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HARMLESS Early Warning System for Advanced Materials

Julia Prinz, Gregor Nagel, Susan Dekkers, Eugene P. van Someren, Véronique Adam,
Veronica Di Battista, Blanca Suarez-Merino, Wendel Wohlleben, Michael Persson,
Anders Baun, Otmar Schmid, and Andrea Haase*

Advanced Materials (AdMa) play a crucial role for numerous strategies that
address global challenges. They are being developed fast, making it
increasingly challenging for regulation to keep pace with innovation. Existing
frameworks, which are either not designed for AdMa or lack adequate filtering
to identify AdMa of high concern, do not (yet) effectively support regulatory
preparedness. The HARMLESS Early Warning System (EWS), in contrast, is a
practically applicable tool for screening plenty of materials in a reasonable
time. It is organized in two tiers, each underpinned by a specific methodology
and facilitated by a dedicated online tool. The initial Tier 0 categorizes the
materials using the Advanced Materials Earliest Assessment (AMEA) tool.
Tier 1 first screens materials asking only 15 questions and is ideal for
data-poor materials at early innovation stages. These questions cover issues
related to human/ environmental exposure and hazard, sustainability and
applicability of existing regulations. In a more elaborated version,
experimental testing based on New Approach Methodologies (NAMs) is
suggested. As outcome, the user is provided with 1) material-related
concerns, 2) prioritization of AdMa and 3) recommendations for (regulatory)
follow-up actions. Data from two industrial case studies is presented to
demonstrate the applicability of the HARMLESS EWS.

1. Introduction

In the European Union (EU), the European Green Deal was set
out in 2019 aiming at a transformation toward a sustainable
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climate neutral and circular economy.[2]

One of the key commitments of the Eu-
ropean Green Deal is the movement to-
ward a toxic-free environment. As part of
this goal the Chemicals Strategy for Sus-
tainability (CSS) was adopted by the Eu-
ropean Commission (EC) in 2020 aim-
ing at (i) a better protection for citizens
and the environment and (ii) a promo-
tion of innovation for safe and sustain-
able chemicals.[3] To this end, the CSS
stresses that new chemicals and materi-
als must be inherently safe and sustain-
able throughout their whole life cycles.
However, the success of the Euro-

pean Green Deal will critically depend
on the development of (new) energy-
and resource-efficient technologies. Ad-
vanced Materials (AdMa)* will play a
crucial role in this context as they are
important building blocks due to their
versatile and often superior properties
in comparison to conventional materials
(CoMa). A regulatory definition for AdMa
does not exist and is also not rational

for several reasons.[4] The Organisation for Economic Co-
operation and Development (OECD) proposed a working defini-
tion (see grey box). AdMa are being developed and used with in-
creasing pace and their demand is expected to further increase
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within the next years.[5] They are applied in nearly every sec-
tor covering various fields of application, for example, re-
newable energy,[6] energy storage/ batteries,[7] building and
construction,[8] high performance computers, semiconductors,[9]

medicine, agriculture as well as in consumer products.

*Advanced materials – working definition (OECD):

“AdMa are understood as materials that are rationally designed to have (i) new or
enhanced properties, and/or (ii) targeted or enhanced structural features with
the objective to achieve specific or improved functional performance. This
includes both new emerging manufactured materials, and materials that are
manufactured from traditional materials. This also includes materials from
innovative manufacturing processes that enable the creation of targeted
structures from starting materials, such as bottom-up approaches. It is
acknowledged that what are currently considered as AdMa will change with
time”.[1]

As AdMa are mainly characterized by their advanced mate-
rial properties and superior performance (compared to CoMa),
they comprise a large heterogenous material class that continues
to rapidly evolve through innovation. Even though AdMa hold
highly promising potential, they may also raise concerns as sev-
eral of them may indeed pose risks to human health and/or the
environment. Problems arise, if these risks are not foreseen or
detected in time, which is challenging as this first requires an ap-
propriate methodology that second needs to be adapted continu-
ously as science progresses fast. Highly innovative fields are char-
acterized by a high level of complexity, uncertainty and generally
they evolve at high pace such that amending existing regulations
is very challenging. This has already been observed for nanoma-
terials (NMs), where the EU chemicals legislation REACH en-
tered into force in 2007[10] while nano-specific amendments be-
came effective only more than one decade later, in 2020, as a re-
sult of intensive discussions involving different stakeholders and
regulatory-oriented scientific progress.[10] However, this is even
more true for AdMa, which represent a much more heteroge-
nous class of materials that evolve even faster. To address and
prevent this discrepancy for the rapidly growing field of AdMa,
an appropriate development of concepts, frameworks, methods
and tools to support well-informed decision making, is required.
Otherwise, innovations would be hampered by a lack of appro-
priate governance.
To support regulatory implementation of NMs, several risk

