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ABSTRACT: Proxy measures have been proposed as a low-
data option for simplified assessment of environmental threat
given the high complexity of the natural environment. We
here review studies of environmental release, fate, toxicity, and
risk to identify relevant proxy measures for manufactured
nanomaterials (MNMs). In total, 18 potential proxy measures
were identified and evaluated regarding their link to
environmental risk, an aspect of relevance, and data
availability, an aspect of practice. They include socio-technical
measures (e.g., MNM release), particle-specific measures (e.g.,
particle size), partitioning coefficients (e.g., the octanol—water
coefficient), and other fate-related measures (e.g, half-life) as
well as various ecotoxicological measures (e.g, 50% effect
concentration). For most identified proxy measures, the link

to environmental risk was weak and data availability low. Two exceptions were global production volume and ecotoxicity, for
which the links to environmental risk are strong and data availability relatively decent. As proof of concept, these were employed
to assess seven MNMs: titanium dioxide, cerium dioxide, zinc oxide, silver, silicon dioxide, carbon nanotubes, and graphene.
The results show that none of the MNMs have both high production volumes and high ecotoxicity. Several refinements of the
assessment are possible, such as higher resolution regarding the MNMs assessed (e.g., different allotropes) and different metrics
(e.g., particle number and surface area). The proof of concept shows the feasibility of using proxy measures for environmental
assessment of MNMs, in particular for novel MNMs in early technological development, when data is particularly scarce.

1. INTRODUCTION

In two sequential papers, Berg and Scheringer' and Scheringer
and Berg’ wrote about the overcomplexity of the natural
environment, stating that the environment cannot be described
in a deterministic way. In particular, the risk of chemical
substances is therefore difficult to model with any accuracy. As
an alternative, they proposed the use of proxy measures, which
are observable indicators or variables intended to reduce the
complexity of the assessment. Proxy measures thus reflect
environmental threat rather than actual environmental risk."
Environmental risks related to manufactured nanomaterials
(MNMs) have been extensively discussed in the scientific
literature since the middle of the 2000s.> > The main approach
suggested for assessing such risks has been the type of
environmental risk assessment commonly used for chemical
substances.”” Indeed, progress has been made regarding the
development of risk assessment methods for MNMs, for
example in the form of the recently developed fate models
MendNano,® SimpleBox4nano,9 and nanoFate.'® However, a
number of studies question whether an accurate assessment of
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MNM risks is possible, much in line with the idea about
nature’s intrinsic overcomplexity."”

While not questioning the theoretical possibility to assess
environmental risks related to MNMs, Grieger et al.'! wrote
that this “will quite possibly take decades even for those
[manufactured] nanomaterials that are currently on the
market, let alone those that are emerging.” They also stated
that even compared to other difficult-to-assess chemicals, such
as endocrine disruptors, MNMs may be an “extreme case” and
instead suggest a focus on approaches to facilitate near-term
decisions. Syberg and Hansen'” questioned the ability of
environmental risk assessments to provide a transparent and
objective foundation for decision-making regarding MNMs by
discussing a number of problems, such as the inability to
determine particle characteristics during toxicity testing. They
therefore recommend to also use other relevant decision-
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Figure 1. Illustration of the review procedure followed.

making tools in combination with the application of the
precautionary principle. Furthermore, Miller and Wickson'?
even questioned the entire risk assessment approach as basis
for regulation of emerging technologies in general and
nanomaterials in particular, referring to risk assessment of
MNMs as a “naked emperor”. Problems highlighted include
the lack of a MNM definition and the lack of measurement
methods for MNMs. Again, a call was made for new
approaches. In all three articles, concerns are thus raised
regarding the adequacy of conventional environmental risks
assessment approaches for assessing MNMs.

As alternatives or complements to conventional risk
assessments, a number of screening risk assessment methods
for MNMs have been developed, of which a few cover also
environmental risks."*™'”7 However, these methods typically
require >10 input parameters to be applicable, for which input
data is not always easily available. For example, the NanoHAZ
and Precautionary Matrix methods both require approximately
10 input parameters each for a complete environmental
assessment, including parameters such as particle size, surface
area, density, half-life, potential for release, and toxicity
data."®'” For proxy measures, on the other hand, the number
of input parameters is set by the number of measures selected
and can thus be as low as one, or two as in the original
proposal by Scheringer and Berg,” who suggested as indicators
temporal duration (persistence) and the potential for large
geographical distribution (spatial range).

