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Practical considerations to optimize aquatic
testing of particulate material, with focus on
nanomaterialst
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Antonia Praetorius, ©¢ Jacques-Aurélien Sergent, @¢ Kristi Tatsi," Joan Tell,®
Niels Timmer @" and Stephan Wagner@'

Aquatic testing of particulate materials (PMs), e.g., nanomaterials (NMs) and microplastics (MPs), poses
inherent challenges potentially hindering the application of existing test guidelines (TGs). Those TGs are
primarily designed for hazard assessment of the dissolvable form of a material, whereas the guidance
document on aquatic and sediment toxicological testing of NM (OECD Guidance Document 317)
encourages the inclusion of potential colloidal fractions in the assessment. A prerequisite for the testing of
PMs is the preparation of stable dispersions. However, testing difficulties may result from the fact that
nano-scale PMs are inherently unstable when dispersed in test media, leading to the need for
differentiation of potential chemical vs. physical effects caused by the tested material. Aquatic testing of
unstable PMs will likely result in inconsistent and non-uniform uptake and exposure scenarios and thus
effects observed in the respective test systems. Maintaining stable exposure conditions is often very
challenging given the constantly changing size of the PM and its agglomerates, requiring observed
endpoints to be based on measured concentrations and particle size distributions present in the water
phase, while neglecting agglomerated and settled particulates. In this paper we describe the current state
of PM-testing, demonstrate PM-specific challenges in aquatic testing (e.g., test duration, physical effects,
instability, biodegradation, bioaccumulation) with a focus on NMs, considering a set of most relevant TGs,
and provide proposed testing considerations to optimize aquatic testing of PMs.

Aquatic testing of particulate materials (PMs), especially nanomaterials (NMs) and microplastics (MPs) requires special attention. Following standard

approaches embedded in existing OECD test guidelines and available OECD guidance documents leads to various challenges, that can result in non-

uniform and non-comparable results, implying a misuse of resources, which is not in accordance with the 3R-principle, and ultimately to acceptance issues

with authorities. As part of this work, the manuscript i.) identifies the current state of the aquatic toxicity testing of PMs, considering the regulatory and

technical state of play, ii.) presents potential emerging challenges while following existing PM testing approaches, and iii.) proposes options to assist in
study design such that the most appropriate tests and procedures are conducted for the intended purpose.

1. Introduction

article are considered as (engineered) nanomaterials (NMs)
and microplastics (MPs). Hence, there is a need to better

There is a rapidly growing and expanding market for
particulate materials (PMs), which in the context of this
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from the Organization for Economic Co-operation and
Development (OECD), or other similar standards like US
Environmental Protection Agency (EPA) Office of Prevention,
Pesticides and Toxic Substances (OPPTS), American Society
for Testing and Materials (ASTM) or International
Organization for Standardization (ISO), to determine
endpoints, e.g., related to the (eco)toxicity, degradation and
bioaccumulation of PMs, compared with their non-
particulate/non-nano counterparts. NMs are defined as

“chemical substances or materials containing particles
with sizes between 1 to 100 nm in at least one
dimension™.! Based on their high surface to volume ratios

NMs possess different characteristics, relative to micron-
sized substances or PMs of larger (e.g., in the lower mm
range) sizes." MPs are considered as solid plastic particles
composed of polymers and functional additives, typically
smaller than 5 mm.”

OECD TGs for the aquatic toxicity testing of chemicals are
embedded amongst others in ‘Section 2 - Effects on Biotic
Systems’ of the OECD TGs, and are designed to be applicable
to various chemicals, such as mono- or multi-constituent
substances, mixtures of chemicals, pesticide formulations,
and cosmetic products.® For substances and mixtures
classified as ‘difficult to test’ there is additional guidance
provided in the OECD Guidance Document (GD) 23.*
However, OECD GD 23 does not specifically address the
testing difficulties associated with PMs. The scope is
primarily focussed on aquatic testing of the dissolved
fraction of a chemical and is not applicable to aquatic tests
including undissolved particulates, with two exceptions: (i)
when specific regulatory relevance exists, and (ii) when the
test substance forms an aqueous stable dispersion or
emulsion.” Assessing potential effects of PMs on the aquatic
environment, however, requires the consideration of the
insoluble particulates and, even more importantly, not
neglecting their fate in the receiving compartment.

Once in the aquatic environment NMs, and PMs in
general, are subjected to physical, chemical, and biological
transformation processes, e.g., agglomeration,
sedimentation, dissolution, oxidation/reduction, sulfidation,
and interactions with biological surfaces, etc.>® Such
processes will inevitably change the ecotoxicological and
bioaccumulation potential of the PMs over time; therefore,
proposing relevant hazard properties for robust risk
assessment and risk management can be complex. This can
potentially cause acceptance issues with authorities.
Therefore, more guidance is needed for aquatic toxicity
testing of PMs, along with proper evaluation of observed
results. In the current paper we:

i. identify the current state of the aquatic toxicity testing
of PMs, considering the regulatory and technical state of
play.

ii. present potential emerging challenges in following the
existing PM testing approaches, based on mostly NM
literature which can also be applicable to Advanced Materials
and more broadly to MPs,
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iii. propose options to assist in study design such that the
most appropriate tests and procedures are conducted for the
intended assessment purpose.