governance frameworks have been developed. A first compre-
hensive NM risk governance framework was published by the
International Risk Governance Council in 2012 and updated in
2017.[11] Within this framework, a risk pre-assessment is carried
out first to “frame the risks”. In this stage, initial hints for possi-
ble concerns – the so-called “early warnings” – are important to
prepare for handling the risks at later stages. Considering AdMa,
these materials also can only be sustainable when they are safe
and functional (i.e., understood as their performance for the in-
tended application). However, comprehensive data and method
development/adaptation often lag behind. Therefore, an essen-
tial element of risk governance is the Safe(r) and Sustainable
Innovation Approach (SSIA).[12] Within the SSIA two important
concepts are combined: (1) the Safe-and-Sustainable-by-Design
(SSbD) concept aiming at the innovators[12,13] and (2) the concept
of regulatory preparedness (RP) aiming at the regulators.[13] Both

demand that during an innovation process safety and sustainabil-
ity aspects should be addressed as early as possible. However, at
the early stages of material development, hazard data is usually
incomplete (if at all existing) and will certainly not allow for a
(comprehensive) risk assessment. In addition, AdMa are (by def-
inition) different in their material properties compared to CoMa
such that in particular at these early stages of innovation, it is not
clear if existing data for CoMa can be equally applied for AdMa.
Thus, from the regulatory point of view, at these early stages that
are characterized by little or no data, only a pre-assessment (or
risk framing) will be possible. For this purpose, specific “early
warning signals” are derived[14] that allow to identify AdMa rais-
ing concerns very early in an innovation process.
The EC Joint Research Centre (JRC) performed a review of the

currently existing safe-by-design (SbD) and SSbD frameworks,
tools and concepts[15] and developed a SSbD framework based
on this.[16] The JRC SSbD framework is a stepwise, hierarchical
approach that first addresses safety and in a second step envi-
ronmental sustainability. Societal and economic sustainability as-
pects can be included but are still under development. However,
the JRC SSbD framework still needs to be operationalized and
tailored to the specific needs of each sector, including those of
nano- and advanced materials. For such highly innovative fields,
it is advantageous to implement the innovation stage-gate model
directly in the framework itself as this is a valuable model that
schematically depicts the innovation process.
To meet the needs of a safe and sustainable application of

AdMa, the OECD Working Party on Manufactured Nanomate-
rials (OECD WPMN) established two Steering Groups (SG) in
2021: (1) SG Advanced Materials and (2) SG Safer Innovation
Approach. One of their tasks is the development of a strategic ap-
proach to support RP and SSbD of AdMa and their applications.
The SG AdMa was also involved in the refinement of the Early
Awareness and Action for AdMa (Early4AdMa), which was orig-
inally developed by the National Institute for Public Health and
the Environment (RIVM), the German Federal Institute for Risk
Assessment (BfR), the Federal Institute for Occupational Safety
and Health (BAuA) and the Umweltbundesamt (UBA).[14,17]

Early4AdMa is a pre-regulatory risk governance tool that aims
to identify knowledge gaps and possible concerns about safety
and sustainability aspects of AdMa. Basically, the system is com-
posed of two tiers. In Tier 1, AdMa are screened for initial con-
cerns and potentially critical AdMa shall be identified by initial ex-
pert judgement on human and environmental safety, sustainabil-
ity, and applicability of regulatory frameworks. Tier 1 ends with
a score (green, orange or red) for each AdMa that shall facilitate
the decision on proceeding with the detailed assessment in Tier
2 or not. The second tier comprises a more detailed assessment
covering four major topics (i.e., safety human health, safety envi-
ronment, applicability of regulatory frameworks and sustainabil-
ity). Finally, potential follow-up actions are recommended based
on the outcome of Tier 2.
Since its establishment, Early4AdMa was tested using several

case studies. In a joint HARMLESS/ OECD SG AdMa workshop
organized in November 2022, data obtained in one of theHARM-
LESS industrial case studies, namely for fiber aerogel mats used
for façade insulation, served as an example to compare differ-
ent AdMa assessment schemes.[18] The feedback on Early4AdMa
was that, on the one hand, it was rated to be very useful, since it
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Figure 1. Schematic structure of the HARMLESS EWS and final outcomes. The HARMLESS EWS specifically tackles the pre-assessment phase of the
risk governance process. Its design aims for screening and prioritization of AdMa to identify AdMa that raise specific concerns, which then may require a
more elaborated assessment and/or specific (regulatory) follow-up actions. Moreover, the HARMLESS EWS can be applied to identify specific concerns
for individual AdMa. Pre-screening (foresight) and detailed assessment are not part of the HARMLESS EWS but can be easily added.