The aim of this paper is to identify relevant proxy measures
that can be used for simplified low-data screening environ-
mental assessments of MNMs. A review of the literature on
environmental risks of MNMs is conducted, resulting in an
initial list of potential proxy measures. Their link to
environmental risk and data availability are then critically
discussed. Finally, two identified proxy measures deemed
promising regarding links to environmental risk and data
availability—production volume and aquatic ecotoxicity—are
employed as proof of concept in a simplified assessment of
seven MNMs.

2. MATERIALS AND METHODS

2.1. Review and Evaluation of Proxy Measures. Since
the term proxy measure itself is rarely used in papers about
MNMs and environmental risk, a more indirect approach than
simply searching for this specific term was employed. We
departed from a nonexhaustive initial corpus of 25 review-type
papers (listed in Supporting Information (SI) Table SI).
These papers were selected to cover different aspects of MNM
risks: environmental release, fate, ecotoxicity, and risk in
general. In addition to these, we followed potentially
interesting studies cited in the papers and studies citing the
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papers in a backward and forward snowballing manner,”
respectively (see Figure 1 for an illustration of the method). In
these publications, we identified potential proxy measures and
evaluated them according to a number of criteria. According to
Berg and Scheringer,' a proxy measure should be simple. In
addition, a proxy measure should be applicable to “various
human activities”," which in this specific case could mean all
MNMs and not only specific types. Following Scheringer and
Berg,” proxy measures are understood as quantifiable, typically
belonging to the real numbers (i.e., €R). A proxy measure
should also reflect the potential for adverse effects in the
future, thereby making it possible to take actions before effects
are realized.' It should thus have a strong link to environ-
mental risk through plausible cause-effect chains. The potential
proxy measures were furthermore evaluated based on data
availability, which has generally been realized to be crucial for
any indicator.””** The evaluation criteria were thus that the
measures should: (1) be simple, (2) be applicable to all
MNMs, (3) be quantifiable, (4) have a strong link to
environmental risk, and (S) have a decent data availability.
Proxy measures satisfying criteria (1), (2), and (3) were
selected in the review to be further evaluated. These measures
were then discussed in more detail regarding the satisfying of
(4) and (5), see Section 3.

2.3. Proof of Concept with Production Volume and
Aquatic Ecotoxicity. The two identified proxy measures
production volume and aquatic ecotoxicity qualified to all five
evaluation criteria. As proof of concept, they were therefore
applied to assess seven MNMs: titanium dioxide nanomaterials
(nano-Ti0,), cerium dioxide nanomaterials (nano-CeO,), zinc
oxide nanomaterials (nano-ZnO), carbon nanotubes (CNT),
silver nanomaterials (nano-Ag), silicon dioxide nanomaterials
(nano-Si0,), and graphene.

For production volume, the annual global production of
nano-Ti0O,, nano-CeO,, nano-ZnO, CNT, nano-Ag, and nano-
SiO, were obtained from the study by Piccinno et al.”’
Although other sources of production volume data exist,”* this
study was selected due to its transparent description of the data
gathering through surveys with companies producing and using
MNMs. The median values, 25th percentiles and 75th
percentiles from this study were obtained for the six MNMs.
The current global production of graphene has been estimated
at roughly 2000 metric tonnes/year in a market report by a
technology consultancy company.*

Data for aquatic ecotoxicity for nano-TiO,, nano-CeO,,
nano-ZnO, CNT and nano-Ag were collected from the NanoE-
Tox database.”® All available data for S0% effect, inhibition and
lethal concentrations (ECs,, ICso and LCsy, respectively) were
gathered for algal, crustacean, and fish tests for the five MNMs.
These tests were chosen since they constitute the base set for
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short-term aquatic toxicity for environmental risk assessment.””
Values were recalculated into the unit of mg/L if reported in
other units. There were 66 values for nano-TiO, (results of 17
algal, 4S5 crustacean, and 4 fish tests), 34 for nano-CeO, (20
algal and 14 crustacean tests), 36 for ZnO (2 algal, 31
crustacean, and 3 fish tests), 29 for CNT (13 algal and 16
crustacean tests), and 150 for nano-Ag (7 algal, 111 crustacean,
and 32 fish tests). Nano-SiO, is not included in the NanoE-tox
database, so its ECg), ICs, and LCg, values were instead
obtained from the review by Wang et al.*® In this way, eight
values were obtained for nano-SiO, (3 algal, 3 crustacean, and
2 fish tests). Graphene is not included in the NanoE-tox
database either, but four ECg, and ICy, values for graphene
from three studies were identified (2 algal, 2 crustacean
tests).”” ' Median values, 25th percentiles and 75th
percentiles were calculated and inverted so that higher values
imply higher toxicity. All input data for the proof of concept

are shown in Table 1.

