initial evaluation

Asks whether it is possible to eliminate the chemical
of concern without substitution and maintain

the function of the product/process.

Proceeds to subsequent steps only if an alternatives
assessment is determined to be necessary.

Step 3:
Determine scope & decision-framework

Identifies whether stakeholder involvement would
improve the process and, if so, to what degree (level)
stakeholders will be involved.

Also determines which of the three decision frameworks
(sequential, simultaneous or hybrid) is appropriate for
the chemical, product, or process under review.

Step 4:
Determine if alternatives are available

Screen for potential alternatives by conducting an initial
hazard and performance evaluation.

Step 5:
Evaluate alternatives

Conduct an assessment of hazard, performance, cost
and availability, and exposure in that order.

Additional assessments include:
Materials management, social impact and life cycle.

Figure 4 Schematic overview of the steps in
respectively the 1C2 and NRC Alternatives
Assessment frameworks (Hjorth et al., 2016e
Paper 1). These frameworks both represent an
alternatives assessment framework, although
with differences in the induvial steps. The
overall elements in an alternatives assessment
are 1) defining a scope, 2) assessing
alternatives, and finally, 3) implementing the
selection and adoption of the chosen
alternative (Geiser et al., 2015).
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Importantly, the first question in alternatives assessment is ‘why is the
chemical or material present?’, ‘what function should be retained or be
present in an alternative?’ This explicitly makes it clear that chemicals and
materials should have a purpose or provide an added benefit to a product.
Focusing on material function allows for a wider consideration of alternatives
but also includes directing attention to the necessity of that function (Tickner
et al., 2015). As stated by Hjorth et al. (2016e paper I) *if [...] a nanomaterial
serves no necessary function or is completely redundant and is potentially risky
for human or environmental health, it may be easiest to simply avoid using that
material’.

With few viable risk management options, the benefit, necessity and use of
ENMs need to be addressed. Gellert et al. (2015) emphasize that such
considerations are part of a precautionary stance as ‘determining the
necessity of a risky course of action [is] crucial to assess safer alternatives’.
This also reflects the proposal by Tickner it al. (2015) or e.g. Finkel (2011)
and Malloy et al. (2016) to focus on possible solutions and the function of a
risky behaviour, instead of determining risk in isolation. l.e. whether or not a
risk can be tolerated should resonate with whether or not the introduction of a
risk is needed.

4.3 Invoking the precautionary principle

The profound scientific uncertainty present throughout risk assessment has
repetitively been mentioned as a factor hampering risk management of
ENMs. When the assessment of a potentially irreversible risk is impossible
due to scientific uncertainty, the precautionary principle (PP) has been used
to justify regulatory measures (Harremoés et al., 2001). European legislators,
however, have thus far been reluctant with taking recourse to the PP for
ENMs, although it is acknowledged as a guiding element in EU legislation
and also enshrined in the Maastricht Treaty (European Commision, 2000).
According to Sandin (1999) the PP can be condensed to four dimensions: ‘If
there is (1) a threat, which is (2) uncertain, then (3) some kind of action (4) is
mandatory’. Generally the PP is recognized to be a broader concept
(Raffensperger & Tickner, 1999; Kriebel et al., 2001; Hansen et al., 2007)
and to incorporate:
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e Taking preventive action in the face of uncertainty

e Shifting the burden of proof to the proponents of an activity

e Exploring a wide range of alternatives to possibly harmful actions
e Increasing public participation in decision making

Perhaps the most prominent definition of PP in international law has been the
Rio Declarations Principle 15 which state:

‘In order to protect the environment, the precautionary approach shall be
widely applied by States according to their capabilities. Where there are
threats of serious or irreversible damage, lack of full scientific certainty
shall not be used as a reason for postponing cost-effective measures to
prevent environmental degradation’.

In European legal text the PP is less defined; it is for instance not defined in
the Maastricht Treaty — its use is only described or ‘prescribed’ and
‘adumbrated’ as stated by the European Commission (European Commision,
2000). In general it is still debated to what degree the PP is part of
international law (Garnett & Parsons, 2016). In 2000, The European
Commission aimed to clarify the use of PP and establish guidelines for
applying it. They concluded that PP covers circumstances where: (1)
scientific evidence is insufficient, inconclusive or uncertain, and (2) there are
reasonable grounds for concern that the potentially dangerous effects on the
environment, human, animal or plant health may be inconsistent with the
chosen level of protection.

The European Commission furthermore stated that recourse to the PP
presupposes: (a) identification of potentially negative effects resulting from a
phenomenon, product or process and (b) a scientific evaluation of the risk
which because of the insufficiency of the data, their inconclusive or
imprecise nature, makes it impossible to determine with sufficient certainty
the risk in question (European Commision, 2000). Point (b) adds an extra
dimension to point (1), meaning that scientific evidence is insufficient,
inconclusive or uncertain to such a degree that a scientific evaluation of the
risk is rendered impossible.

This interpretation describes recourse to precautionary actions to
‘presuppose’ and ‘cover’ some circumstances, which therefore ‘can’ justify
recourse to the PP to ensure a certain level of protection. But it does not
dictate that the PP should be invoked if these circumstances are present,
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which is fundamentally different from ‘uncertainty shall not excuse inaction’
in the Rio Declaration or ‘action is mandatory’ in Sandins (1999)
condensation. Critic of the interpretation by the European Commission and
its vagueness has also been articulated by e.g. Hansen et al. (2007) and in a
recent review on the application of the PP within the EU, Garnett and Parsons
(2016) concluded that despite the European Commision Communication
(European Commission, 2000), when to invoke the PP is still poorly defined.