2. Current status of particulate
material testing approaches
2.1. Regulatory state of play and impact on different sectors

2.1.1. Nanomaterials. The regulation of NMs on global
markets has evolved in recent years considering the unique
properties they possess. In general, in the European Union
(EU) NMs, or nanoforms of substances as defined under
Commission Regulation (EU) 2018/1881 (ref. 7) amending
REACH, are regulated under existing regulations such as the
Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH) regulation ((EC) No. 1907/2006), the
Biocidal products regulation ((EU) No. 528/2012), the
Cosmetic products regulation ((EC) No. 1223/2009) and more,
provided in Table 1. Table 2 also provides a general overview
of selected non-EU Regulations of relevance to NMs. REACH
was amended recently (January 2020) to include specific
requirements for NMs in the form of an implementing
regulation ((EU) No. 2018/1881), despite the absence of a
direct causal link between the nanoscale and any hazard.” As
for non-nanoforms, the information requirements for NMs
under REACH are based on tonnage imported or
manufactured in the EU. In addition, several Member States
(France, Belgium, Norway, Sweden, and Denmark) have
national reporting schemes for requesting information on
NMs from the industry.8 For example, since 2013, France has
been requiring manufacturers, importers, and distributors of
NMs above a 100 g per year threshold to report annually, in
order to better understand the scale of use and potential
impacts.” An overview on the nanomaterials presence in
Europe can be seen via the EU Observatory on Nanomaterials
portal (https://euon.echa.europa.eu/).

In general, for most EU regulatory frameworks, testing
(including PM testing) follows standard guidelines, e.g.,
OECD, to ensure uniformity and reproducibility using the
MAD (Mutual Acceptance of Data) concept. For REACH
purposes (as a result of the requirements in the
implementing regulation on NMs ((EU) No. 2018/1881))
updated guidance is now available for NM testing as the
following appendices to REACH guidance on information
requirements and chemical safety assessment: Appendix for
nanoforms applicable to the Guidance on Registration and
Substance Identification;'®> Appendices R7-1 and R7-2 for
nanomaterials applicable to Endpoint specific guidance
Chapters R7a, R7b and R7¢;'™"® Appendix R10-2
Recommendations for nanomaterials applicable to Chapter
R.10 Characterisation of dose [concentration] - response for
environment;'” Appendix R14-4 Recommendations for
nanomaterials applicable to Chapter Occupational exposure
estimation;'® Appendix R.6-1 for nanoforms applicable to the
Guidance on QSARs and Grouping of Chemicals."
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Table 1 General overview of selected EU Regulations of relevance to NMs (adapted from Rauscher et al, 2017;*° Miernicki et al, 2019 (ref. 11)) [’

indicates specific provisions in the respective regulation]

Approval Safety
Regulatory framework Definition®  procedure  assessment Labelling  Guidance
REACH (chemicals) regulation (EC) No. 1907/2006 x4 xP X
Biocidal products regulation (EU) No. 528/2012 X X X X x‘
Cosmetic products regulation (EC) No. 1223/2009 X X X X X
Novel food regulation (EU) No. 2015/2283 X X X X X
Food additives regulation (EC) No. 1333/2008 X X X
Plastic food contact materials regulation (EU) No. 10/2011 X X
Active and intelligent food contact materials regulation (EC) No. 450/2009 X X x?
Provision of food information to consumers regulation (EU) No. 1169/2011  x X

% Not a formal definition in the legal text although the European Commission aligns this with the definition in the Biocidal Products
Regulation (BPR). ? Safety assessment as part of standard REACH exposure and risk assessments. © Not a specific guidance but a statement has
been included in the guidance documents related to nanomaterials. ¢ Since the publication of Rauscher et al., 2017,'° EFSA have provided
guidance to cover food contact materials. ¢ A Commission Recommendation of 10 June 2022 (ref. 12) on the definition of nanomaterial sets out
definitions for ‘nanomaterial’ and associated terms. It is understood that the nanomaterial definition therein is to eventually be implemented

into each relevant regulatory framework in the EU.

Table 2 General overview of selected non-EU Regulations of relevance to NMs

Country/regulation Topic

Specific parameters addressed

Health Canada Working
definition in 2008/11
NICNAS (Australia)
Working definition 2010/10
US EPA definition 2017

US FDA 2014/06

Nanomaterial

Questions About Nanotechnology

The REACH guidance provided by the European
Chemicals Agency (ECHA) aligns with general approaches
in recent OECD guidelines discussing such materials."
Relating to novel food and feed additives, and food contact
material regulations, European Food Safety Authority (EFSA)
has produced guidance on technical requirements to
establish the presence of small particles in the food and
feed chain.®® This guidance relates to physical-chemical
testing and the risk assessment of nanomaterials relevant
to human and animal health, including potential testing
strategies.” EFSA has also produced a scientific opinion on
environmental risk assessment of nanomaterials.*> For BPR
(Biocidal Products Regulation), no test specific guidance is
available for nanomaterials. However, general ECHA
guidance®® states that if test methods are applied to
nanomaterials, their scientific appropriateness needs to be
justified and any technical adaptations need to be
explained.