Table 1. Input Data for the Proof-of-Concept Illustration”

manufactured
nanomaterial

median production
[metric tonnes/year]

Median 1/ECgy, 1/LCq, 1/
ICso [1/(L/mg)]

nano-TiO, 3000 (550, 5500) 0.077 (0.013, 0.34)
nano-CeO, 55 (5.5, 550) 0.10 (0.059, 0.25)
nano-ZnO 550 (55, 550) 0.47 (0.22, 0.91)
CNT 300 (S5, 550) 0.079 (0.044, 0.13)
nano-Ag S5 (5.5, 550) 21 (5.4, 120)
nano-SiO, 5500 (55, 55 000) 0.00011 (0.000040,
0.00026)
graphene 2000 0.17 (0.080, 0.57)

“25th and 75th percentiles are shown within parentheses if available.
Note that the ecotoxicity values have been inverted so that higher
values imply higher toxicity.

If proxy measures are to be used for regulatory purposes or
similar, acceptability thresholds may be needed. For example,
Scheringer’” proposed to differ between long- and short-
ranged chemicals based on their spatial range. Examples of
threshold were therefore employed for production volume and
aquatic ecotoxicity as proof of concept. Since 1000 metric
tonnes/year is the threshold for the most extensive testing
requirement in the European legislation on Registration,
Evaluation and Authorization and restrictions of Chemicals
(REACH),”” implying the highest concern, it is employed as
threshold for production volume in this study as well
Following the Classification, Labeling and Packaging (CLP)
regulation’s classification for acute aquatic toxicity (Acute 1), 1
mg/L was set as threshold for aquatic ecotoxicity. These
thresholds can furthermore be linked to appropriate action or
monitoring. When high values exist for both MNM production
volumes and aquatic ecotoxicity (i.e., above threshold), action
in the form of regulation or voluntary initiatives should be
undertaken. In the case of low production volume but high
aquatic ecotoxicity, monitoring of the production volumes is
recommended to ensure they stay below the threshold value.
Similarly, when high production volumes but low aquatic
ecotoxicity is found for MNMs, monitoring of the ecotoxico-
logical literature is recommended to ensure that new findings
are in line with the current ones (i.e., that the ecotoxicity is
below the threshold). Finally, in the case of both low
production volumes and low aquatic ecotoxicity, no immediate

action is required, but the assessment can be revisited
continuously to confirm the result.

3. RESULTS AND DISCUSSION

Eighteen potential proxy measures were identified from the
reviewed literature. These are shown in Table 2 together with
information on how they link to environmental risk. In
Sections 3.1—3.5, the identified proxy measures are discussed
in more detail regarding data availability and their link to
environmental risk. Furthermore, the two proxy measures of
production volume and aquatic ecotoxicity are applied as proof
of concept and further discussed in Section 3.6.

A number of parameters available in the reviewed literature
were not included in this study as potential proxy measures
since they did not meet the three first criteria specified in
Section 2.1. For example, risk characterization ratios (RCR),
predicted environmental concentrations (PEC), and predicted
no-effect concentrations (PNEC) where excluded due to lack
of simplicity. They are all outputs from different steps in the
conventional risk assessment framework for chemicals and rely
on more or less complicated models that in turn need
substantial input data.”> Other risk-relevant properties of
MNMs, such as coatings and shape, cannot be easily
quantified and were therefore also excluded from the list of
potential proxy measures.

3.1. Socio-Technical Measures. Production and release
of a MNM are obviously the origins of any environmental risks
related to that MNM. Without production and release, there
can be no exposure and thus there can be no environmental
risk. In general, for a given time period, a fraction of the
produced MNMs becomes released to the environment,
whereas the rest remains in the technosphere. Mathematically,
production volume (P) and release (R) between the times ¢,
and t; are thus related according to

/ttl R(t)dt = xfttlp(t)dt )

0 0

where x = [0,1] is often referred to as a release or emission
factor.

For production volume, data for global and some regional
production volumes of most major MNMs (e.g.,, nano-TiO,,
nano-ZnO, CNT, and nano-Ag) are available in the scientific
literature”>***® and market reports. There also exist
production volume estimations included as input data in
environmental exposure and risk assessments of MNMs, see
for example Gottschalk et al.’” and Wang et al.*® Estimating
release is more challenging, but release estimates for different
geographical regions also exist in the scientific literature for
most major MNMs.>*”* Other studies provide release
estimates for specific products, which can later be used in
studies estimating the total release of a MNM.**~*
Consequently, both production volume and release have high
potential as proxy measures due to their strong link to
environmental risk and decent data availability.