considers all relevant topics. On the other hand, it turned out to
be very time consuming, since a relatively large amount of de-
tailed data is needed to answer the questions in Tier 2. Further-
more, in the present version of the Early4AdMa expert knowl-
edge is needed for several questions resulting in a limited circle
of users. However, apart from the points stated above, the most
relevant critical issue in the context of RP is the insufficient filter
function of Tier 1. Consequently, for the vast majority of AdMa,
the assessment does not stop after Tier 1 such that most AdMa
need to be assessed in detail within Tier 2, which is usually dif-
ficult and often not even possible as data is lacking. In addition,
methods are often lacking, too or they may still require adapta-
tion to meet the specific needs of a particular material class. At
the same time, it appears logical that with the increasing pace of
AdMa development, it will simply not be possible to assess each
material in detail. Therefore, it seems appropriate to improve the
screening phase of Early4AdMa as it needs to properly identify
AdMa with high concerns. In other words, the “warning” of an
early warning system should lead to a prioritization for thosema-
terials that require a regulatory follow-up action most urgently.
Here, the HARMLESS Early Warning System (EWS) is pre-

sented, which has been developed as part of the EU project
HARMLESS.[19] It is an easy and practically applicable frame-
work, which is organised in two tiers (Tier 0 and Tier 1), each
underpinned with methods and tools. It allows for initial screen-
ing to identify AdMa for which substantial concerns exist. The
HARMLESS EWS is primarily designed to support RP. Thus,
the target groups are risk assessors, regulators and policy mak-
ers. Correspondingly, within HARMLESS, a SSbD approach was
developed covering the innovator’s perspective.[20] It must be em-
phasized that the HARMLESS EWS was developed in parallel
and is alignedwith the SSbD approach to foster dialogue between
the stakeholders as early as possible during the innovation pro-
cess. The HARMLESS EWS especially enables the screening of
AdMa in early stages of innovation (i.e., before they enter the
market or AdMa that just entered the market) to support the
pre-assessment phase of risk governance. However, in principle,
it can be applied to any material, regardless of the innovation

stage. By combining all information that is available (i.e., data
on exposure, human and environmental hazards, sustainability,
and suitability of existing regulatory frameworks), “warning sig-
nals”, such as material-related concerns, critical data gaps and
specific follow-up actions can be identified in a timely manner.
TheHARMLESS EWS is designed as a two-tiered standalone tool
providing 1) concerns for individual materials, 2) a prioritization
for those materials that are critical and 3) recommendations for
follow-up actions. At the same time, it can be easily integrated in
the existing OECD Early4AdMa.
Figure 1 schematically depicts how the HARMLESS EWS

is embedded in the screening process of AdMa. The tool was
designed to be applied in the pre-assessment phase. A pre-
screening, which could involve different foresight/ horizon scan-
ning techniques/ tools, can precede the HARMLESS EWS. A de-
tailed assessment can be applied following theHARMLESS EWS
to assess selected AdMa for which high concerns have been iden-
tified to characterize such concerns in amore elaboratedmanner.

2. Experimental Section

The presentedHARMLESS EWSwas developed as part of the EU
project HARMLESS[19] running from January 2021 until April
2025. The scope of the project is “Advanced high aspect ratio
and multicomponent materials: toward comprehensive intelli-
gent testing and Safe-by-Design strategies”. Basically, theHARM-
LESS EWS combines available knowledge in a novel and superior
manner compared to existing approaches as described in detail
in the following sections. The main sources for the development
of the HARMLESS EWS as well as their individual contributions
are listed in Table 1.

2.1. Data Basis

2.2. Methodology

Next, the methodological approach to the development of the
HARMLESS EWS is described.
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Table 1.Main sources for the development of the HARMLESS EWS.

Source Main objectives Contributions to the HARMLESS EWS

Early Awareness and Action for AdMa
(Early4AdMa) system[14,17]

• Pre-regulatory risk governance tool
• Aim: to identify concerns for selected AdMa considering human

and environmental safety, sustainability, and regulation timely

• Categories for the “warning signals” (Exposure, Hazard, Sus-
tainability, Applicability of regulatory frameworks)

• Selection of questions/warning signals

Joint HARMLESS OECD workshop[18] • Workshop to evaluate four tools (including Early4AdMa) to an-
ticipate safety and sustainability issues on AdMa with data from
the HARMLESS case study on aerogels

• Aim: to list positive and negative aspects in order to optimize
the individual tools

• Feedback for Early4AdMa used in order to optimize the screen-
ing tier (Tier 1) of the HARMLESS EWS

Advanced Materials Earliest
Assessment (AMEA)[21]

• Approach to fill the gap of inappropriate risk management for
AdMa

• Design rules and simple assessments are proposed for the
Ideation and Business Case Phases of innovationmanagement.

• Adapted as entry point (Tier 0) for the HARMLESS EWS with
slight extension

Safe and Sustainable by Design
Approach and Decision Support
System for Advanced Materials[20]

• Online tool to support decision-making during the design pro-
cess of innovative products with regard to SSbD and perfor-
mance.