2.1.2. Microplastics. Ahead of the NM implementing
regulation discussed above, in January 2019 ECHA published
an Annex XV REACH restriction proposal with regard to
intentionally added MPs in consumer and professional
products and their impact on the environment.>*

Restrictions are normally applied to limit or ban the
manufacture, placing on the market (including imports) or
use of a substance, and can impose additional requirements

2354 | Environ. Sci.. Nano, 2024, 11, 2352-2371

Policy Statement on Health Canada's Working Definition for

Guide to categorising your chemical importation and manufacture

Considering Whether an FDA-Regulated Product Involves the
Application of Nanotechnology Guidance for Industry

Size and nanoscale properties/phenomena
criteria
Size and unique properties criteria

Unique properties
Size, partial inclusion of specific dimension
related properties or phenomena

such as technical measures or specific labels. ECHA's
definition of MPs is very broad. Plastic is not defined as such,
and ECHA uses the REACH definition of polymers (REACH
Regulation (EC) No. 1907/2006; Art 3.5). The use of synthetic
polymers in medicinal products for human and veterinary
use is derogated from this restriction, but intricate labelling
and reporting is required.

ECHA's proposed definition of MPs comprises all solid
polymers at ambient conditions with a particle size smaller
than 5 mm in all dimensions. This would include
nanoplastics (although these are covered within the general
NM framework) as no lower size limit is currently proposed
for reasons of practicality and enforceability. Not subject to
the restriction are naturally occurring, not chemically
modified polymers, and (bio)degradable and soluble
polymers according to interim criteria set out in the Annex
XV restriction report.>* ECHA's broad definition of MPs puts
a significant number of essential constituents in the
formulation of medicinal products (excipients) used in the
pharmaceutical industry and listed in the European
Pharmacopeia into the scope of the restriction (e.g., cellulose
acetate, hydroxypropylcellulose, etc.).

The European Pharmacopoeia includes an adopted list
of excipients which are approved and safe for use in drug
products; these are polymers in many cases. Excipients
listed in pharmacopoeia show a good safety profile with

This journal is © The Royal Society of Chemistry 2024
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regard to human or animal health and are
comprehensively tested in accordance with the required
safety studies for approval of drug products. However, in
general, data are often lacking on biodegradation,
solubility etc. and overall environmental impacts of such
materials.

In addition to pharmaceutical excipients, the ECHA MP
restriction proposal is also expected to significantly impact
the agrochemical industry (e.g., controlled-release fertilizer
and polymers used in formulations for biocides and plant-
protection products), the cosmetics industry (e.g., fragrance
encapsulation and polymers used in personal care products),
the detergents and maintenance industry, and numerous
other industries. The most relevant aspect for MPs that fall
under this restriction would be biodegradability, as there is a
derogation for any MP that satisfies specific biodegradability
criteria; products and raw materials containing intentionally
added MPs that do not biodegrade cannot be placed on the
market in the EU.>* Since biodegradable polymers are exempt
from the forthcoming MP restriction proposal, there is an
urgent need for adequate biodegradability testing of MPs.

2.2. Technical state of play

The OECD Working Party on Manufactured Nanomaterials
(WPMN) is developing new guidelines for the evaluation of
NMs or revisiting the existing documents for their
applicability. This work is also, more recently, supported by
Horizon 2020 funded projects such as NANOMET focusing
only on the physico chemical characterization (https://www.
oecd.org/chemicalsafety/nanomet/) and NanoHarmony
dealing with physico-chemical characterization and (eco-)

toxicity evaluation  (https://www.nanoharmony.eu). The
NanoHarmony project particularly aims to work on
bioaccumulation  (TG305 and associated Guidance

Document), toxicokinetics (new test guideline), intestinal fate
(new Guidance document), ecotoxicology, quantification of
NMs in biological samples, solubility and dissolution rate
(Guidance document 318), surface chemistry characterization
(new guidance document), and dustiness measurement (new
test guideline). All these endpoints and approaches are
relevant in the EU for the newly adopted annexes for REACH
with specific requirements for nanoforms ((EU) No. 2018/
1881). Some of these tasks, aiming at accelerating the
validation and acceptance of the updated OECD guidelines,
have already been finalized, among them the OECD guidance
document (GD) 317 ‘Guidance Document on Aquatic and
Sediment Toxicological Testing of Nanomaterials’ and TG
318 ‘Dispersion Stability of Nanomaterials in Simulated
Environmental Media’ are of relevance for aquatic testing of
PMs.*?> While the OECD guidelines developed are specific to
NMs, several concepts would be applicable to MPs with
additional considerations as discussed in Petersen et al.
(2022).%°

The GD 317 (ref. 3) aims at addressing the issue of a
current gap in existing OECD GDs and TGs which relates to

This journal is © The Royal Society of Chemistry 2024
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PMs requiring extensive consideration of undissolved
particulates present in test solutions. The GD 317 is split into
three main sections: (i) preparation of NM dispersions, (ii)
conduct of tests, and (iii) data analysis and reporting, to
facilitate quality and reliability of ecotoxicity data of NMs.
While GD 317 states hazard testing of the whole NM sample
(including suspended, settled, and dissolved fractions) as the
recommended standard approach, the exclusion of settled
material (i.e., hazard testing of suspended and dissolved
fractions), or solely testing the dissolved fraction, might be
accepted if the goal is to determine the contribution of
dissolved or settled fractions on the overall hazard of the
NM.