3.2. Particle-Specific Measures. The particle-specific
measures identified as potential proxy measures include
particle size, two attachment efficiencies, the zeta potential,
and the dissolution rate. The main rationale behind particle
size as proxy measure is that smaller particle size results in a
higher surface area, which in turn gives higher reactivity and
therefore higher toxicity.”>"" In addition, particle size may also
influence cellular uptake and environmental fate.””>® This

DOI: 10.1021/acs.est.8b05405
Environ. Sci. Technol. 2018, 52, 13670—13680


http://dx.doi.org/10.1021/acs.est.8b05405

Environmental Science & Technology

Critical Review

Table 2. List of Potential Proxy Measures for Manufactured Nanomaterials. A Strong Link Implies an Unambiguous Influence
on Environmental Risk, Whereas a Weak Link Implies Ambiguous Influence

proxy measures common symbols

Socio-Technical Measures
production volume p
release” R

Particle-Specific Measures

particle size d
attachment efficiency Qhet-agg OF Mom-agg
surface affinity ap
dissolution rate Kaiss
zeta potential ¢
Partitioning Measures

octanol—water coefficient K.
organic carbon—water coeflicient K.
soil-liquid coefficient Kp
Other Fate Measures

half-life ti
bioconcentration factor BCF
biomagnification factor BMF
density p
Ecotoxicological Measures

50% effect concentration (aquatic, terrestrial, etc.) ECy,
50% inhibition concentration (aquatic, terrestrial, etc.) (OGP
50% lethal concentration (aquatic, terrestrial, etc.) LCs,

no observable effect concentration (aquatic, terrestrial, NOEC

etc.)

“Note that release can also be referred to as emission.

link to environmental data

SI units risk availability example reference
kg/year strong decent Piccinno et al.*®
kg/year strong decent Keller and Lazareva®®
m weak low Nel et al.*!

weak low Praetorius et al.®®

weak low Westerhoff and Nowack®*
5! weak low Quik et al.%’
A% weak low Handy et al.”*

weak low Hristovski et al.”’

weak low Grieger et al.”’
m3/kg weak low Westerhoff and Nowack®*
s weak low Hansen et al.*!

weak low Hansen et al.*!

strong low Hansen et al.*!
kg/ m? weak high Quik et al?*
kg/m? strong decent Kahru and Dubourguier®
kg/m? strong decent Juganson et al?®
kg/m? strong decent Kahru and Dubourguier®
kg/m3 strong decent Kahru and Dubourguier(’5

parameter relates to the very definition of MNMs. It is often
suggested that a material must have at least one dimension in
the 1—100 nm range in order to qualify as a nanomaterial.>*
However, a review has shown that many other size ranges have
also been suggested for defining nanomaterials, including less
than 200 nm, less than 300 nm, less than 500 nm, and less than
1000 nm.>> Although particle size is often mentioned as a
parameter of importance for MNM toxicity and fate, the exact
causality between the parameter and environmental risk is
unclear. Some studies point at a wider size range than 1—100
nm being of environmental interest. For example, the screening
risk assessment method called the Precautionary Matrix
differentiates between nanoparticles smaller than 500 nm and
larger particles, where the former are assumed to be more
hazardous to the environment.'® Wardak et al.*® instead used a
limit of less than 200 nm for the same purpose. In addition,
Maynard et al.”” wrote that “there is little reason not to
suppose that some materials may exhibit abrupt changes in
behavior above 100 nm”. Other studies suggest that a narrower
size range than 1-100 nm should be in focus from an
environmental point of view. Bai et al.”" state that although
there seems to exist particle size threshold levels for
environmentally relevant physio—chemical properties of
MNMs, these thresholds are often below 100 nm. More
specifically, Auffan et al.’® observed that inorganic particles
larger than 30 nm typically do not show physio—chemical
properties that imply different environmental effects than their
bulk material counterparts. These conflicting views on which
sizes that lead to environmental risk limits its usefulness as a
proxy measure. Regarding data availability, particle sizes vary
between products and are typically only available for a limited
number of MNM products from which release has been
studied experimentally.”