In 2008, the European Commission acknowledged that risk management
measures are necessary for ENMs and that they should be based on the PP
(European Commision, 2008), but also specified that recourse to the PP could
merely entail e.g. initiation of more research. This series of events was
commented on by Gellert (2015), who concluded that the EU attitude on
ENMs does not “fit with a precautionary stance’ and ‘lack of information is
often used as an excuse not to act’. This is in line with the report ‘Late
lessons from early warnings: the precautionary principle 1896-2000°, which
specifically warns against this behaviour (Harremoés et al., 2001) which also
is present in nanotoxicology (Hansen et al., 2008; Gee et al., 2013). For
instance, the biocidal use of nanoscale silver is the most used ENMs
application in consumer products and a call for regulation has been proposed
for years (Aitken et al., 2009; Hjorth et al., 2010; Hansen & Baun, 2015).
However, any decision-making on nanoscale silver appears stuck in
evaluation (Hansen & Baun, 2012) and currently silver and nanoscale silver
are awaiting review in Europe under the Biocidal Product Regulation
expected to be completed by 2024 (ECHA, 2016b; Mackevica et al., 2016).
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5 Conclusion

As presented in this thesis, the challenges for ENMs are numerous with
issues at most, if not all, levels of risk analysis — from ecotoxicity testing to
hazard identification and risk management. In contrast to the conclusions
offered by the OECD on the general applicability of ecotoxicity testing
guidelines for ENMs, this thesis emphasize that although modifying the
guidelines can alleviate testing issues, it should be acknowledged that the
underlying premise of the tests is violated. Arguably, meaningful - albeit
potentially flawed - data can still be obtained through ecotoxicity testing
however it requires modification of the tests, transparent and detailed
reporting of how the testing was conducted as well as description of the
particle behavior during test incubation and finally, expert scrutiny of the
outcome.

Even though the 21% toxicity testing paradigm is calling for further reliance
on extrapolation in risk analysis, nanoecotoxicology would do well by
proceeding with caution. As the field still is facing fundamental challenges in
testing, emulating the same general level of ambition does not seem
recommendable. Furthermore, even the current use of extrapolation factors in
environmental risk assessment is questionable and their validation and/or
circumvention are needed through more complex testing supported by a
better mechanistic understanding of the potential environmental impacts of
ENMs. In general, there appears to be a lack of assessment testing aiming at
providing data for PNEC derivation, which forces the use of data from
standardized anticipatory testing.

Despite improvements in data generation, collection and evaluation — risk
assessment is still currently hampered and decision-making is required in
spite of scientific uncertainty. The academic exercise of trying to overcome
the testing and assessment challenges does not seem to be generating the
demanded solutions for risk management, although with time it potentially
could. While current estimates conclude that ENMs pose little to no
environmental risk, these estimates are riddled with uncertainty which should
invoke a precautionary stance towards the use of ENMs.

Wide-spread uncertainty regarding testing, assessment and management of
ENMs is likely to persist and decision-support tools encompassing this
should be applied as well as further developed. These conclusions are not
aligned with the current trend within nanotoxicology as the rise of ‘safety by
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design’ represents a more deterministic approach with a misplaced promise to
solve these management issues scientifically.

Both alternatives assessment and a precautionary approach to risk
management highlight that the concept of necessity and risk-benefit
considerations need to be addressed on a management and societal level. This
seems especially crucial for ENMs as the role of ecotoxicity testing to
provide reliable ecotoxicity data that enables risk assessment and
management is currently hampered.

26



6 References

Aitken, R.A., Bassan, A., Friedrichs, S., Hankin, S.M., Hansen, S.F., Holmgqist, J., Peters,
S.A K., Poland, C.A. & Tran, C.L., (2011). Specific Advice on Exposure Assessment
and Hazard / Risk Characterisation for Nanomaterials under REACH (RIP-oN 3) -
Final Project Report. European Commission, Brussels, Belgium.

Aitken, R.J., Hankin, S.M., Ross, B., Tran, C.L., Stone, V., Fernandes, T.F., Donaldson,
K., Duffin, R., Chaudhry, Q., Wilkins, T.A., Wilkins, S.A., Levy, L.S., Rocks, S.A. &
Maynard, A. (2009). EMERGNANO: A review of completed and near completed
environment, health and safety research on nanomaterials and nanotechnology. Defra
Project CB0409.

Arvidsson, R., Furberg, A. & Molander, S. (2016). Review of Screening Risk Assessment
Methods for Nanomaterials. Chalmers University of Technology, Gothenburg,
Sweden.

Baun, A., Hartmann, N.B., Grieger, K.D. & Hansen, S.F. (2009). Setting the limits for
engineered nanoparticles in European surface waters - are current approaches
appropriate? Journal of environmental monitoring. 11 (10). p.pp. 1774-81.

Boholm, M. & Arvidsson, R. (2016). A Definition Framework for the Terms Nanomaterial
and Nanoparticle. Nanoethics. 10 (1). p.pp. 25-40.

Bondarenko, O.M., Heinlaan, M., Sihtmée, M., lvask, A., Kurvet, I., Joonas, E., Jemec, A.,
Mannerstrom, M., Heinonen, T., Rekulapelly, R., Singh, S., Zou, J., Pyykké, 1.,
Drobne, D. & Kahru, A. (2016). Multilaboratory evaluation of 15 bioassays for
(eco)toxicity screening and hazard ranking of engineered nanomaterials: FP7 project
NANOVALID. Nanotoxicology. 10 (9) p.pp 1229-1242.

Bour, A., Mouchet, F., Cadarsi, S., Silvestre, J., Verneuil, L., Baqué, D., Chauvet, E.,
Bonzom, J.-M., Pagnout, C., Clivot, H., Fourquaux, I., Tella, M., Auffan, M.,
Gauthier, L. & Pinelli, E. (2015a). Toxicity of CeO 2 nanoparticles on a freshwater
experimental trophic chain: A study in environmentally relevant conditions through
the use of mesocosms. Nanotoxicology. 10 (2) p.pp. 245-255.