OECD TG 318 addresses the testing of dispersion
stability of NMs, and how to use such data for further
environmental testing and assessment strategies.”> The
objective of this TG is to provide details on the ability of a
NM to achieve a state of colloidal dispersion and how this
dispersion can be preserved under environmentally relevant
but also varying conditions. Therefore, a dispersion of the
NM is prepared by means of a calibrated sonication
method, followed by mass concentration analyses of the
particles, while the NM experiences homoagglomeration and
sedimentation in aquatic media of different composition.*
Petersen et al. (2022)*° note, however, that sonication may
not be appropriate when testing MPs due to intrinsic
limitations for MPs which are the disintegration of the
particles or changes to the surface of the particles. The
project NANoREG (‘A common European approach to the
regulatory testing of nanomaterials’) also has developed,
tested, and validated protocols for the preparation of NM
dispersions suggesting the use of additives such as natural
organic matter (Suwannee River natural organic matter
(NOM)) and ethanol to increase the dispersibility of NMs.>”
Those additions might, however, change properties of the
particulate matter under consideration (NMs, MPs), as well
as their fate and behavior, and ultimately their
ecotoxicological potential under testing conditions (see also
section 3.4.).

Further guidance is provided in the OECD GD 318
(‘Guidance Document for the Testing of Dissolution and
Dispersion Stability of Nanomaterials, and the Use of the
Data for Further Environmental Testing and
Assessment’),”® in a best case allowing a judgement as to
whether the PM to be tested is actually tested as
suspended particle, as dissolved substance, or even both,
most likely depending on the applied experimental
conditions, such as exposure time, test medium ionic
strength and pH, for example.

The ongoing work at the OECD level on NMs is
summarized in their current workplan (Work plan for the
Test Guidelines Programme (TGP) (https://oecd.org)), with
additional TGs finalized in 2022 relating to particle size and
size distribution (OECD TG 125 (ref. 29)) and determination
of the volume specific surface area of manufactured
nanomaterials (OECD TG 124 (ref. 30)).

Environ. Sci.: Nano, 2024, 11, 2352-2371 | 2355
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3. Challenges in following current
particulate material testing
approaches

Until the publication of OECD GD 317 (ref. 3) in 2017, NM-/
PM-specific hazard testing addressing the handling of
undissolved test substances had not been covered by existing
TGs and GDs. The OECD GD 23 on aquatic toxicity testing of
‘difficult to test’ substances essentially recommends the
removal of undissolved or settled material from test solutions
prior to testing, in order to describe effects of the dissolved
test substance only.* Contrastingly, a prerequisite for testing
PMs is the preparation of stable dispersions, also containing
the undissolved fraction of the test substance. PMs/NMs
released into the environment or applied to standardized test
media proposed in OECD TGs, are known to be subjected to
transformation processes such as dissolution, homo- and/or
hetero-agglomeration® and surface transformations (e.g., due
to oxidation/sulfidation, corona formation/biofouling or
other ageing/weathering processes), which will ultimately
alter their fate and ecotoxicological potential. In addition,
such transformation and fate processes will inevitably inhibit
the achievement of a constant and accurately quantifiable
exposure during aquatic testing, potentially reducing the
validity and reproducibility of the assay. In the following
sections, the properties of PMs which can lead to the key
challenges that may arise in adhering to the current TGs are
explored and suggestions on how to overcome or account for
these challenges in environmental fate and ecotoxicology
testing are presented.

3.1. Environmental fate and exposure considerations

Critical to any testing strategy is an exposure-driven, risk-
based approach. Assessing chemical safety based on hazard
alone, with little consideration for fate and exposure, can
result in misuse of resources and may not be in accordance
with e.g, the 3Rs (replacement, reduction, refinement)
principle, with the potential use of test animals without
properly evaluating necessity (i.e., reduction by choosing the
right strategy). A logical deduction would then be to tailor
the approach for PMs to be more in line with existing tiered
test strategies. Stability and persistence in the environment
could be determined alongside in vitro test batteries before
in vivo toxicity testing in animals, particularly vertebrates, is
considered. Ideally, there would be clearly defined criteria
with respect to stability, persistence, and in vitro parameters,
which could be used to waive animal testing if they are met
unequivocally. Once animal testing is deemed necessary, fate
and environmental exposure should be determined to
appropriately decide on testing needs.

It has already been recognized for environmental fate and
transport models, which are crucial in providing exposure
estimates to inform risk assessment and chemical
prioritization, that existing approaches for chemicals cannot
be directly applied to wundissolved PM. Established

2356 | Environ. Sci.: Nano, 2024, 11, 2352-2371
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multimedia mass-balance models for organic chemicals,*
based on the fugacity approach and reliant on partition-
coefficients as input parameters, do not adequately represent
the kinetically driven behaviour of nano- and micro-sized
particles.’** Several new modelling approaches have been
developed over the past decade,®?’ drawing from
established concepts of colloid science (e.g., to describe
particle aggregation and sedimentation) and from the ever-
growing literature on specific processes including (but not
limited to) dissolution, corona formation/biofouling,
degradation, and fragmentation. First particle-specific
versions of multimedia environmental fate models used in
regulatory contexts have been developed, such as
SimpleBox4nano,*® the NM-version of SimpleBox, and the
‘regional distribution module’ in the European Union System
for the Evaluation of Substances (EUSES).

3.2. Test duration

During the aquatic test period PMs are prone to various
changes, such as dissolution and agglomeration,*” impacting
their fate, bioavailability, and ultimately their potential
ecotoxicological impact.** In the case of unstable PM
dispersions, the duration of an experiment will affect the
agglomeration state and consequently the particles size(s)
that the test organisms will be exposed to ref. 41. PM stability
can be evaluated according to OECD TG 318 (ref. 25) in
parallel to performing toxicity testing, in order to control the
degree of agglomeration likely present in a test system at a
given timepoint. This also highlights the need for following
standardized dispersion protocols and preparing fresh
dispersions for each experiment.