The most frequently mentioned attachment efficiency is that
between particles (sometimes referred to as collision
efficiency), which tells the share of particle collisions leading
to agglomeration on a scale from 0 (no particles agglomerate at
collision) to 1 (all particles agglomerate at collision). It thus
tells to which extent agglomeration occurs, which is an
important fate process for MNMs.®"®* This attachment
efficiency comes in two forms: the homoagglomeration
attachment efficiency (ahom_agg), which applies for collisions
between particles of the same type, and the heteroagglomera-
tion attachment efficiency (ahet_agg) , which applies for collisions
between different types of particles.”> Another type of
attachment efficiency is the surface affinity, which tells the
tendency of a particle to attach to surfaces in the environment,
such as soil and sediment.®* The surface affinity also varies
between 0 (no particles attach to a surface at collision) and 1
(all particles attach to a surface at collision). The exact
causality between attachment efficiencies and ecotoxicity
remains unclear since even highly agglomerated MNMs can
cause toxic effects.”>® Furthermore, attachment efficiencies
can generally not be modeled accurately but need to be
measured empirically for different conditions.”>®” A number of
measurements of attachment efficiencies have been con-
ducted,’” but only a few of those are for heteroagglomera-
tion,”® which is more relevant from an environmental point of
view.”” A general problem with attachment efficiencies is their
dependence on environmental conditions, such as ion
concentration, pH, and the presence of natural organic
matter.”’ This means that it is difficult to tell the general
attachment efficiency of a certain MNM, since the efficiency is
an emergent property dependent on both the particle and its
physio—chemical—biological environment. The low data
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availability and the determination difficulty limits the relevance
of attachment efficiencies as proxy measures.

The zeta potential can be described as a measure of the
surface charge of particles’' and can be seen as a particle
analog to the ionic charge of a molecule. It influences the
agglomeration behavior: if the zeta potential is near zero,
agglomeration between particles increases due to low electro-
static repulsion while the opposite is true when the zeta
potential increases.”” At the so-called point of zero charge,
agglomeration can be particularly rapid.”” The zeta potential is
also influenced by the pH of the surrounding medium and, in
turn, influences the attachment efﬁciency.‘?’4 As such, it carries
the same problems as the attachment efliciency regarding link
to environmental risk and the difficulty of determining a
general zeta potential for a certain MNM.

Dissolution, which is when particles dissolve into their
constituting atoms or ions, can be seen as a particle analog to
degradation.’” The parameter used to unantify the dissolution
process is the dissolution rate constant.”* The dissolution rate
constant has been employed in different fate models for
MNMs to account for their varying persistence in different
media.*”® Dissolution rates have been measured for some
major MNMs, such as nano-TiO,, nano-CeO,, nano-ZnO,
nano-Ag, and nano-Si0,.*” However, similarly to the attach-
ment efliciency, the dissolution rate constant is an emergent
property influenced by a number of environmental factors,
including ionic strength, pH, and temperature.””’* Determin-
ing a general dissolution rate constant of a MNM is therefore
difficult. Another problem with the dissolution rate as proxy
measure is that the dissolved atoms or ions can be more toxic
than the MNM.”” For nano-Ag, for example, it seems that it is
the dissolved ions that mainly cause toxicity.”> Whether a high
or low dissolution rate of MNMs is beneficial from an
environmental point of view thus seems to be unclear at the
moment and could possibly vary between MNMs, thus
disqualifying the dissolution rate as a useful proxy measure.

3.3. Partitioning Coefficients. Similar to the attachment
efficiencies described in Section 3.2, partitioning coeflicients
are dimensionless ratios between two states. They generally
follow the principle of the following equation, where K, ,p is
the partitioning coefficient for material i, C, , the concentration
in medium A and C;; the concentration in medium B:”¢

_C
Kiap = ‘A/ Cp @)

In the context of MNM risks, a number of different
partitioning coefficients have been discussed: the octanol—
water coeflicient, the organic carbon—water coefficient, and the
solid—liquid coefficient.””” The link to environmental risk for
the octanol—water coeflicient is that since biological organisms
have organic membranes separating them from the surround-
ing environment, a high water-octanol coeflicient is related to
increased uptake.”* The organic carbon—water partitioning
coefficient describes the ability of a substance to adsorb to
organic carbon and thus move through carbon-rich environ-
ments, including living beings.”” The soil—liquid partitioning
coefficient determines the partitioning of substances between
solid and liquid phases, thereby predicting exposure to
organisms in these two compartrnents.64 Note that the
difference between the soil—water partitioning coeflicient and
the surface affinity (Section 3.2) is that the surface affinity
determines the share of particles that becomes attached to the
surface of, for example, soil, whereas the soil—water

partitioning coefficient tells the ratio between the concen-
trations of a substance in soil and water, respectively.