Bour, A., Mouchet, F., Silvestre, J., Gauthier, L. & Pinelli, E. (2015b). Environmentally
relevant approaches to assess nanoparticles ecotoxicity: A review. Journal of
Hazardous Materials. 283. p.pp. 764-777.

Baalousha, M., Lead, J.R., Von Der Kammer, F. & Hofmann, T. (2009). Natural Colloids
and Nanoparticles in Aquatic and Terrestrial Environments. In: Environmental and
Human Health Impacts of Nanotechnology (Eds J.R. Lead & E. Smith). John Wiley &
Sons, Ltd, Chichester UK. DOI: 10.1002/9781444307504

Baalousha, M., Sikder, M., Prasad, A., Lead, J., Merrifield, R. & Chandler, G.T. (2016).
The concentration-dependent behaviour of nanoparticles. Environmental Chemistry.
13 (1). p.pp. 1-3.

Calow, P. (1997). General Principles and Overview. In: Handbook of Ecotoxicology (Eds
P. Calow). Blackwell Scientific Publications, Oxford, England

Chapman, J.C. (1995). The role of ecotoxicity testing in assessing water quality.
Australian Journal of Ecology. 20 (1). p.pp. 20-27.

Cleuvers, M. & Weyers, A. (2003). Algal growth inhibition test: Does shading of coloured

27



substances really matter? Water Research. 37 (11). p.pp. 2718-2722.

Coll, C., Notter, D., Gottschalk, F., Sun, T., Som, C. & Nowack, B. (2016). Probabilistic
environmental risk assessment of five nanomaterials (nano-TiO 2 , nano-Ag, nano-
ZnO, CNT, and fullerenes). Nanotoxicology. 10 (4). p.pp. 1743-5390.

Crane, M., Handy, R.D., Garrod, J. & Owen, R. (2008). Ecotoxicity test methods and
environmental hazard assessment for engineered nanoparticles. Ecotoxicology. 17 (5).
p.pp. 421-37.

Cupi, D. (2015). Towards Standardized Procedures for Hazard Identification. PhD Thesis.
Technical University of Denmark, Kgs. Lyngby, Denmark

Cupi, D., Hartmann, N. & Baun, A. (2015). The influence of natural organic matter and
aging on suspension stability in guideline toxicity testing of Ag, ZnO, and TiO2
nanoparticles with Daphnia magna. Environmental toxicology and chemistry. 34 (3).
p.pp 497-506.

European Commision (2000). Communication from the commission on the precautionary
principle, COM(2000) 1 Final. European Commision, Brussels, Belgium.

European Commision (2008). Communication on regulatory aspects of nanomaterials,
COM(2008) 366 Final. European Commision, Brussels, Belgium.

ECHA (2016a). Appendix R7-1 Recommendations for nanomaterials applicable to Chapter
R7b Endpoint specific guidance. Draft Version 2.0. (April). European Chemicals
Agency, Helsinki, Finland.

ECHA (2016b). Existing active substance [Webpage]. 2016. Available from:
https://echa.europa.eu/regulations/biocidal-products-regulation/approval-of-active-
substances/existing-active-substance. (accessed November 1 2016). European
Chemicals Agency, Helsinki, Finland.

ECHA (2016c). Guidance on Information Requirements and Chemical Safety Assessment
Chapter R.7. European Chemicals Agency, Helsinki, Finland.

ECHA (2008). Guidance on information requirements and chemical safety assessment
Chapter R.10 : Characterisation of dose [ concentration | -response for environment.
European Chemicals Agency, Helsinki, Finland.

Finkel, A.M. (2011). *Solution-Focused Risk Assessment’: A Proposal for the Fusion of
Environmental Analysis and Action. Human and Ecological Risk Assessment: An
International Journal. 17 (4). p.pp. 754-787.

Garnett, K. & Parsons, D.J. (2016). Multi-Case Review of the Application of the
Precautionary Principle in European Union Law and Case Law. Risk Analysis. (3).

p.pp 1-15.

Geiser, K., Tickner, J., Edwards, S. & Rossi, M. (2015). The Architecture of Chemical
Alternatives Assessment. Risk Analysis. 35 (12). p.pp. 2152-2161.

Gellert, R., Mantovani, E. & De Hert, P. (2015). The EU Regulation of Nanomaterials:
Smoother or Harder? The Precautionary Tool Chest as the Basis for Better
Regulating Nanomaterials. In: Nanoengineering: Global Approaches to Health and
Safety Issues (Eds P.l Dolez). Elsevier.

Godwin, H., Nameth, C., Avery, D., Bergeson, L.L., Bernard, D., Beryt, E., Boyes, W.,
Brown, S., Clippinger, A.J., Cohen, Y., Doa, M., Hendren, C.O., Holden, P., Houck,

28



K., Kane, A.B., Klaessig, F., Kodas, T., Landsiedel, R., Lynch, 1., Malloy, T., Miller,
M.B., Muller, J., Oberdorster, G., Petersen, E.J., Pleus, R.C., Sayre, P., Stone, V.,
Sullivan, K.M., Tentschert, J., Wallis, P. & Nel, A.E. (2015). Nanomaterial
categorization for assessing risk potential to facilitate regulatory decision-making.
ACS Nano. 9 (4). p.pp. 3409-3417.

Gottschalk, F. & Nowack, B. (2013). A probabilistic method for species sensitivity
distributions taking into account the inherent uncertainty and variability of effects to
estimate environmental risk. Integrated Environmental Assessment and Management.
9 (1). p.pp. 79-86.

