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ABSTRACT

Environmental risk assessment of nanomaterials generally relies on a decision-tree based strategy which provides guidance and protocols for the determination of a
collection of hazard end-points. Mesocosm testing is based on a different approach. This method consists in monitoring the evolution of a re-created miniature
ecosystem subsequent to a nanomaterial contamination. The only decision in this risk assessment strategy is the definition of an environmentally relevant exposure
scenario (incl. dose), which, given current analytical capabilities, may unfavorably affect the nature and precision of parameters and endpoints to be determined.
Despite these limitations, mesocosm testing bears clear advantages for the determination of both exposure and hazard in a single experiment, and for producing

dependable and intercomparable data.

1. Knowledge gaps in the risk assessment of nanomaterials

Despite numerous studies over the past two decades examining the
effects of nanomaterials, the available data have not yet been translated
into a comprehensive risk assessment (RA) strategy covering the entire
life cycle. This stems from several issues.

- There is a marked imbalance in risk related research efforts, hazard
studies outnumbering by far those determining exposure to nano-
materials. This situation is not specific to nanomaterials; for con-
ventional chemicals, there is also a greater focus on hazard, al-
though the gap with exposure in this case is less pronounced.

- Not all aspects of the life cycle of nanomaterials are addressed
equally in studies. Occupational safety being more studied than later
parts of the life cycle (viz. consumer and environmental exposure
and associated hazard), due in part to the clear exposure pathways
posed for workers, and the current state of (non-nano-specific)
regulations which puts worker protection at the forefront.

The current situation regarding the effects of nanomaterials in the

use and end-of-life phases of the life cycle shows a lack of data as

well as a lack of suitable methods to examine exposure as well as

hazard.

In the present communication we address the role of mesocosm
testing to reduce this gaps in the case of environmental RA.

2. Addressing post manufacturing life cycle stages

It is only natural that occupational safety looms large in risk as-
sessment, due to the large quantities, and high concentrations of na-
nomaterials handled early in the lifecycle in the workplace. High con-
centrations facilitate efficient monitoring, sometimes with personal
devices (Asbach et al., 2017; Iavicoli et al., 2018). Nonetheless, nano-
specific monitoring is still in its infancy and the current technology is
incapable of measuring the full range of nano-sized materials
(Kuhlbusch et al., 2011; Kuhlbusch et al., 2018). Despite these draw-
backs, nanomaterial measurement in occupational settings, where the
target of measurement is usually known a priori, the high stakes
(worker's health) associated with a negative outcome, have combined
to make the occupational context one of the better documented aspects
within the life cycle of nanomaterials.

In contrast, the data regarding the later parts of the life cycle are
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Fig. 1. Decision tree vs. exposure scenario driven risk assessment strategy.

scarce, especially for exposure determinations. Consumer and en-
vironmental exposures are typically analytically-challenged by the need
to differentiate nanomaterials from complex and potentially large nat-
ural backgrounds, lower concentrations, unknown composition(von der
Kammer et al., 2012) There are only a few experimental determinations
of actual contamination levels, often employing a specialized analytical
strategy (Gondikas et al., 2018; Gondikas et al., 2014) (state-of-the-art
equipment, expert handling, ...) that is unfit for general or standardized
use. As a consequence, the current knowledge regarding potential
consumer and environmental exposure relies heavily on modeling ef-
forts that entail considerable uncertainty stemming from assumptions
on production volumes, product use, human behavior, transformation
processes, release rates, and myriad other processes that may determine
exposure concentrations (Giese et al., 2018; Gottschalk et al., 2015; Sun
et al., 2016).

3. Re-balancing hazard-driven RA and exposure-driven
environmental RA

Exposure is not always neglected or of minor concern in the risk
assessment (e.g. radiation RA or classical chemical RA). For instance,
minimizing the exposure (i.e. the ALARA (viz. as low as reasonably
achievable) safety principle) is the only means to mitigate the radiation
risk. Regarding chemicals in general, some approaches support an ex-
posure-driven risk assessment (Embry et al., 2014), where hazard and
exposure are considered following a two-tiered, interacting process.
Using this procedure, hazard and exposure terms in the risk equation
can be re-balanced, with the objective of achieving a more efficient RA
in terms of cost and time, by avoiding expensive higher-tier investiga-
tions when a material is determined to be benign based on lower tier
hazard or exposure evaluations (Embry et al., 2014). Nevertheless, this
approach has yet to be applied in the context of nanotechnology related
risks, and suitable methods remain to be developed for non-occupa-
tional safety assessment in a (pre)regulatory and (pre)normative con-
text.
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4. A suitable tool: mesocosm testing

The attention paid to hazard characterization has translated into
guidelines endorsed (or on track to be endorsed) by several agencies
(e.g. OECD, ISO) (OECD, 2006; OECD, 2014; Petersen et al., 2015).
These guidelines, which are not always nano-specific, are essentially
(pre)regulatory or (pre)normative in nature, and consequently there are
precision and reproducibility requirements on specific metrics, as well
as for the ease of implementation by a large audience. The tests are
meant to generate “standardized” sets of data for a more robust hazard
and thus risk characterization. Unfortunately, this focus on a specific
parameter/end point in a simplified system causes these tests to be of
limited relevance to describe the effects of a nanomaterial during its use
phase and its disposal and/or recycling.