• Support is provided at early innovation stages ((a) Ideation &
Business Case Phase and (b) Lab Phase).

• Selection and alignment of questions (warning signals) in Tier
1

Decision Support System for
Safe-and-Sustainable-by-Design
Advanced Materials

– Case study demonstration[22]

• Testing of the Decision Support System (DSS) using data from
four different case studies (oxide-perovskites, imogolites, aero-
gel mats and colloidal silica)

• Improving the DSS and thereby the EWS on several aspects, in-
cluding rephrasing questions to make them understandable by
neophytes and select assessment descriptors suitable for early
stages of SSbD

GRACIOUS IATAs[23] • Integrated Approaches to Testing and Assessment (IATAs) build
a framework to conclude on the toxicity of chemicals in a spe-
cific regulatory scenario or decision context.

• During the GRACIOUS project several nano-specific IATAs have
been developed aiming to support grouping and read-across of
NMs.

• Elaborated version of Tier 1 (NAM-based assessment for cate-
gories A (Exposure) and B (Hazard))

• Tiered testing strategies and selection of NAMs

NAMS4NANO review on NAMs for
NMs[24]

• Review of existing NAMs with potential use for risk assessment
of NMs in the food and feed sector.

• Overview of nano-specific NAM-frameworks and individual
NAMs.

• Elaborated version of Tier 1 (NAM-based assessment for cate-
gories A (Exposure) and B (Hazard))

• Selection of NAMs

2.2.1. Joint HARMLESS OECD Workshop

HARMLESS organised an expert workshop in collaboration with
theOECDWPMNSGAdMa involving the developers of the Fore-
sight Schemes to jointly discuss the HARMLESS case study on
fiber aerogelmats (held online on 15November 2022). This work-
shop had three main objectives: 1) to evaluate three currently
available schemes as foresight tools to anticipate safety and sus-
tainability issues on AdMa with data from a HARMLESS case
study on aerogels, 2) to list pros & cons, and 3) to provide sug-
gestions for optimized use of these foresight schemes. During
the workshop the four foresight schemes (a) InnoMat.Life,[25] b)
Arvidsson et al.,[26] c) Early4AdMa,[14,17] and d) Kennedy et al.)[27]

were presented.
The outcome of the workshop has been published by the

OECD.[18] The following conclusions were drawn:

1) The InnoMat.Life approach was regarded as a useful tool for
early stages while the more data demanding Early4AdMa was
found better located further down the innovation process.

2) Low-tier schemes (such as Arvidsson et al.[26] and
InnoMat.Life)[25] may be integrated into Early4AdMa as
earlier steps.

3) The attendants highlighted that Early4AdMa may be used by
regulators for identification of knowledge gaps and possible
concerns. Availability of requested data was one main issue
expected to be driving the future use of these schemes.

4) Early4AdMa was considered very complex, lacked guidance
and contained some unprecise questions.

5) Early4AdMa requires experts from different disciplines
(chemists, toxicologists, sustainability experts). Furthermore,
it was acknowledged that a second layer of analysis may be re-
quired for successful application of Early4AdMa, to take into
account correct weighting of results and potential biased an-
swers since several experts were required to fill the scheme.

The outcome of this workshop was the basis for the selection
of questions/warning signals of the HARMLESS EWS.

2.2.2. Advanced Materials Earliest Assessment

In line with the outcome of the HARMLESS OECD workshop,
the HARMLESS consortium developed an “Advanced Materials
Earliest Assessment (AMEA)” approach.[21] AMEA is an exten-
sion of the InnoMat.Life approach[25] by integrating input from
HARMLESS. Initially, AMEA was developed to propose assess-
ment steps and guidance for design rules for the early stages
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of an innovation process (e.g., Ideation, Business Case and Lab
Phases). It provides a structured approach to exploit the available
knowledge at each phase, starting from the intended product,
application and global region, using also the known sustainabil-
ity benefits and challenges of the CoMa in the same application,
which often constitute the motivation for AdMa development.
In AMEA, materials are categorized in three dimensions,

which have relevant implications for the later risk assessment.
The three dimensions are:

1) Does the material consist of particles?
2) Is the material nano-enabled?
3) Is themanufacturing process or thematerial itself considered

as “advanced”?

The online tool representing theAMEA concept[28] displays the
resulting cube in the 3D space, and prioritizes recommendations
for testing and assessment.