Gottschalk, F., Sun, T. & Nowack, B. (2013). Environmental concentrations of engineered
nanomaterials: Review of modeling and analytical studies. Environmental Pollution.
181. p.pp. 287-300.

Grieger, K.D. (2011). Understanding and assessing potential environmental risks of
nanomaterials: Emerging rools for emerging risks. PhD Thesis. Technical University
of Denmark, Kgs. Lyngby, Denmark.

Grieger, K.D., Baun, A. & Owen, R. (2010). Redefining risk research priorities for
nanomaterials. Journal of Nanoparticle Research. 12 (2). p.pp. 383-392.

Grieger, K.D., Linkov, I., Hansen, S.F. & Baun, A. (2012). Environmental risk analysis for
nanomaterials: Review and evaluation of frameworks. Nanotoxicology. 6 (2). p.pp.
196-212.

Handy, R.D., van den Brink, N., Chappell, M., Mihling, M., Behra, R., DuSinska, M.,
Simpson, P., Ahtiainen, J., Jha, A.N., Seiter, J., Bednar, A., Kennedy, A., Fernandes,
T.F. & Riediker, M. (2012a). Practical considerations for conducting ecotoxicity test
methods with manufactured nanomaterials: what have we learnt so far?
Ecotoxicology. 21 (4). p.pp. 933-72.

Handy, R.D., Cornelis, G., Fernandes, T., Tsyusko, O., Decho, A., Sabo-Attwood, T.,
Metcalfe, C., Steevens, J.A., Klaine, S.J., Koelmans, A.A. & Horne, N. (2012b).
Ecotoxicity test methods for engineered nanomaterials: Practical experiences and
recommendations from the bench. Environmental Toxicology and Chemistry. 31 (1).
p.pp. 15-31.

Hansen, S.F. & Baun, A. (2012). When enough is enough. Nature nanotechnology. 7. p.pp.
409-412.

Hansen, S.F. & Baun, A. (2015). DPSIR and Stakeholder Analysis of the Use of
Nanosilver. Nanoethics. 9 (3). p.pp. 297-319.

Hansen, S.F., Carlsen, L. & Tickner, J.A. (2007). Chemicals regulation and precaution:
does REACH really incorporate the precautionary principle. Environmental Science
and Policy. 10 (5). p.pp. 395-404.

Hansen, S.F., Maynard, A., Baun, A. & Tickner, J.A. (2008). Late lessons from early
warnings for nanotechnology. Nature Nanotechnology. 3. p.pp. 444-447.

Hansen, S.F., Hjorth, R., Skjolding, L.M., Bowman, D.M., Maynard, A. & Baun, A.
(2016). A Critical and In-depth Analysis of the Dossiers from the OECD
Sponsorship Programme — Has the OECD failed the nano risk community?
Submitted.

Harremoés, P., Gee, D., MacGarvin, M., Stirling, A., Keys, J., Wynne, B. & Vaz, S.G.

29



(2001). Late lessons from early warnings: the precautionary principle 1896 — 2000.
European Environment Agency, Copenhagen, Denmark.

Hartmann, N.B., Jensen, K.A., Baun, A., Rasmussen, K., Rauscher, H., Tantra, R., Cupi,
D., Gilliland, D., Pianella, F. & Riego Sintes, J.M. (2015). Techniques and Protocols
for Dispersing Nanoparticle Powders in Aqueous Media—Is there a Rationale for
Harmonization? Journal of Toxicology and Environmental Health, Part B. 18 (6).
p.pp. 299-326.

Hartung, T. (2009). Toxicology for the twenty-first century. Nature. 460. p.pp. 208-212.

Hjorth, R., Overgaard, S.., Hansen, S.F. & Baun, A. (2010). Time to regulate nanosilver in
consumer products? A comparative analysis of current European regulation of
nanosilver and nanozinc-oxide. Proceedings from Nanotoxicology 2010, Edinburg,
Scotland.

Hjorth, R., Coutris, C., Sevcu, A., Nguyen, N., Joner, E. & Baun, A. (2016a). Ecotoxicity
testing and environmental risk assessment of iron nanomaterials for sub-surface
remediation — Recommendations from the FP7 project NanoRem. Manuscript.

Hjorth, R., Sgrensen, S.N., Olsson, M., Baun, A. & Hartmann, N.B. (2016b). A Certain
Shade of Green: Can algal pigments reveal shading effects of nanoparticles?,
Integrated Environmental Assessment and Management. 15(1). p.pp. 200-202

Hjorth, R., Holden, P., Hansen, S.F., Colman, B., Grieger, K. & Hendren, C.O. (2016c).
The role of alternative testing strategies in environmental risk assessment of
engineered nanomaterials. Submitted.

Hjorth, R., van Hove, L. & Wickson, F. (2016d) What can nanosafety learn from drug
development? The feasibility of ‘Safety by design’. Manuscript.

Hjorth, R., Hansen, S.F., Jacobs, M., Tickner, J., Ellenbecker, M. & Baun, A. (2016e). The
applicability of chemical alternatives assessment for engineered nanomaterials,
Integrated Environmental Assessment and Management. DOI: 10.1002/ieam.1762

Holden, P.A., Gardea-Torresdey, J., Klaessig, F., Turco, R.F., Mortimer, M., Hund-Rinke,
K., Cohen Hubal, E.A., Avery, D., Barcelo, D., Behra, R., Cohen, Y., Deydier-
Stephan, L., Ferguson, P.L., Fernandes, T.F., Herr Harthorn, B., Henderson, W.M.,
Hoke, R.A., Hristozov, D., Johnston, J.M., Kane, A.B., Kapustka, L., Keller, A.A.,
Lenihan, H.S., Lovell, W., Murphy, C.J., Nisbet, R.M., Petersen, E.J., Salinas, E.R.,
Scheringer, M., Sharma, M., Speed, D.E., Sultan, Y., Westerhoff, P., White, J.C.,
Wiesner, M.R., Wong, E.M., Xing, B., Steele Horan, M., Godwin, H.A. & Nel, A.E.
(2016). Considerations of Environmentally Relevant Test Conditions for Improved
Evaluation of Ecological Hazards of Engineered Nanomaterials. Environmental
science & technology. 50(12). p.pp 6124-6145.