Previous publications assessing the risk of PMs for aquatic
ecosystems indicated a negative impact on inhabiting
invertebrates as a result of prolonged exposure periods,
leading to  physical implications, e.g, through
bioaccumulation or coating of the organisms' outer surface
with the PM (TiO, (ref. 42 and 43)). In the latter study,
extending the standardized study duration for an OECD TG
202 (Daphnia Acute Immobilization Test, without feeding of
the test organism) test from 48 h to 96 h revealed a
distinctively increased effect, i.e., 0% (48 h) vs. 100% (96 h)
immobility of the test organism, when applying the NM in
the low concentration range.** Likewise, Eltemsah and Bghn
(2019)** observed elevated immobility in D. magna when
exposed to MP, when prolonging the exposure period from 48
h to 120 h,* potentially triggered by physical rather than
strictly chemical interference with the test organism, e.g., by
clogging its filtering apparatus or gut with plastic particles.

It needs to be mentioned though, that extending the
standardized study duration in studies where no feeding
takes place might cause adverse effects in the test organism
despite the presence or absence of the PM, e.g., due to a
reduced physiological fitness, e.g., caused by starvation.
Thereby, reference toxicant testing also adapted to extended
exposure durations should be considered a prerequisite to

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4en00056k

Open Access Article. Published on 26 abril 2024. Downloaded on 03/08/2024 02:03:47.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

resolve this potential issue. A 21-day Daphnia chronic NM-
exposure, generally following the OECD TG 211 (ref. 45)
without specific adaptations for the testing of NMs, showed a
significantly decreased number of offspring relative to the
control, at concentrations as low as 0.1 mg L.***°
Observations by Ellis et al. (2020)*” indicated that exposure to
PMs in the nano- and microscale can lead to a delayed
maturity and consequently reproduction in D. magna, which
is currently not captured by a 21-day exposure period.*’
Extending the exposure period towards PMs to 28-30 days
might allow to get a better picture of potential long-term
effects in D. magna, since the first and subsequent broods
can be delayed due to NM exposure.?” Extension of the test
duration would allow evaluation of five broods, which is
more comparable with evaluation under standardized non-
NM test conditions.

Standard short-term toxicity tests with exposure periods
no longer than 48 h, for example, might not reasonably
describe potential NM-specific toxicity towards aquatic biota.
Where testing approaches for conventional chemicals are
mostly comprising exposure via the water phase, there is
evidence in aquatic NM testing highlighting the importance
of sediment testing, especially for non-stable NM-
suspensions.®* Considering animal welfare and the 3Rs
principle, testing decisions need to be well informed and
justified in two ways, (i) performance of chronic testing
without proper substantiation, as well as (ii) performing
acute toxicity testing when it is to be expected that only
chronic effects will occur. Development of TGs for aquatic
toxicity testing of PM was previously focused on short-term
effects, and further development and/or adaptation of
chronic test methods is required to ensure appropriate
methods are applied.

3.3. Physical effects

Among the testing difficulties for PM is the differentiation of
potential chemical vs. physical effects caused by the tested
material. There are studies pointing out the size-dependent
impact of NMs, for example to green algae.*® Algae were more
sensitive to smaller particles, as more of those were attached
onto the surface of algal cells, compared to initially bigger
particles. He et al (2019)*® also reported hetero-
agglomeration between the NM and the algal cells, resulting
in enhanced generation of reactive oxygen species in algal
cells with increasing NM-concentration.

Likewise, another study reported physical effects of
nanoscale-TiO,, such as cell wall damage of TiO,-entrapped
algae.” The authors also reported a reduced chlorophyll a
content in algae in the presence of nTiO,, indirectly
indicating potential shading effects, which could be triggered
by NM-adsorption or -coating, leading to a reduced
illumination of the algae, ultimately inhibiting growth.**>

Furthermore, it has been shown, that the presence of PMs
such as MP exhibit a high potential for ingestion, e.g., as
shown in marine fish larvae or Daphnia, finally resulting in
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gut passage or potential accumulation in the animals’
gastrointestinal tract.>*> For NMs, additional sub-lethal
effects arising from physical effects have been reported as
changes in feeding and depuration and impaired mobility in
crustaceans and excess mucous production in fish.>°

OECD GD 317 (ref. 3) states ‘If a distinction between
chemical and physical effects can be made, this should be
reported’, and furthermore ‘Robust prescriptive and
interpretative guidance is beyond scope of this GD due to
lack of precedent for how NM-specific attributes (e.g,
agglomeration vs. single particle exposures, suspended
particles vs. settled particles, physical vs. chemical toxicity)
will be handled in an ecological hazard assessment and risk
assessment’.

Applying a conventional experimental setup for aquatic
ecotoxicity-testing for NMs, and in a broader view to PM, the
distinction between physical and chemical effects is simply
not possible via a single experiment, due to difficulties in
following up throughout the assay the amount of dissolved
fraction of the test substance under testing conditions. In
any case, a pragmatic approach needs to be followed in
regulatory testing regarding dissolution of test substance and
comparison across dissolved/particle fraction effects. An
approach to tackle the identification of physical effects
associated with NM-exposure has been proposed and some
publications are already available on this aspect (e.g., Yue
et al., 2015 (ref. 53)). The interest of such methods is to be
able to distinguish physical effects from toxic -effects,
although in practical terms, as indicated above, that is often
not a simple task.