2.2.3. Safe-and-Sustainable-by-Design Approach and Decision
Support System

The SSIA that is followed within the HARMLESS project com-
prises three main elements, that is, (1) the SSbD approach, (2)
tools for innovators (Warning flags, design Advice & Screening
Priorities (WASP) and Alternative SSbD inspector (ASDI)) and
(3) the HARMLESS EWS presented here. The tools for inno-
vators (WASP and ASDI) were developed to support the user
with decision-making during the design process of innovative
materials[20] and were tested using data from four different case
studies.[22] Basically, these tools focus on (a) the Ideation & Busi-
ness Case Phase and (b) the Lab Phase, both located at early stages
within the innovation process. For each of the phases, individual
tools are applied that are tailored to the needs for the respective
innovation stage. AMEA,[21,28] WASP,[29] ASDI and the simple
version of theHARMLESS EWS are currently included in the De-
cision Support System (DSS).[20,30] The HARMLESS SSbD and
the HARMLESS EWS were developed in parallel and the 15 sim-
ple questions that the HARMLESS EWS considers in the screen-
ing phase (Tier 1) are aligned as much as possible with WASP to
obtain warning signals in a coherent manner.

2.3. Tools

2.3.1. GRACIOUS IATAs and Tiered Testing Strategies

IntegratedApproaches to Testing andAssessment (IATAs) are be-
ing developed to combine different sources of information (exist-
ing and newly generated data) in a reasonable manner to tackle
risk assessment with a minimum amount of new testing.[31] Ba-
sically, within an IATA, versatile data on a chemical or a group
of chemicals (i.e., physicochemical properties, in silico models,
grouping and read-across approaches, in vitro methods, in vivo
tests and human data) are evaluated, weighed and integrated to
obtain an overall assessment while minimizing the need for new
experimental tests, in particular for in vivo studies.[32] IATAs are
typically structured as decision trees that consist of various deci-
sion nodes that each ask for a specific piece of information, which

Table 2. List of CB tools that are integrated within the HARMLESS EWS.

Control banding tool Integration within the HARMLESS EWS

Stoffenmanager Nano[42] • Human hazard assessment for the material
• Occupational exposure assessment (part of

LICARA nanoSCAN)[43,44]

NanoRiskCat[40] • Consumer exposure assessment (part of LICARA
nanoSCAN)[43,44]

Precautionary Matrix[41] • General population exposure assessment (part of
LICARA nanoSCAN)[43,44]

may be answered based on existing data or by means of specific
methods often based on New Approach Methodologies (NAMs)
and tools (e.g., computational).
In the EU-funded Horizon 2020 project GRACIOUS, sev-

eral nano-specific IATAs have been developed aiming to sup-
port grouping and read-across of NMs.[23,33–37] Basically, all GRA-
CIOUS IATAs were designed in a modular structure consider-
ing physico-chemical properties (“What they are?”), toxicokinet-
ics (“Where they go?”) and related adverse outcomes (“What they
do?”). For each decision node, a tiered testing strategy is provided.
To support the elaborated version of Tier 1 within the HARM-

LESS EWS, the tiered GRACIOUS IATAs were used and adopted
as needed. In detail, the HARMLESS EWS suggests to use NAM-
data first to enable a decision on specific questions being related
to human hazard (Table 4B). For the HARMLESS EWS, five de-
scriptors from the GRACIOUS IATAs were identified that can be
assigned to certain warning signals (see Table 4 column “End-
points for elaborated version” for assignment). The five descrip-
tors are: (1) dissolution, (2) reactivity, (3) inflammation, (4) geno-
toxicity and (5) cytotoxicity. In Table S1, Supporting Information
the tiered testing strategies for each of these five descriptors are
summarized.

2.3.2. Control Banding Tools

For chemicals, several control banding (CB) tools exist that have
emerged as a pragmatic approach to ensure occupational safety,
despite the fact that much data are missing. A few of the CB tools
have also been adjusted for the needs of NMs.[38–42] Although
they do not cover benefits and societal values of materials, they
can provide useful information regarding different exposure sce-
narios. Thus, for the elaborated version of the HARMLESS EWS
several CB tools are mentioned in the guidance part (see Table 2).

2.3.3. NAM Assays Applied in the HARMLESS Case Studies

The HARMLESS EWS was tested using (NAM) data from two
HARMLESS case studies (Perovskite Model Catalysts and Fiber
Aerogel Mats). A list of NAM assays, that have been performed
as part of the HARMLESS project, is provided in Table 3.
It should be noted that Table 3 provides an overview on

those NAMs that have been applied in the selected HARMLESS
case studies, which may serve as a reasonable starting point
in the HARMLESS EWS. However, a much more comprehen-
sive overview on the currently available NAMs for NMs with a

Adv. Sustainable Syst. 2025, 2500217 2500217 (5 of 19) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Table 3. List of NAM assays applied in the HARMLESS case studies on
Oxide-perovskites and Fiber Aerogel Mats.[22]