Hristozov, D.R., Gottardo, S., Critto, A. & Marcomini, A. (2012). Risk assessment of
engineered nanomaterials: a review of available data and approaches from a
regulatory perspective. Nanotoxicology. 6 (8). p.pp. 880-898.

Hund-Rinke, K., Baun, A., Cupi, D., Fernandes, T.F., Handy, R., Kinross, J.H., Navas,
J.M., Peijnenburg, W., Schlich, K., Shaw, B.J. & Scott-Fordsmand, J.J. (2016).
Regulatory ecotoxicity testing of nanomaterials — proposed modifications of OECD

30



test guidelines based on laboratory experience with silver and titanium dioxide
nanoparticles. Nanotoxicology. DOI: 10.1080/17435390.2016.1229517.

Hund-Rinke, K., Herrchen, M., Schlich, K., Schwirn, K. & Vd&lker, D. (2015). Test
strategy for assessing the risks of nanomaterials in the environment considering
general regulatory procedures. Environmental Sciences Europe. 27 (24). p.p. 1-12.

Juganson, K., lvask, A., Blinova, I., Mortimer, M. & Kahru, A. (2015). NanoE-Tox: New
and in-depth database concerning ecotoxicity of nanomaterials. Beilstein Journal of
Nanotechnology. 6 (1). p.pp. 1788-1804.

Kjalholt, J., Gottschalk, F., Brinch, A., Luftzhgft, H.H., Hartmann, N.B., Nowack, B. &
Baun, A. (2015). Environmental assessment of nanomaterial use in Denmark.
Environmental project No. 1788. Danish Environmental Protection Agency,
Copenhagen, Denmark.

Klaine, S.J., Koelmans, A.A., Horne, N., Carley, S., Handy, R.D., Kapustka, L., Nowack,
B. & von der Kammer, F. (2012). Paradigms to assess the environmental impact of
manufactured nanomaterials. Environmental Toxicology and Chemistry. 31 (1). p.pp.
3-14.

Klimisch, H.-J., Andreae, M. & Tillmann, U. (1997). A Systematic Approach for
Evaluating the Quality of Experimental Toxicological and Ecotoxicological Data.
Regulatory Toxicology and Pharmacology. 25. p.pp. 1-5.

Kriebel, D., Tickner, J., Epstein, P., Lemons, J., Levins, R., Loechler, E.L., Quinn, M.,
Rudel, R., Schettler, T. & Stoto, M. (2001). The precautionary principle in
environmental science. Environ Health Perspect. 109 (9). p.pp. 871-876.

Kuhnel, D. & Nickel, C. (2014). The OECD expert meeting on ecotoxicology and
environmental fate - Towards the development of improved OECD guidelines for the
testing of nanomaterials. Science of the Total Environment. 472. p.pp. 347-353.

Lai, D.Y. (2012). Toward toxicity testing of nanomaterials in the 21st century: a paradigm
for moving forward. Wiley interdisciplinary reviews. Nanomedicine and
nanobiotechnology. 4. p.pp. 1-15.

Lavoie, E.T., Heine, L.G., Holder, H., Rossi, M.S., Lee, R.E., Connor, E.A., Vrabel, M. a.,
Difiore, D.M. & Davies, C.L. (2010). Chemical alternatives assessment: Enabling
substitution to safer chemicals. Environmental Science and Technology. 44. p.pp.
9244-9249.

Linkov, I. & Satterstrom, F.K. (2008). Nanomaterial risk assessment and risk management.
Review of regulatory Frameworks. In: Real-Time and Deliberative Decision Making —
Application to Emergin Stressors (Eds Linkov, I., Ferguson, E. & Magar, V.S.). pp.
129-157. Springer, Dordrecht, The Netherlands.

Lofstedt, R.E. (2003). A European Perspective on the NRC ‘Red Book,” Risk Assessment
in the Federal Government: Managing the Process. Human & Ecological Risk
Assessment: An Internation Journal. 9 (5). p.pp. 1327-1335.

Loftzhgft, H.H., Hartmann, N.B., Brinch, A., Kjglholt, J. & Baun, A. (2015).
Environmental effects of engineered nanomaterials — Estimations of Predicted No-
Effect Concentrations (PNECs). Environmental Project No. 1787. Danish
Environmental Protection Agency, Copenhagen, Denmark.

Lynch, 1. (2016). Compendium of Projects in the European NanoSafety Cluster. 2016

31



edition. http://www.nanosafetycluster.eu/www.nanosafetycluster.eu/home/european-
nanosafety-cluster-compendium.htmi

Mackevica, A., Revilla, P., Brinch, A. & Hansen, S.F. (2016). Current uses of
nanomaterials in biocidal products and treated articles in the EU. Environmental
Science: Nano. 3. p.pp. 1195-1205.

Malloy, T. & Beryt, E. (2016). Leveraging the new predictive toxicology paradigm:
alternative testing strategies in regulatory decision-making. Environmental Science:
Nano. DOI:10.1039/c6en00202a.