3.4. Instability

PMs, here referring to NMs, are inherently unstable when
dispersed in testing media (or in environmental media).*’
They can remain in dispersion throughout another phase for
a long time by forming kinetically stable colloidal
suspensions (e.g:, through electrostatic and/or steric
stabilization effects), but this kinetic stability is contingent
on a set of favorable conditions (e.g., related to dispersibility,
pH, salinity, presence of steric stabilizing agents such as
natural organic matter (NOM) or surface coatings on the
particles). The big influence of solution conditions on
particle stability results in large variations in particle
dispersal state in different test media. As a result, test
organisms are not being exposed to the same forms (and
number concentrations) of a given test material, which
represents a particular challenge for producing comparable
test results. Using NOM in terms of test media
manipulations, for instance, may be considered on a case-by-
case basis as an acceptable stabilizing agent for NM,* or PM
in general. However, a review by Arvidsson et al. (2020)**
found that in 80% of 66 investigated studies, the presence of
NOM showed a reduction in NM ecotoxicity.”® Thereby, the
quantity and quality of the applied NOM do correlate with
the ecotoxicological potential of NMs.”> Since dissolved
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organic materials can be found in almost every aquatic
ecosystem ranging in concentrations of 0.1-10 mg L™'>°
reduced NM ecotoxicity due to the presence of NOM may
represent a more realistic estimation of the actual toxic
potential of a NM when comparing observed effects of a NM
in the absence of NOM. Moreover, NOM might also act as a
source of energy for aquatic organisms such as D. magna,
potentially increasing energy reserves in the organism,
resulting in a generally higher fitness and tolerance towards
stressors.’”®®*  Consequently, risk exerted from stably
dispersed relative to agglomerated particles (NOM presence
vs. NOM absence), might skew the interpretation of the
actual risk of a certain NM towards the environment.

NOM coronas, an interfacial area between NMs and the
surrounding environment, have been reported to
predominantly alleviate the NM toxicity due to several
reasons, (i) hampering physical interaction between the NM
and the test organism, e.g., Lin et al (2012),”” (ii) capturing
harmful reactive oxygen species, e.g.,, Liiderwald et al
(2019),>® and (iii) complexation and reduction of bioavailable
ions, dissolved from the NM e.g., Li et al. (2011).>° NOM
coronas are a coating which may include proteins and other
organic molecules.®® NOMs can help to increase distribution,
dispersibility and homogeneity of test dispersions,®” but it is
important to remember that standard tests do not aim to
reproduce environmental conditions and use of NOMs will
lead to challenges in standardisation of studies and
comparability of results. Contrastingly, a review by Nasser
et al. (2020)"*! is highlighting the importance of including
biomolecules in standard testing protocols for NM-testing
allowing the adsorption of an ecological corona onto the NM,
ultimately ensuring real and more environmentally relevant
exposure and effect scenario. There are, however, still
uncertainties related to a standardized use of NOM as
stabilizing agent, mainly due seasonal and regional variability
in quality, and furthermore due to a lack of comprehensive
characterization.

3.5. Reactivity

Reactivity is a physical-chemical property of PMs, and it
varies between PMs. With their high surface to volume ratio,
reactivity of NMs especially is in part unique, and surface
area correlates for instance with reactivity also of PMs in
general. Reactivity is often related to surface processes® e.g.,
release of ions leading to the formation of the toxic species
like dissolved metal ions or radicals like reactive oxygen
species (ROS). Hence reactivity might be key in predicting the
toxic action of metal or metal oxide PMs and it is considered
as a rationale for toxicity of a PM. The inherent reactivity can
be described by the redox potential of the particle, as a
measure of the tendency to release or acquire electrons, the
radical formation potential, and the photocatalytic activity.
Formation of free radicals often causes formation of ROS and
is usually associated with oxidative stress as well as toxicity
(or adverse biological effects). Photocatalytic activity creates
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electron-hole pairs under irradiation of light resulting in the
generation of ROS.®* Reactivity is controlled by particle
properties and solution chemistry. Particle properties
controlling reactivity of PMs are particle size, particle shape,
surface area, crystallinity as well as surface chemistry
including coatings. These may also be modulated by the
chemistry of the dispersion agent including pH, ionic
strength, and presence of organic ligands. Therefore,
reactivity can only be determined for well-defined conditions
and is not directly transferable between materials and
solution conditions. If conditions are unstable during a test,
reactivity may increase or decrease, leading to a higher
variability in results. This approach requires robust measures
for the reactivity.

The redox potential, as the inherent reactivity of a PM
dispersion, may not be measured, as the available methods
like potentiometry are sensitive to coexisting redox active
species. There is also no method to determine the formation
potential of free radicals. Therefore, reactivity is determined
indirectly by measuring the oxidative activity of NMs using
the potassium iodide test for hydroxyl radicals. Photocatalytic
activity can be determined by monitoring nicotine adenine
dinucleotide hydrate (NADH) oxidation according to ISO
20814:2019. TGs for reactivity address also the response to
ROS formation including both chemical and toxicological
effects.®”

3.6. Size, shape, coatings and heterogenicity of the materials

Particle size and shape are crucial properties affecting fate
and behavior of PMs. Particle size and shape will affect
potential uptake by, and translocation within, organisms and
will influence the agglomeration behavior and hence the
stability of PMs and their settling behavior.**™*° The literature
on particle size dependent toxicity is not conclusive but size-
unique effects are most likely to occur below 30 nm scale.”®
Pure chemical substances are classified unambiguously by
their substance identity (e.g., Chemical Abstracts Service
(CAS) number), whereas particles need to be described by
means of their chemical as well as their physical
characteristics. The physical properties of PMs, such as size
and shape, add an additional degree of complexity to their
behavior and consequently to their assessment. To
complicate matters further, these properties are not
represented by single values but by a distribution of values.
Within a given PM, heterogeneous particle populations with
contrasting material properties are common, -creating
particular challenges for selecting adequate reference
materials. Another specificity of NMs is the fraction of atoms
that is available to the surrounding microenvironment. This
percentage increases very rapidly when the diameter of the
particle falls below a size of 20 nm as the surface area-to-
volume ratio increases (Fig. 1).