NAM assay Case study

Reactivity

FRAS assay Aerogel; Oxide-perovskites

EPR assay Oxide-perovskites

Oxidative stress – carbonylation Oxide-perovskites

DCFDA Oxide-perovskites

8-OHG (nucleic acid oxidative stress) Aerogel; Oxide-perovskites

Cytotoxicity

Cytotoxicity – WST-1/LDH assay Oxide-perovskites

CellTiter-glo (cell viability) Aerogel; Oxide-perovskites

DAPI (cell number) Aerogel; Oxide-perovskites

Caspase 3/7 (apoptosis) Aerogel; Oxide-perovskites

Membrane integrity (Blue Dextran) Oxide-perovskites

Cytostasis (CBPI) Oxide-perovskites

Genotoxicity

Genotoxicity (Micronucleus assay) Oxide-perovskites

Gamma-H2AX (DNA damage) Aerogel; Oxide-perovskites

Dynamic dissolution via Continuous flow
system in lung simulant conditions

Aerogel; Oxide-perovskites

Inflammation

Pro-inflammatory markers (ELISA – IL-6,
IL-8, IL-1B)

Oxide-perovskites

Calculations

In silico calculation Aerogel; Oxide-perovskites

Unsupervised ML Aerogel; Oxide-perovskites

particular focus on those that show potential to be applied
for risk assessment has been recently provided by the EFSA
NAMs4NANO project.[24] Even though this review specifically fo-
cuses on risk assessment of NMs in the food and feed sector, it
considers all threemajor human exposure routes: oral, inhalative
and dermal. Importantly, it also provides a working definition for
NAMs. Last but not least, even though NAMs are applied here in
a pre-regulatory assessment, they ideally should be validated or
at least otherwise proven to be scientifically valid. The most chal-
lenging question is how to demonstrate that a NAM that is not
yet validated is scientifically valid. Several projects have dealt with
that question.[45–47] Currently, twomajor approaches that are con-
ceptually very similar are discussed and tested in project-internal
case studies, namely beta-testing in the Partnership for the As-
sessment of Risks from Chemicals (PARC)[48] and qualification
as proposed by the EFSA NAMs4NANO project.[49]

2.3.4. Sustainable Development Goals

At the global level, the Sustainable Development Goals (SDGs)
have been established by the United Nations in 2015.[50,51] The
SDGs are political objectives aiming at worldwide sustainable
development on economic, social and ecological levels. In total,
17 SDGs comprising 169 sub-goals have been formulated with
a duration until 2030. Innovative materials, that are character-
ized by new properties, can show positive or negative impacts on
SDGs. In this context, especially eight SDGs might be affected,

which are “Good Health & Well-being” (SDG 3), “Clean Water
and Sanitation” (SDG 6), “Affordable and Clean Energy” (SDG 7),
“Industry, Innovation and Infrastructure” (SDG 9), “Sustainable
Cities and Communities” (SDG 11), “Responsible Consumption
and Production” (SDG 12), “Climate Action” (SDG 13) and “Life
belowWater” (SDG 14). Within the HARMLESS EWS the named
SDGs constitute the sustainability screening.

3. Results and Discussion

3.1. The HARMLESS EWS

The HARMLESS EWS has been primarily developed to sup-
port risk assessors, regulators and policy makers for decision-
making for AdMa, which are very heterogenous and rapidly evolv-
ing. However, since regulatory follow-up actions are not tied to
a certain stage of the material, it was decided that the HARM-
LESS EWS shall be applicable at any stage of innovation. This
is in contrast to the tools for innovators included in the DSS
that was developed in parallel, which addresses the pre-market
phase only. The DSS tools were especially designed according to
the Cooper stage-gate model considering three innovation stages
((1) Ideation & Business Case Phase, (2) Lab Phase and (3) Pilot
Phase).[20] Nevertheless, in its current version, the HARMLESS
EWS is expected to bemost beneficial formaterials in early stages
of an innovation process (before or shortly after market-entry)
and thus not (yet) falling within existing regulatory frameworks.
The HARMLESS EWS has been developed as a framework,

which is organised in two tiers. First (Tier 0) materials are ini-
tially categorized, mainly to determine how to best enter/ pro-
ceed in Tier 1. In detail, within Tier 0 basic information for the
material is collected, whereas the actual screening (including the
“warning”) takes place in the consecutive Tier 1 (Figure 2). For
easier application, Tier 1 is further split in two versions. The first
version (simple version) asks 15 questions to assess the warning
signals regarding hazard, exposure, sustainability and regulatory
applicability. The second version (elaborated version) can be ap-
plied in twomanners, first to follow-up “flagged questions” as ob-
tained in the simple version by experimental NAM-based testing.
However, it is equally possible to directly jump to the elaborated
version following Tier 0 if thematerial is not data-scarce (i.e., for a
material that already is on themarket for some time). Please note
that the designations as “Tier 0” and “Tier 1” were deliberately
chosen to allow for an easier integration into the existing OECD
Early4AdMa. This integration is graphically implied in Figure 1
(with Tier 2 being the detailed assessment in Early4AdMa) and is
further discussed below.