Malloy, T., Blake, A., Linkov, I. & Sinsheimer, P. (2015). Decisions, Science, and Values:
Crafting Regulatory Alternatives Analysis. Risk Analysis. 35 (12). p.pp. 2137-2151.

Malloy, T., Trump, B.D. & Linkov, I. (2016). Risk-Based and Prevention-Based
Governance for Emerging Materials. Environmental Science and Technology. 50.
p.pp. 6822-6824.

Miller, G. & W.ickson, F. (2015). Risk Analysis of Nanomaterials: Exposing
Nanotechnology’s Naked Emperor. Review of Policy Research. 32 (4). p.pp. 485-512.

Minetto, D., Volpi Ghirardini, A. & Libralato, G. (2016). Saltwater ecotoxicology of Ag,
Au, CuO, TiO2, ZnO and C60 engineered nanoparticles: An overview. Environment
International. 92-93. p.pp. 189-201.

Mouneyrac, C., Syberg, K. & Selck, H. (2015). Ecotoxicological Risk of Nanomaterials.
In: Aquatic Ecotoxicology: Advancing Tools for Dealing with Emerging Risks (Eds
Amiard-Triquet, C., Amiard, J-C. & Mouneyrac, C. pp. 441-462. Elsevier.

Mueller, N.C. & Nowack, B. (2008). Exposure modelling of engineered nanoparticles in
the environment. Environmental science & technology. 42 (12). p.pp. 4447-4453.

National Research Council (1983). Risk Assessment in the Federal Government: Managing
the Process. National Research Council. National Academies Press, Washington
(DC), US.

National Research Council (2006). Toxicity Testing for Assessment of Environmental
Agents: Interim Report. National Research Council. National Academues Press,
Washington (DC), US.

National Research Council (2007). Toxicity Testing in the 21st Century. National Research
Council. National Academues Press, Washington (DC), US.

Nel, A.E., Xia, T., Meng, H., Wang, X., Lin, S., Ji, Z. & Zhang, H. (2013a). Nanomaterial
toxicity testing in the 21st century: use of a predictive toxicological approach and
high-throughput screening. Accounts of Chemical Research. 46 (3). p.pp. 607-21.

Nel, A.E., Nasser, E., Godwin, H., Avery, D., Bahadori, T., Bergeson, L., Beryt, E.,
Bonner, J.C., Boverhof, D., Carter, J., Castranova, V., Deshazo, J.R., Hussain, S.M.,
Kane, A.B., Klaessig, F., Kuempel, E., Lafranconi, M., Landsiedel, R., Malloy, T.,
Miller, M.B., Morris, J., Moss, K., Oberdorster, G., Pinkerton, K., Pleus, R.C.,
Shatkin, J.A., Thomas, R., Tolaymat, T., Wang, A. & Wong, J. (2013b). A multi-
stakeholder perspective on the use of alternative test strategies for nanomaterial
safety assessment. ACS nano. 7 (8). p.pp. 6422-33.

Nel, A.E. (2013). Implementation of alternative test strategies for the safety assessment of
engineered nanomaterials. Journal of internal medicine. 274 (6). p.pp. 561-77.

32



OECD (2000). Guidance document on aquatic toxicity testing of difficult substances and
mixtures. ENV/JM/MONO(2000)6. Organisation for Economic Co-operation and
Development, Paris, France.

OECD (2006). Report of the OECD Workshop on the Safety of Manufactured
Nanomaterials: Building Co-operation, Co-ordination and Communication.
ENV/IM/MONO(2006)19. Organisation for Economic  Co-operation and
Development, Paris, France.

OECD (2012). Six years of OECD work on the safety of manufactured nanomaterials:
Achievements and Future Opportunities. Organisation for Economic Co-operation and
Development. Availble at:
http://www.oecd.org/env/ehs/nanosafety/Nano%20Brochure%20Sept%202012%20for
%20Website%20%20(2).pdf

OECD (2014). Ecotoxicology and environmental fate of manufactured nanomaterials: Test
guidelines. ENV/JIM/MONO(2014)1. Organisation for Economic Co-operation and
Development, Paris, France.

OECD (2015). OECD chemical studies show way forward for nanomaterial safety.
[Webpage]. Available from: http://www.oecd.org/chemicalsafety/news-nanomaterial-
safety.htm (accessed June 15 2015). Organisation for Economic Co-operation and
Development, Paris, France.

Oksel, C., Subramanian, V., Semenzin, E., Ma, C.Y., Hristozov, D., Wang, X.Z., Hunt, N.,
Costa, A., Fransman, W., Marcomini, A. & Wilkins, T. (2016). Evaluation of existing
control measures in reducing health and safety risks of engineered nanomaterials.
Environmental Science:Nano. 3. p.pp. 869-882.

Oomen, A.G., Bos, P.M.J., Fernandes, T.F., Hund-Rinke, K., Boraschi, D., Byrne, H.J.,
Aschberger, K., Gottardo, S., von der Kammer, F., Kihnel, D., Hristozov, D.,
Marcomini, A., Migliore, L., Scott-Fordsmand, J., Wick, P. & Landsiedel, R. (2014).
Concern-driven integrated approaches to nanomaterial testing and assessment--report
of the NanoSafety Cluster Working Group 10. Nanotoxicology. 8 (3). p.pp. 334-48.

Palmqvist, A., Baker, L., Forbes, V.E., Gergs, A., Kammer, F. von der, Luoma, S.,
Lutzheft, H.C.H., Salinas, E., Sorensen, M. & Steevens, J. (2015).
NANOMATERIAL ENVIRONMENTAL RISK ASSESSMENT. Integrated
Environmental Assessment and Management. 11 (4). p.pp. 519-5109.