Mesocosm testing offers a means of providing meaningful data to
inform environmental risk assessment for such complex systems.
Among the many definitions for mesocosm, a more general one de-
scribes a mesocosm as an enclosed and, essentially self-sufficient (but
not necessarily isolated) experimental environment or ecosystem with a
number of interdependent system parameters. Mesocosms are surpris-
ingly under-utilized (a library search with keywords “mesocosm” and
“nano*” returns less than 200 references since the first publication in
this field). Yet, there are several benefits in using this tool (Ferry et al.,
2009).

1/ One of the main features is that mesocosm testing provides exposure
and hazard data in a single experiment, thereby eliminating not only
the need but also all the biases linked to the separate determination
of physical-chemical and biological parameters. Indeed, a common
risk assessment strategy consists in progressing along a decision tree
which requires the measurement/determination of a given para-
meter at each step with a specific Standard Operating Procedure
(SOP). This process usually involves several decision trees (e.g. oc-
cupational vs. environmental exposure, in vivo vs. in vitro toxicity),
an “exposure” tree usually feeding into a “toxicity” tree (Fig. 1)
(Tolaymat et al., 2015). The consequence is a multiplicity of ex-
perimental conditions under which these parameters are de-
termined, which makes it complicated to relate them to one another.
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Also, these stand-alone SOPs ignore any synergetic or antagonistic
effects that do occur in an ecosystem but that are not included in the
dichotomy of a decision tree based process. For example, some li-
gands may accelerate the solubilization of a metal oxide nanoma-
terial, while other may cause the precipitation of its dissolved forms.
A mesocosm experiment does not obey the sequential prioritization
of parameters and end-points of a decision tree. The observed si-
tuation is the result of the interaction of a number of biotic and
abiotic mechanisms which are interdependent in ways that are
precluded when these factors are separated and controlled in a la-
boratory setting. There is no external control over the occurrence of
a given phenomenon within the mesocosm system, nor over the time
at which it occurs or its amplitude. In essence, a mesocosm can serve
as a highly complex and low throughput functional assay (Hendren
et al., 2015) whose results represent the combined behavior of a
whole system under given conditions.

2/ Precisely because mesocosms typically do not entail a large number
of replicates varying isolated parameters across a wide range of
values, it is essential that these experiments are conducted using
realistic exposure scenarios. The degree of resources required for
these studies also requires that relevant combinations of conditions
are studied to ensure both feasibility of the study and environmental
pertinence. In addition to re-creating a self-sustaining ecosystem
(i.e. necessarily a collection of biological targets), this therefore
involves applying doses to achieve environmentally relevant con-
centrations of nanomaterials. Doses should result in exposure con-
ditions for which systems are allowed/expected to evolve, but not to
be disrupted, i.e. mesocosm testing should be applied to typical
contamination levels rather than addressing unusually high con-
centrations such as those resulting from an accidental release.
Modeling results can serve as guidance to define the experienced
concentration. This approach stands in contrast with targeted toxi-
city tests, which are typically operated at significantly higher con-
centrations (Holden et al., 2016; Handy et al., 2012). Adhering to
environmentally relevant concentrations in mesocosm experiments
implicitly represents a paradigm shift, in so far as this is a move
towards less precision and less control over the progress of the test.
Indeed, with the current state of instrumentation, sub-ppm to ppb
concentrations of a given element can be detected routinely (outside
of background issues); however the methods for determining the
speciation require concentrations at or beyond the upper limit of the
predicted levels. As a consequence, some physical-chemical para-
meters and biological endpoints that are accessible with standar-
dized tests, cannot be determined in a mesocosm experiment.
However, this limitation is not a permanent obstacle, as it may be
overcome with instrumentation improvements, and mesocosm
testing bears many advantages that outweigh current analytical
imprecision. It is precisely this lack of control that makes mesocosms
an invaluable tool to determine the fate and effect of nanomaterials.
Since systems are allowed to evolve without outside influence, the
relevance of the collected exposure and hazard data is high since
they embody a level of complexity that is beyond what current
models are able to predict. For instance, mesocosm testing allows
the determination of the (bio)distribution of nanomaterials and the
associated kinetics within an ecosystem without a priori assump-
tions of predominant physical chemical and biological mechanisms.
There is no single tool or combination of tools that describes
transport/mobility and biological uptake and effects of nanomater-
ials at a comparable level of confidence.