3.1.1. Tier 0: Basic Information (based on AMEA)

Within Tier 0, basic information is collected/ evaluated with the
aim to initially categorize the material. The overall intention is to
decide whether (a) the material is within the scope of the HARM-
LESS EWS and (b) how to best proceed in Tier 1 (choice of Route
A: “exposure first” or Route B: “hazard first”). Three questions
((1)-(3)) were adopted from AMEA,[21] whereas a fourth question
related to the material’s category was added (Figure 2, Tier 0,
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Figure 2. Overview of the HARMLESS EWS and its two tiers. Tier 0 is based on AMEA[21] and asks four questions in order to initially categorize the
material. Moreover, the outcomes of Tier 0 define how to proceed in Tier 1. The assessment in Tier 1 starts with a simple version by answering amaximum
of 15 questions in four categories (A (Exposure), B (Hazard), C (Sustainability/Benefits), D (Applicability of regulatory frameworks)). Respective arrows
show possible answers for each category. Depending on the answer, each question is assigned with a “yellow flag” (representing a warning) or a “green
flag”. For questions with “yellow flags” in categories A, B and C, a subsequent elaborated assessment is performed by reviewing data (including NAM
data) in order to support or refute identified concerns. A conclusion for the material is drawn by assigning a color to each of the four individual categories
(red, yellow or green) and combine these to an outcome combination. The outcome combinations (see Figure 3 for details) serve as a prioritization list
for ensuing (regulatory) follow-up actions.

question (4)). In Figure 2, the individual impact of each question
in Tier 0 to the subsequent Tier 1 is shown by grey arrows.
In step (1), the novelty of the concerning material is catego-

rized. Here, the following distinction is proposed:[21] a material
is considered (a) a CoMa if it is on the market for more than a
decade and if it can be obtained from several (> 10) suppliers in
similar quality in ton scale, (b) AdMa, which have been on the
market for a short time (< 10 years) and (c) an AdMa, if it is still
under development and not yet commercially available or only
recently entered the market and is not yet available from several
suppliers or in ton scale. Since the HARMLESS EWS focusses
on AdMa, this first aspect of Tier 0 defines whether the material
is in the scope of the HARMLESS EWS or not.
In the next step, two questions are asked: (2) Does the ma-

terial consist of particles? and (3) Is the material nano-enabled?
Both aspects are schematically depicted within a 2D coordinate
system resulting in four quadrants. Depending on the answer to
question (2), the subsequent assessment in Tier 1 starts with the
exposure-related questions (Route A) or with the hazard-related
ones (Route B). On the one hand, if the AdMa consists of parti-
cles, is has to be taken into account, that these particles may be
inhaled or taken up via other routes into the body. Consequently,
the hazard signals are assessed first in Tier 1 (Route B). On the

other hand, for an AdMa not consisting of particles, it is more
relevant to assess exposure first in order to determine if parti-
cles, critical fibers or other harmful substances can be released
(Route A). The distinction between Route A and Route B allows
for a streamlined assessment by taking a risk-based prioritiza-
tion, as supported also for simplified SSbDby recent guidance.[52]

To be more precise, if Route A is followed and exposure can be
excluded, then most of the hazard-related questions might be
waived (Figure 2, Tier 1, A) CATEGORIES & ROUTES, dashed
frame). This option is highly beneficial in cases where no or only
limited hazard data exist and thus presents a clear advantage over
tools that first require hazard data.
The answer to question (3) Is the material nano-enabled?

has a direct impact on category D (Applicability of regulatory
frameworks) in Tier 1. It defines which regulatory definition
could be applied, that is, (a) the revised EU recommendation for
NMs for materials that consist of particles or (b) the ISO term
“nano-enabled” that also comprisesmaterials with internal nano-
porosity or nanostructured surfaces.[21]

In the last step of Tier 0, a category for the AdMa is defined,
for example, a fiber or a multicomponent material (MCM) be-
sides others (tables with further possible categories can be found
elsewhere).[21,53] This offers several advantages. First, it allows to

Adv. Sustainable Syst. 2025, 2500217 2500217 (7 of 19) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.202500217 by T

no R
is, W

iley O
nline L

ibrary on [02/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com


www.advancedsciencenews.com www.advsustainsys.com

identify a conventional material of the same material category,
which can then be used for comparison/similarity assessment.
This also allows to decide if the assessed AdMa behaves supe-
rior with regard to SSbD aspects, where also the functionality for
an intended application needs to be addressed. Furthermore, this
is of particular interest to answer questions in category C (Sus-
tainability/Benefits) of Tier 1 as it makes most sense to compare
materials within a similar context. Finally, the categorization of
AdMa is also relevant for selecting appropriate NAMs for experi-
mental testing. It should be kept in mind that most NAMs have
been developed/ adapted for NMs only and even though they still
might be a reasonable starting point for other AdMa, they still
may require further optimization and adaptation.