Petersen, E.J., Diamond, S., Kennedy, A.J., Goss, G., Ho, K., Lead, J.R., Hanna, S.K,,
Hartmann, N., Hund-Rinke, K. & Mader, B. (2015). Adapting OECD aquatic toxicity
tests for use with manufactured nanomaterials: key issues and consensus
recommendations. Environmental science & technology. 49.

Petersen, E.J., Henry, T.B., Zhao, J., Maccuspie, R.l., Kirschling, T.L., Dobrovolskaia,
M.A., Hackley, V., Xing, B. & White, J.C. (2014). Identification and Avoidance of
Potential Artifacts and Misinterpretations in Nanomaterial Ecotoxicity Measurements.
Environmental science & technology. 48. p.pp. 4226-4246.

Petosa, A.R., Jaisa, D.P., Quevedo, L.R., Elimelech, M. & Tufenkji, N. (2010).
Aggregation and Deposition of Engineered Nanomaterials in Aquatic Environments:
Role of Physicochemical Interactions. Environmental science & technology. 44 (17).
p.pp. 6532—6549.

Raffensperger, C. & Tickner, J. (1999). Protecting public health and the environment:
implementing the precau tionary principle. Island Press, Washington (DC), US.

33



Rasmussen, K., Gonzéalez, M., Kearns, P., Sintes, J.R., Rossi, F. & Sayre, P. (2016).
Review of achievements of the OECD Working Party on Manufactured
Nanomaterials’ Testing and Assessment Programme. From exploratory testing to test
guidelines. Regulatory Toxicology and Pharmacology. 74. p.pp. 147-160.

Rio-Echevarria, I.M. & Rickerby, D.G. (2015). Nanomaterials as a potential environmental
pollutant: Overview of existing risk assessment methodologies. Human and
Ecological Risk Assessment: An International Journal. 22(2) p.pp. 460-474.

Sandin, P. (1999). Dimensions of the Precautionary Principle. Human and Ecological Risk
Assessment: An International Journal. 5 (5). p.pp. 889-907.

Savolainen, K., Backman, U., Brouwer, D., Fadeel, B., Fernandes, T., Kuhlbusch, T.,
Landsiedel, R., Lynch, I. & Pylkkénen, L. (2013). Nanosafety in Europe 2015-2025:
Towards Safe and Sustainable Nanomaterials and Nanotechnology Innovations.
Finnish Institute of Occupational Health, EDITA, Helsinki, Finland

SCENIHR (2009). Risk assessment of Products of nanotechnologies. Scientific Committee
on Emerging and Newly Identified Health Risks. p.pp. 1-118. European Commission,
Brussels, Belgium.

Sekine, R., Khurana, K., Vasilev, K., Lombi, E. & Donner, E. (2015). Quantifying the
adsorption of ionic silver and functionalized nanoparticles during ecotoxicity testing:
Test container effects and recommendations. Nanotoxicology. 9 (8). p.pp. 1005-1012.

Shatkin, J.A. & Ong, K.J. (2016). Alternative Testing Strategies for Nanomaterials: State
of the Science and Considerations for Risk Analysis. Risk Analysis. DOI:
10.1111/risa.12642.

Shaw, J.L. & Kennedy, J.H. (1996). The use of aquatic field mesocosm studies in risk.
Environmental Toxicology and Chemistry. 15 (5). p.pp. 605-607.

Skjolding, L.M., Sgrensen, S.N., Hartmann, N.B., Hjorth, R., Hansen, S.F. & Baun, A.
(2016). A Critical Review of Aquatic Ecotoxicity Testing of Nanoparticles - The
Quest for Disclosing Nanoparticle Effects. Angewandte Chemie International Edition.
DOI: 10.1002/anie.201604964.

Som, C., Nowack, B. & Krug, H.F. & Wick, P. (2013). Toward the Development of
Decision Supporting Tools That Can Be Used for Safe Production and Use of
Nanomaterials. Accounts of chemical research. 46 (3). p.pp. 863-872.

Stone, V., Pozzi-Mucelli, S., Tran, L., Aschberger, K., Sabella, S., Vogel, U., Poland, C.,
Balharry, D., Fernandes, T., Gottardo, S., Hankin, S., Hartl, M.G.J., Hartmann, N.,
Hristozov, D., Hund-Rinke, K., Johnston, H., Marcomini, A., Panzer, O., Roncato, D.,
Saber, A.T., Wallin, H. & Scott-Fordsmand, J.J. (2014). ITS-NANO---prioritising
nanosafety research to develop a stakeholder driven intelligent testing strategy. Part
Fibre Toxicol. 11. p.p. 9.

Sun, T.Y., Gottschalk, F., Hungerbihler, K. & Nowack, B. (2014). Comprehensive
probabilistic modelling of environmental emissions of engineered nanomaterials.
Environmental Pollution. 185. p.pp. 69-76.

Syberg, K. & Hansen, S.F. (2015). Environmental risk assessment of chemicals and
nanomaterials - The best foundation for regulatory decision-making? Science of the
Total Environment. 541. p.pp. 784-794.

34



Sarensen, S.N. (2016). Aquatic toxicity testing for hazard identification of engineered
nanoparticles. PhD Thesis. Technical University of Denmark, Kgs. Lyngby,
Denmark.

Sgrensen, S.N. & Baun, A. (2014). Controlling silver nanoparticle exposure in algal
toxicity testing - A matter of timing. Nanotoxicology. 9 (2). p.pp. 201-209.

Sgrensen, S.N., Hjorth, R., Delgado, C.G., Hartmann, N.B. & Baun, A. (2015).
Nanoparticle toxicity — Physical and/or chemical effects? Integrated Environmental
Assessment and Management. 11(4). p.pp. 722-724.