The term ‘particle coating’ mostly relates to organic
molecules adhering to the surface of inorganic particles.
Particle coatings are often used to increase stability of
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Fig. 1 Relationship between fraction of molecules on the surface,
isolated particle diameter and surface/volume ratio for spheroidal
materials, adapted, with permission, from Witschger & Fabriés (2005).”®
Footnotes to figure: the blue line represents the correlation between
isolated particles supposed to be spherical and their surface/volume
ratio. The red curve represents the correlation between the diameter
of these particles and the fraction of atoms at the surface.

particle dispersions, changing surface charge, or introducing
steric hindrance between particles. Characterization of such
coating substances is required by REACH (Appendix for
nanoforms applicable to the Guidance on Registration and
Substance Identification’®). Once inorganic particles enter
the environment or are present in biota, natural processes
can also form organic coatings, usually referred to as
corona.”’ Method development and harmonization is
currently done at the OECD level (OECD WNT project 1.6,
Work plan for the Test Guidelines Programme (TGP) (https://
oecd.org)). NM coatings do not only affect particle
aggregation of the materials but also greatly affect
environmental fate and toxicity. The effect of NM coatings on
biological up-take, pharmacokinetics, and toxicity potential
has been demonstrated in numerous studies (e.g. Louie et al.,
2016 (ref. 72)). Aggregation in surface waters and transport in
porous media may be affected by organic coatings.”*

In systems with heterogeneous components like natural
macromolecules, such as NOM, interactions are more
complex, and prediction may not be successful.® Therefore,
characterization of these complex systems is a requirement
for understanding the interaction of organic molecules with
the particle surface and its consequences for particle
fate.56,74,75

3.7. Biodegradation testing

The environmental fate (biodegradation specifically) of PMs
is important in understanding their potential for persistence
across different environmental compartments.
Biodegradability should be considered as an intrinsic
chemical property; a molecule or chemical bond is either
biodegradable or not, and the circumstances or suitability of
the chosen test setup do not change this property.”’
Misclassification of biodegradability either way (ie., false

This journal is © The Royal Society of Chemistry 2024

View Article Online

Perspective

positive as well as false negative) may waste resources and
does not contribute to environmental protection. This is
especially relevant for PM, where purely physical effects can
impact the accurate assessment of biodegradability.
Therefore, adequately adapted testing protocols are required
to deal with the complexities and specific properties of PMs,
especially since biodegradable polymers are exempt from the
forthcoming ECHA MP restriction proposal.”*

Standard ready biodegradability studies (OECD TGs 301
and 310) use various methods to quantify and evaluate
biodegradability and are very stringent.”>”® Definitions of
degradability can be found in Table S1f A readily
biodegradable classification requires strict criteria to be met
and chemicals classed as readily biodegradable are
considered to degrade rapidly and completely in the
environment. Less stringent biodegradation tests are also
available (e.g., OECD TG 302) which assess inherent and/or
ultimate biodegradability.**®> Inherently biodegradable
chemicals are likely to ultimately degrade in the environment
given adequate time. Primary biodegradation, i.e., structural
change of a chemical resulting in loss of the original
chemical identity or properties, can be especially relevant for
chemicals with effects, since the resulting
transformation product(s) may no longer have these toxic
effects. However, this potentially mitigating effect of primary
biodegradation may be less likely for PM, since the overall
properties of PMs are not expected to be impacted as strongly
by the removal of a small number of functional groups.

Behaviour of PMs, here referring to NMs, is impacted by
their intrinsic  properties, including particle size,
physicochemical properties, transformation potential, and
extrinsic ~ properties such as  solubility/dissolution,
aggregation/sedimentation, etc., all of which can influence
persistency.® For most (non-porous) PMs, biodegradation will
predominantly start at the particle's surface and the rate of
biodegradation can be limited significantly for larger
particles (especially compared to dissolved and fully
accessible counterparts), making it difficult to meet the
general criteria for ready biodegradability for PMs. However,
this does not mean that biodegradation cannot occur in such
studies or under realistic environmental conditions.

Some work is available which makes use of standard ready
biodegradation screening test guidelines to consider varying
types of particulate material, e.g., Albright 3rd & Chai
(2021).2* These authors examined a number of published
polymer degradation studies and found that aspects of study
design (e.g., physical form of tested material, selection of test
systems, etc.) were critical in determining the outcomes of
such studies.®® Nabeoka et al. (2021)*" investigated using
OECD TG 301F’® with several purportedly biodegradable
plastics. Non-specific bacteria were utilised, and the effects
of prolongation (up to 90 days) considered, with cellulose
(<50 pm) as a reference material. Particle sizes of 250 and
500 um were used for each tested material. Varying degrees
of degradation were observed with some substances meeting
the ready biodegradability criteria, highlighting the fact that
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it is not impossible for PMs to meet the criteria for ready
biodegradability.