3/ A generic SOP needs to address ecosystem stabilization criteria, i.e.
when a mesocosm is ready for the contamination phase, to define a
core set of parameters to be monitored and to provide guidance on
how the measurements should be performed. Besides this frame-
work, mesocosms are very versatile. They allow for a variety of
exposure scenarios in a variety of ecosystems. This includes for ex-
ample pulse vs. chronic dosing of the nanomaterial contaminant,
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introduced in various forms (e.g., suspensions or aerosols) and at
different stages of the lifecycle of a nanomaterial. Besides examining
the effects of pristine materials, the duration of the experiment can
be adjusted to allow for aging of the introduced nanomaterial,
which is interesting for nanomaterials from products with a short
life cycle (e.g. cosmetics), or the contaminants can be pre-aged for
products with a long use phase (e.g. paints and stains). The versa-
tility of mesocosm testing applies also to the ecosystem. It can be
aquatic, terrestrial or both, in a continental, coastal or marine set-
ting. Whenever possible, fauna and flora should preferably be taken
from a natural site with proper authorization and adherence to
ethical guidelines, i.e. avoiding focusing on model organisms such as
Arabidopsis, E. coli, or zebrafish. Organisms should be chosen to be
representative of a given environment (e.g. tropical wetland, de-
sert), to which these organisms are already adapted. Depending on
what comparisons are sought, some components of the mesocosm
may be of off-site origin to allow for comparable replicas and/or
stable reference experiments, and the choice of the “control” ma-
terial may lean on established standards when available. For ex-
ample, a commercial mineral water might be used instead of a
natural source, thereby providing quasi constant composition and
bacterial quality. This can be a valuable alternative to on site sam-
pling, especially for long term experiments with indoor mesocosms
to compensate for evaporation.

5. Moving forward
5.1. Sound experimentation

Mesocosm testing with its rather crude and limited parameter de-
termination may be viewed as incompatible with the precision of
standardized procedures and harmonized data treatment and exchange.
However, with a focus on “fit-for-purpose”, mesocosms may serve as
functional assays to test assumptions and generate new hypotheses.
Indeed, previous work (Lowry et al., 2012; Buffet et al., 2013; Tella
et al,, 2014) paved the way for sound SOPs based on mesocosm
methodology and eventual standardization. To do so, the robustness of
the procedure needs to be assessed. In the present context, robustness is
the ability of a stabilized/equilibrated ecosystem to withstand the in-
troduction of a nanomaterial contamination without any abrupt
changes in global physical chemical parameters or population shifts, i.e.
a certain buffering capacity. It has been demonstrated in a proof of
concept initiative (Auffan et al., 2016; Auffan et al., 2014) that even
smaller sized mesocosm set-ups possess the required robustness.

5.2. Needs for guidance

The result is the possibility investigating virtually every ecosystem
situation. This multiplicity does not equate with operational com-
plexity. By definition, mesocosms run themselves, the critical points
being ensuring an adequate equilibration of the system and a well-de-
signed realistic exposure scenarios. The work is of monitoring and en-
suring operation including consistent start conditions and well-con-
trolled dosing protocols, as opposed to the tight control of each
parameter. Once set in motion, observations of how system parameters
proceed unperturbed can allow us to probe how they might influence
one another. As mentioned above, these phases of the experiment
should follow criteria to be collated into a (pre)normative guidance
document.

The ease of operation and the “hands off” character of mesocosms
testing is in sharp contrast with the efforts deployed to monitor as
thoroughly as possible the effects of the ecosystem contamination.
Again, in an effort to produce useful and intercomparable data, gui-
dance should be provided on the parameters to monitor and on the way
to acquire them (type of probes, periodicity of aliquot sampling...).
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5.3. Data management

In all cases, mesocosm experiments generate a substantial amount of
data. In this context, the key to usefulness is a sound data management
(Marchese-Robinson et al., 2016) and a data filtering/reduction
strategy. Indeed, monitoring obeys some imperatives (e.g. continuous
temperature or pH readings to detect anomalies) that become less
pressing once the experiment is completed., i.e. a large amount of data
generated solely for surveillance purposes can be discarded at the end
of the experiment, but their statistical relevance needs to be kept on
record. A step in this direction are the data recording templates de-
veloped within several international programs (e.g. US CEINT, FP7
Nanoreg, H2020 NanoFase) (Fadeel et al., 2018). These data are meant
to be fed into databases (NIKC, eNanoMapper, NanoCommons) to en-
able a sound and inter-operable knowledge base, (Karcher et al., 2018)
which, given the extraordinary versatility of mesocosm testing, has the
eventual objective of providing a comprehensive basis for environ-
mental risk assessment.
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