Regarding the link to environmental risk, MNMs tend to
accumulate just in the interface between octanol and water,
thus making a measurement of the octanol—water coeflicient
difficult for MNMs.®* This behavior has raised questions about
the usefulness of the octanol—water coeflicient for predicting
MNM fate. Praetorius et al.’® referred to the application of
such coeflicients for MNMs as a “road to nowhere” since
particles in the environment tend to be thermodynamically
unstable and thus never reach equilibrium partitioning. This
means that the relative concentration between two media will
always be a function of time for MNMs. On the contrary, Dale
et al.”® suggest that applying partitioning coefficients may be
justified for large-scale fate models from a practical standpoint,
potentially even making them less error-prone than models
relying on attachment efficiencies. This dispute over the
relevance of partitioning coefficients in environmental fate
modeling of MNMs raises questions about their general
relevance as proxy measures for MNMs. As a possible remedy,
Hristovski et al.”” proposed a partitioning coefficient that also
includes the interface between the aqueous and organic phases
as an additional medium. They also recommended the use of
mass instead of concentration as in the conventional octanol—
water coefficient (eq 2). There exist a limited number of
measurements of these partitioning coeflicients for MNMs,
rendering data availability low.”

3.4. Other Fate Measures. Half-life, bioconcentration
factors (BCFs) and biomagnification factors (BMFs) are fate-
related measures used in conventional chemical risk assessment
and screening assessments of chemical risk.””*” An example of
their application is the classification of chemicals as persistent,
bioaccumulating, and toxic (PBT) and very persistent and very
bioaccumulating (vPvB). These parameters have also been
suggested for use when assessing risks related to MNMs.*"**
In a paper about early warning signs for screening of harmful
properties of MNMs, Hansen et al.*? suggest persistence as an
early warning sign and assess it on a qualitative yes/no basis. In
the screening risk assessment tool NanoRiskCat, both the half-
life and BMF are employed to categorize MNMs as having
high, medium, low or unknown effects to the environment. For
the half-life, 40 days is employed as threshold, whereas 0.1 is
employed as threshold levels for the BMF in NanoRiskCat.*
The rational for including the half-life is that the longer the
MNM stays in the environment, the higher the exposure will
be. Regarding the relevance of half-life as proxy measure, see
the discussion about the dissolution rate in Section 3.2 since it
constitutes a particle analog to the half-life. BCFs, in theory,
also indicate higher potential exposure. However, BCFs have
been considered invalid for MNM:s since they can accumulate
in organisms without reaching equilibrium between the
organism and the surrounding medium, potentially reaching
higher concentrations than the BCF would imply.**** The link
between the BCF and environmental risk is therefore weak for
MNMs. High BMFs also indicate the potential for high
exposure, in particular to top predators in the food chain. For
both half-lives and BMFs of MNMs, data is relatively limited,
which restricts their applicability as proxy measures.

The density is a basic property of any material and has been
suggested as relevant to MNM risk. For example, Quik et al.**
mention it as an intrinsic MNM property that could possibly
be of value for deriving quantitative property—property
relationships for MNMs. A number of authors note that the
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Figure 2. Proof of concept assessment of seven manufactured nanomaterials using the two proxy measures production volume and short-term
aquatic ecotoxicity. Circles show median values and ranges show interval between the 25th and 75th percentile. Note that the ecotoxicity values

have been inverted so that higher values imply higher ecotoxicity.

density influences agglomeration and sedimentation behavior
toward higher removal, %7156 Considering the abundance of
density data for bulk materials, which should in part be of
relevance also to their MNM counterparts, data availability is
regarded as high. Some specific measurements of densities also
exist for MNMs that differ from their bulk material allotropes,
such as CNT.*” However, whether a high density equals high
risk is unclear, in particular since a higher removal from water
means a higher inflow of MNMs to the sediment, thereby
shifting risks between compartments.

3.5. Ecotoxicity Parameters. A higher aquatic, terrestrial
or other type of ecotoxicity is logically related to a higher
potential for environmental risk. Several parameters represent-
ing ecotoxicity can be found in the reviewed literature, with the
ECy, ICy,, LCsp, and the no observable effect concentration
(NOEC) being the most common. For a description of these
parameters in general ecotoxicology, see, for example,
Posthuma et al.** A number of environmental risk assessment
studies uses different types of ecotoxicity data as ingut to the
effect assessment step, such as ECs, values,®>® LCs,
values,****?° and NOEC values.”***~"* LCy, is also used in
the screening risk assessment tool NanoRiskCat.*' In general, a
50% value represent the most robust number that can be
obtained from concentration—response experiments, why they
are best suited candidates for proxy measures. However, the
reliability of the available ecotoxicity data for MNMs have been
questioned due to the difficulty of creating and maintaining
stable MNM suspensions as well as poor characterization and
test guidelines.”””* Approaches to evaluate the reliability and
relevance of MNM ecotoxicity data are available, such as the
nanoCRED framework,”® allowing for an improvement of
ecotoxicity as a proxy measure with respect to its link to
environmental risk. Data availability for ecotoxicity of MNMs
has increased over the last years. Whereas early reviews of
MNM ecotoxicity contained ~10 studies’® and ~80
ecotoxicity values,” the recently developed NanoE-Tox
database contains 224 studies and 1518 ecotoxicity values.”®
These values cover most major MNMs. Data availability is
therefore regarded as relatively high for ecotoxicity, indicating
its feasability as a proxy measure.