Potential degradation of polymers has also been
investigated using OECD TG 301B’® with modifications,*
assessing biodegradability of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) foam, beeswax, jojoba wax, and
other non-soluble PMs. Modifications included extension to
80 days and gravimetric analysis of the dosed test materials
and filtrate (including mass), used to determine residual test
material. Considerations were also made to the accurate
dosing of test material to minimise common issues with test
material losses to the test vessel walls which can limit
bioavailability. Effect of particle size was considered for PHBV
(125, 250, 500 pm). The results showed that most particles
reached maximum mineralisation in 80 days. Smaller
particles degraded slightly faster although impact was limited
since differences in particle size were small.

Although the results varied amongst substances tested,
these studies help demonstrate adaptations are warranted to
ensure test designs are adequate to assess PM. Given the
evidence that extended test durations may lead to increased
rates of biodegradation/mineralisation, this is worthwhile
investigating further.

Traditionally, substances considered in biodegradation
testing are organic. However, materials comprising allotropes
of carbon (carbon nanotubes, graphite, carbon black etc.) can
often sit between definitions, as may other PMs. These
materials are highly important commercially, and with their
high production volumes, understanding their persistence
and fate is critical. Chen et al (2017)% reviewed
biodegradation potential in the environment of these
substance types, while Goodwin Jr et al (2018)%
demonstrated that supplementing polymer matrices with
carbon nanotubes might increase their environmental
persistence. Microbial species that can adapt to degrade such
substances were described, although the metabolic pathways
of degradation are uncertain. Laux et al. (2018)®® also reviewed
the literature in relation to carbon nanotube environmental
fate and found numerous challenges in relation to analytical
determination, isolation, standard preparation procedures
etc. which would all impact standard testing. Interestingly,
the REACH dossier for carbon black shows environmental fate
endpoints were waived based on the exemption for inorganic
materials.®*® Carbon black is a major constituent of e.g., tyre
and road wear particles,’® which means its environmental fate
and persistence are highly relevant as this material is
expected to have a high potential for release into the
environment. More research is required to develop strategies
to overcome potential limitations of testing in relation to
these substances, like carbon black. Once better understood,
these insights need to be incorporated into test designs to
allow for more reliable testing of carbon NMs.

Generally, the OECD TG 301/302/310 tests are a cost-
effective way to screen for potentially persistent chemicals.
However, limitations arise when testing particulates, which
are generally poorly soluble, including the requirement for
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high test concentrations, limited microbial diversity,
conservative pass rates, relatively short study duration, etc.
Some of these issues have been adequately dealt with in
several ISO Standards that have been developed specifically
to test the biodegradation of polymers.”"®* However, one
potential drawback of this is the perceived compartment-
specificity of these ISO Standards. As described above,
numerous attempts are being made to modify standardized
methods to better suit PMs, but regulatory guidance is
important to ensure a level playing field, prevent misuse of
resources, and to guide future research in the desirable
direction. Optimization of test setup is essential for current
and future testing of particulate materials.

3.8. Bioaccumulation testing

Understanding the bioaccumulation potential of chemicals
and materials including PMs is a key element of
environmental risk assessment under the REACH Regulation
((EC) No. 1907/2006) and BPR ((EU) No. 528/2012). Persistent,
bioaccumulative and toxic (PBT) and very persistent, very
bioaccumulative (vPvB) assessments are conducted under
both regulations, and once a substance is established as
persistent (P) or very persistent (vP), bioaccumulation
potential must be evaluated. Although according to the
REACH Annex XIII (the annex excludes organic substances,
including organo-metals) several metal-based PMs would be
excluded from the PBT/vPVB assessment requirements, they
would still require the bioaccumulation risk assessment
under the standard information requirements (Annex IX) for
MP. The key criterion of concern in the EU is biodegradation;
therefore, only NMs are considered further in the section
with a focus on evaluating the aquatic bioaccumulation
potential, but reference is made to MPs where applicable.
According to ECHA R 7-2 appendix to R7c¢'® the OECD TG
305 (ref. 95) is partially applicable for NMs since only the
dietary exposure route should be followed (with the main
endpoint being a biomagnification factor or BMF), unless the
NMs undergo dissolution in which case the aqueous route is
applicable (with the main endpoint being a bioconcentration
factor or BCF). Unlike for solutes, a BCF cannot be calculated
for insoluble PMs since no equilibrium will be reached
between organism and water phase, as discussed for NMs by
Handy et al., 2012.°° In the absence of steady state, for NMs,
the bioaccumulation potential can be estimated kinetically
providing the uptake and depuration rates are evaluated.'® In
fish, the dietary route is expected to be most applicable for
particle uptake, however, Roch et al. (2020)°” reported that
aqueous route can be a possible source of MP intake for
marine fish that actively drink the water.”® When considering
the dietary route of exposure, it must be recognised that it is
technically challenging to verify PM size and distribution to
confirm the dosed material represents the manufactured
PMs. The concentration can be confirmed by analysing the
total main component (e.g., metal for metal/metal oxide
NMs) concentrations, to confirm the dose and using
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specialised techniques to measure concentration of intact
particles (single particle ICP-MS). Since there are several
options for dosing the feed in the OECD TG 305, e.g., either
by directly mixing particles into 