Tickner, J.A., Schifano, J.N., Blake, A., Rudisill, C. & Mulvihill, M.J. (2015). Advancing
Safer Alternatives Through Functional Substitution. Environmental Science &
Technology. 49 (2). p.pp. 742—749.

van Leeuwen, C.J. (2007). General Introduction. In: Risk Assessment of Chemicals: An
Introduction (Eds van Leeuwen, C.J. & Vermeire T.G.). Second Edition. Springer,
Dordrecht, The Netherlands.

Villeneuve, D.L. & Garcia-Reyero, N. (2011). Vision & strategy: Predictive ecotoxicology
in the 21st century. Environmental toxicology and chemistry. 30 (1). p.pp. 1-8.

Voelker, D., Schlich, K., Hohndorf, L., Koch, W., Kuehnen, U., Polleichtner, C., Kussatz,
C. & Hund-Rinke, K. (2015). Approach on environmental risk assessment of
nanosilver released from textiles. Environmental Research. 140. p.pp. 661-672.

Walker, N.J. & Bucher, J.R. (2009). A 21st century paradigm for evaluating the health
hazards of nanoscale materials? Toxicological sciences : an official journal of the
Society of Toxicology. 110 (2). p.pp. 251-4.

Wang, Y., Deng, L., Caballero-Guzman, A. & Nowack, B. (2016). Are engineered nano
iron oxide particles safe? An environmental risk assessment by probabilistic
exposure, effects and risk modelling. Nanotoxicology. DOL:
10.1080/17435390.2016.1242798.

Wickson, F., Hartmann, N.B., Hjorth, R., Hansen, S.F., Wynne, B. & Baun, A. (2014).
Balancing scientific tensions. Nature Nanotechnology. 9. p.pp. 870-870.

35



VI

VII

VI

Papers

Hjorth R, Hansen SF, Jacobs M, Tickner J, Ellenbecker M, Baun A
(2016). The applicability of chemical alternatives assessment for
engineered nanomaterials, Integrated Environmental Assessment and
Management. DOI: 10.1002/ieam.1762

Hjorth R, Holden P, Hansen SF, Colman B, Grieger K, Hendren, CO
(2016). The role of alternative testing strategies in environmental risk
assessment of engineered nanomaterials. Submitted.

Hjorth R, van Hove L, Wickson, F (2016) What can nanosafety learn
from drug development? The feasibility of ‘Safety by design’.
Manuscript.

Hjorth R, Coutris C, Sevcu A, Nguyen N, Joner E, Baun A (2016).
Ecotoxicity testing and environmental risk assessment of iron
nanomaterials for sub-surface remediation — Recommendations from the
FP7 project NanoRem. Manuscript.

Wickson F, Hartmann NB, Hjorth R, Hansen SF, Wynne B, Baun A
(2014). Balancing scientific tensions, Nature Nanotechnology, 9, 870

Hansen SF, Hjorth R, Skjolding LM, Bowman DM, Maynard A, Baun A
(2016). A Critical and In-depth Analysis of the Dossiers from the OECD
Sponsorship Programme - Has the OECD failed the nano risk
community? Submitted.

Skjolding LM, Sgrensen SN, Hartman NB, Hjorth R, Hansen SF, Baun
A (2016). A Critical Review of Aquatic Ecotoxicity Testing of
Nanoparticles — The Quest for Disclosing Nanoparticle Effects,
Angewandte Chemie International edition. DOI:10.1002/anie.201604964

Hjorth R, Sgrensen SN, Olsson M, Baun A, Hartmann NB (2016). A
Certain Shade of Green: Can algal pigments reveal shading effects of
nanoparticles?, Integrated Environmental Assessment and Management.
15(1), 200-202

36



IX  Sgrensen SN, Hjorth R, Delgado CG, Hartmann NB, Baun A (2015).
Nanoparticle ecotoxicity — Physical and/or chemical effects?, Integrated
Environmental Assessment and Management, 11(4), 722-724

TEXT FOR WWW-VERSION (with out papers)

In this online version of the thesis, paper I-1X are not included but can be
obtained from electronic article databases e.g. via www.orbit.dtu.dk or on
request from

DTU Environment

Technical University of Denmark
Bygningstorvet, Building 115
2800 Kgs. Lyngby

Denmark

info@env.dtu.dk.

37


mailto:info@env.dtu.dk




The Department of Environmental Engineering (DTU Environment) conducts
science based engineering research within six sections;

Water Resources Engineering, Water Technology, Urban Water Systems,
Residual Resource Engineering, Environmental Chemistry

and Atmospheric Environment.

The department dates back to 1865, when Ludvig August Colding, the founder
of the department, gave the first lecture on sanitary engineering as response to
the cholera epidemics in Copenhagen in the late 1800s.

Department of Environmental Engineering
Technical University of Denmark

DTU Environment
Bygningstorvet, building 115
2800 Kgs. Lyngby

TIf. +45 4525 1600

Fax +45 4593 2850

www.env.dtu.dk




	Preface
	Acknowledgements
	Summary
	Dansk sammenfatning
	Table of contents
	1 Background and aim
	2 The applicability of standardized ecotoxicity testing for ENMs
	2.1 Hazard identification
	2.2 Modifying OECD test guidelines
	2.3 The three double-binds of nanoecotoxicology
	2.3.1 It is too early and too late
	2.3.2 Realism vs control
	2.3.3 Selective ignorance


	3 Testing needs for environmental risk assessment
	3.1 Feasibility of environmental risk assessment for engineered nanomaterials
	3.2 Testing in the 21st century
	3.2.1 Alternative testing strategies


	4 Environmental risk management
	4.1 ‘Safety by design’
	4.2 Alternatives assessment
	4.3 Invoking the precautionary principle

	5 Conclusion
	6 References
	7 Papers