13675

3.6. Proof-of-Concept Results for Production Volume
and Aquatic Ecotoxicity. Figure 2 illustrates the two proxy
measures production volume and (reciprocal) short-term
aquatic ecotoxicity applied to nano-TiO,, nano-CeO,, nano-
ZnO, CNT, nano-Ag, nano-SiO,, and graphene. Given the
exemplification with thresholds at 1000 metric tonnes/year
and 1 mg/L, none of the seven investigated MNMs end up in
the high toxicity-high production quadrant. Nano-Ag ends up
in the high ecotoxicity-low production volume quadrant.
Whereas some authors have expressed concern over potentially
high production volumes of nano-Ag,” high ecotoxicity rather
than high production seems to be the most imminent
environmental issue for nano-Ag according to Figure 2.
Continuous monitoring and improvement of data regarding
production volumes of nano-Ag should be conducted to
confirm that this result holds true also in the future. Graphene,
nano-TiO, and nano-SiO, end up in the low ecotoxicity-high
production volume quadrant. Consequently, immediate action
is not warranted, but the scientific literature should be
monitored to ensure that new ecotoxicological studies do not
show higher ecotoxicity than the present ones. Three MNMs
end up in the low ecotoxicity-low production volume
quadrant: nano-CeQO,, nano-ZnO, and CNT. For these
MNMs, it is recommended that the data on production
volumes and ecotoxicity is revisited at regular intervals to
confirm that new data do not alter the current evaluation.

The results in Figure 2 are broadly in line with those of more
detailed environmental risk assessments conducted for MNMs,
which generally show that most major MNMs are of low
environmental concern as expressed by, for example, low
RCR,” in particular for CNT and nano-SiO,.”® For example,
Wang et al.”® showed that both the mean and median RCR for
nano-SiO, in the surface waters of Switzerland and the
European Union (EU) were well below 0.01, whereas only
values above 1 would imply risk. Coll et al.”" calculated RCR
(mode values) less than 0.1 for nano-TiO,, nano-Ag, nano-
ZnO and CNT for the freshwaters, sludge-treated soils, and
sediments of the EU. RCR for Danish surface waters calculated
by Kjelholt et al.,” based on probabilistic PEC estimations and
PNEC derived from quality-assessed ecotoxicity data, were
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even lower (<0.001) for nano-TiO, (photostable and
photocatalytic), nano-ZnO, nano-Ag, CNT, and nano-CeO,.
Considering relative rather than absolute toxicity impacts,
Eckelman et al.'”’ calculated that under a realistic release
scenario, toxicity impacts from release of CNT are exceeded at
3 orders of magnitude by other emissions during the life cycle
production of CNT, mainly emissions of metals in electricity
production. These results indicate that CNT is less of a
concern compared to non-MNM contaminants. This general
accordance with more detailed environmental assessments
indicates the ability of the tested proxy measures to provide
reasonable results. The ranges in Figure 2 illustrate a
considerable uncertainty related to estimations of production
volume and ecotoxicity of the seven MNMs, spanning orders
of magnitude. The result for graphene is considered
particularly uncertain due to the low availability of data, in
particular on its production volume. However, despite these
uncertainties, there are relatively few transgressions over the
threshold levels set, which means that the overall result is quite
robust even with such wide ranges.

4. IMPLICATIONS FOR ENVIRONMENTAL
ASSESSMENT OF MNMS

The result in Figure 2 is only one example of the applicability
of two proxy measures to seven MNMs with two threshold
values. Multiple alternative applications are possible. While a
global perspective is employed in Figure 2, the geographical
boundary can be altered to fit the purpose of a risk screening
for a specific region or regulatory body. For example, specific
MNM production data exists for the United States,>®
Denmark'®" and Switzerland.'”> The resolution can also be
altered regarding the type of MNMs assessed. In Figure 2,
groups of MNMs, such as various types of CNT and nano-
TiO,, are assessed as single MNMs. A higher resolution can be
obtained by instead assessing, for example, single-walled CNT
and multiwalled CNT, or nano-TiO, from anatase and nano-
TiO, from rutile, separately. MNMs with specific coatings and
other surface modifications can also be considered separately if
relevant and if data are available. It would also be possible to
use other statistical metrics than median values, 25th and 75th
percentiles, potential alternatives being for example mean,
lowest and highest values. The threshold values for low/high
production volume and ecotoxicity can also be altered, where
lower thresholds imply more precaution. For example, 10 and
100 mg/L, rather than 1 mg/L, are used as threshold values in
the NanoRiskCat tool to assign environmental hazard codes to
MNMs.*' It can be noted that if a threshold value of 10 mg/L
was applied for ecotoxicty (i.e., a value of 0.1 L/mg in Figure
2), the materials graphene, CeO,, and ZnO would be
considered more risky than in the current evaluation. Over
time, MNM ecotoxicity data availability is expected to increase
and production volumes to change, most likely increase®
unless regulatory restrictions measures are enforced.'”” The
assessment conducted here would thus need to be repeated
regularly, for example, on an annual basis, with the most recent
data to remain up to date.

