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MACRAME characterising and evaluating released materials
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Evolution of study complexity — product-released materials
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Figure 1. Current experimental regimes in testing of MNM transformations in the technosphere, biosphere, and environment. Relative
number of studies suggested by arrow thickness, where the heaviest lines indicate the largest number of studies investigating a given route.
Most experimental schemes use pristine MNM in a variety of exposure conditions or test MNM in controlled laboratory experiments (panel
(A)). Fewer attempt to characterize aged particles (panel (B)) or those used in products (panel (C)) which would give a more holistic
understanding of the transformations of MNM during product use and through the life cycle. Toxicity testing informs about the potential
hazards of MNM, though again most studies opt to use the simplest routes instead of using aged and /or product released MNM that more
closely resembles the life cycle of nano-products.
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Does transformation increase or decrease similarity?

Transformation Increases Similarity
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REACH regulation asks for sets of nanoforms

NANOFORM/SET REGISTRATION
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REACH'’s current basis for grouping & Read-across of NMs
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Dissolution in environmental media
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GRACIOUS approach — currently based on pristine also
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The “Pristine Paradox"

The very properties we use for initial grouping are often not the ones that dictate
long-term environmental impact.

Grouping by pristine properties can lead to both false positives (over-regulation of
a material that becomes inert due to transformation e.g., sulfidation of silver
nanoparticles) and false negatives (under-regulation of a material that becomes
hazardous — e.g., dissolution-re-precipitation leading to “spiky” particles).

This hinders application of the safe-by-design approach, as designers aren't
incentivized to consider environmental fate.
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Sulfidation of AgNP surface reduces their ecotoxicity

AgNP Morphologies # of E. Coli Colonies

Ag’ Ag® NPs have been shown to undergo oxidative dissolution

i e on relatively short time scales (days to weeks).
Brid;es . Ag®
§ o
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Ag,S Bridged AgNPs

Oxysulfidation (a mechanism by which silver is oxidized and
sulfidized at the metal without dissolution and release of Ag*
ions), at high sulfide to AgNP molar ratios, may result in the

2 AgP:Ag,S Core:shell thus slowing or preventing further Ag* release
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Increasing bacterial growth inhibition
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Environ. Sci. Technol., 2012, 46 6992. https://doi.org/10.1021/es203732x
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Dissolution-re-precipitation can increase “spikiness”

The rapid transformations of the Ce;_,Zr,O, ENPs to >200 nm sea-
urchin Ce,_Zr,PO, particles will have dramatic consequences for
their bioavailability and uptake by organisms, likely reducing their
toxicity, but the needle-like structures may lead to physical damage
such as membrane puncture, or may induce inflammatory processes
Citric Acid & Ascorbic Acid such as frustrated phagocytosis if the particles are too large to be
L oTn P (o engulfed by macrophages for example
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Materials transform in every compartment & organism
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Many studies show toxicity decreases as particles age

Pristine NMs and NM free medium are
incubated with daphnids for 7 days

10 T T
\
\
% g . °
. . ¥
.

V ¥

HHcombo Class| ClassV

| months to
age

Pristine NMs [’::
and medium
are left for 6

Control (NM free)

[ = > ' Proteins secreted by the daphnids in response to all NM
Aged NMs in medium are exposures (pristine and aged NMs) were associated with
incubated with daphnids for 7 metabolic activity, DNA damage, mitochondrial break
days down and energy processes associated with cytotoxic
damage. Note: much less proteins secreted in Aged NMs
Class V exposures!

r
M AC RAM E H&S Workshop 3rd & 4th November 2025



https://doi.org/10.1039/D0EN00625D

Work underway on defining a transformation Hierarchy
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Tools for linking materials history (provenance) and effects
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Instance maps as an organising concept for complex
experimental workflows as demonstrated for
(nano)material safety research
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Recommendations & next steps

 To ensure the sustainable and safe use of advanced materials, our grouping
principles must evolve to reflect environmental reality.

 Need for standardized aging protocols (e.g., simulated sunlight, biological fluids,
environmental waters) to pre-condition materials for testing.

* A tiered testing strategy is recommended where initial pristine grouping is
followed by transformation-based grouping for higher-tier risk assessment.

e Collaborative efforts between material scientists, chemists, ecotoxicologists, and
regulators to develop and validate this new framework.
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Take-away message

By grouping materials not by what they are in the
bottle, but by what they become in the world, we
can build a more predictive and effective
foundation for nanomaterial and advanced
materials governance and innovation
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