In the example, two proxy measures are chosen, but it is also
possible to choose a larger set from Table 2 in order to cover
additional aspects of MNM risks. MNM release is a possible
alternative to production volume since it also has a strong link
to environmental risk and decent data availability. The BMF
also has a strong link to environmental risk but currently low
data availability and may thus become relevant to include as

more data become available. For other proxy measures, the link
to environmental risk may become revealed over time due to
more research. There is furthermore an ongoing discussion
about which metric is most appropriate to use in assessments
of MNMs. Some authors argue that in addition to mass, which
is used in most of the reviewed studies, particle number and
surface area can be used.’”®" If found relevant and if data is
available, proxy measures can be based on such metrics instead.

Clearly, no set of proxy measures, including the proof of
concept provided in this study, captures all relevant aspects of
the environmental risk of MNMs. However, proxy measures
constitute a third approach that complements conventional
and screening environmental risk assessments. Although the
writings about nature’s overcomplexity and indeterminism by
Berg and Scheringer' and Scheringer and Berg® seem to
suggest that proxy measures are generally superior to
conventional environmental risk assessments, we make the
less controversial claim that proxy measures can be useful, in
particular at early stages of technology development and
diffusion. The main benefits with proxy measures are their low
data requirement and the lack of complex assessment models,
reflecting the view that the overcomplexity of the natural
environment renders the predictive power of such models
limited." Proxy measures are thus particularly appealing for
assessing novel entities such as MNMs; in particular, novel
MNMs for which data is particularly scarce. Early assessment
results provided by proxy measures can give indications about
environmental risk, thereby enabling a prioritization regarding
which novel MNMs to study further in more detailed
environmental assessments. The relationship between proxy
measures and the two other approaches currently in use for
environmental risk assessment of MNMs—conventional and
screening risk assessments—can thus be a sequential one,
where MNMs of high concern as assessed by proxy measures
are studied further in conventional and screening risk
assessments. Such a sequential approach can prevent the lack
of risk governance and environmental management due to the
inability to conduct other types of environmental risk
assessments, thereby possibly avoiding a situation where
regulatory decisions and actions related to MNMs are never
taken (“paralysis by analysis”).'”* Proxy measures can thus be
part of more tiered, iterative and continuous approaches to risk
governance of MNMs, such as reflexive innovation'®® and risk
management.'*® The application of proxy measures in such a
context can be conducted by regulatory bodies to prioritize
their efforts in terms of when to fund and/or demand further
testing to generate information needed, as well as when to
initiate stakeholder deliberation about whether to implement
regulatory restrictions of MNMs. Proxy measures can also be
applied by proactive companies as part of self-regulatory efforts
in their core activities or through their supply chains before
regulation in terms of “hard laws” has been implemented.'*® A
set of well-selected proxy measures could then guide their
research, development and investments. It should in this
context be noted that in the very early technological
development of novel MNMs, production volume as applied
in this study’s proof of concept would not be a suitable proxy
measure, since at that point every MNM would get a low
result. Instead, some projection or “what-if scenario” for future
production volume would need to be applied, or possibly other
proxy measures.

A potential benefit of early assessments using proxy
measures is not only to avoid “paralysis by analysis” in terms
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of not implementing precautionary regulation when needed to
protect human health and the environment, but also in terms
of avoiding the delay of important technological innovations
that could benefit both the environment and human health.
Proxy measures can thus be used both as early condemning but
also exonerating evidence. One example of such potentially
beneficial technology is the research on MNM use in medical
applications, including drug delivery, vaccine development,
disinfection, diagnostics, implants and imaging.107 Another
example is water treatment through nanoenabled membranes,
or through pollutant removal and pathogen inactivation by
nanoparticles.””'%® Functionalized fullerenes are furthermore
used in organic solar cells,"” which have been shown to have
impressive energy pay-back times in the order of days."'” This
illustrates the importance of being able to tell at an early stage
that a certain MNM—at least preliminary—seems to pose low
environmental threat and proxy measures seem to be a feasible
approach for such evaluations.
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