3.1.2. Tier 1: Screening

The overall intention of Tier 1 is to screen a variety of AdMa aim-
ing to identify those that are critical. Thus, Tier 1 finally results in
a prioritization, listing AdMa in descending order of importance
with respect to RP. This is based on material-specific concerns.
Furthermore, recommendations for possible (regulatory) follow-
up actions are also provided as an outcome.
Basically, the assessment in Tier 1 is divided into two versions:

(1) a simple version (qualitative screening for all categories A-D)
and (2) an elaborated version (screening based on (NAM) data
(for categories A and B) or rather based on sustainability-related
data (for category C)) (Figure 2). The simple version aims at iden-
tifying initial concerns or data gaps, which are further assessed
– and either supported or refuted – within the subsequent elab-
orated version. The idea behind a two-step assessment is to lay
the focus on those descriptors that raise any concern. Especially,
if only little data is available for the assessed material, it is not
possible to deeply analyze each particular question. Therefore, it
makes sense to perform a quick initial evaluation of the mate-
rial first (simple version), that possibly allows for the exclusion
of some questions. If initial concerns are raised, they are further
evaluated during the subsequent elaborated version.
Simple Version: The simple version of the assessment serves

as an initial qualitative screening to get a first overview on the
material’s properties and to possibly identify concerns or data
gaps. For category D (Applicability of regulatory frameworks),
only the simple version exists, since it does not seem reason-
able to underline the corresponding questions with additional
data. On the contrary, for categories A (Exposure), B (Hazard) and
C (Sustainability/Benefits), two options exist, depending on the
amount of appropriate data (e.g., NAM data and information on
sustainability-related benefits or drawbacks). On the one hand, if
such data is not available, the assessment starts with the simple
version. On the other hand, for materials with available data, the
simple version for one or more questions may be skipped, and
the elaborated version is accessed, directly. Thus, the simple ver-
sion of Tier 1 serves as a bridge, which is built for cases, where
adequate data is not available.
Starting with the simple version, the user is quickly guided

through a maximum of 15 questions, which are listed in
Table 4 for categories A (Exposure), B (Hazard) andD (Applicabil-
ity of regulatory frameworks) and Table S2, Supporting Informa-
tion for category C (Sustainability/Benefits). The user is asked to

answer these questions without an in-depth search for data. Most
questions in categories A, B and D can be answered with “yes”,
“no” or “unknown (unk.)” (exception: Q13). For sustainability-
related questions (category C), a 3-point scale is applied with
three possible answers: “no, no impact”, “yes, a positive impact”
and “yes, a negative impact”. In Figure 2 (Tier 1; B) Assess-
ment) a summary of all possible answers is given with the respec-
tive arrows for each category. Each answer directly corresponds
to a “yellow flag” (representing a “warning signal”) or a “green
flag” (no concern), which is assigned to each question. For cate-
gories A, B and C, those questions that are assigned with a “yel-
low flag” are further considered in the subsequent elaborated
version. The aim of the elaborated version is to support or re-
fute the initially identified concerns by means of more detailed
considerations.
Warning Signals: The goal of the 15 questions is to reveal

warning signals of the material in question. They are divided
into four categories ((A) Exposure, (B) Hazard, (C) Sustainabil-
ity/Benefits and (D) Applicability of regulatory frameworks). In
Table 4, the questions for categories A (Exposure), B (Hazard) and
D (Applicability of regulatory frameworks) are listed and supple-
mented by explanations and endpoints for the elaborated version.
For category C (Sustainability/Benefits), the respective questions
12a-m are listed in Dekkers et al.[20] and Table S2, Supporting In-
formation. To realize a broad application spectrum of theHARM-
LESS EWS, the questions cover three perspectives, that is, (1)
consumer, (2) occupational and (3) environmental safety. The
questions for (A), (B), and (C) are aligned with the WASP tool in
the DSS which identifies early warning flags and provides design
and SSbD assessment advice to innovators in the Ideation and
Business Case Phase.[20] The alignment between both systems
underscores the importance that regulators and innovators think
about the same questions in the context of RP and SSbD, respec-
tively. This in turn clarifies that an extensive exchange between
both parties is crucial in order to push forward safe and sustain-
able innovations (“trusted environment”). Despite the synergies
between the HARMLESS EWS and the WASP, both tools funda-
mentally differ in their scope, that is, the intention of the EWS is
to support regulators, whereas theWASP focusses on the innova-
tor’s perspective. The difference between the two systems ismost
obvious by category D (Applicability of regulatory frameworks),
which is only included in the HARMLESS EWS. The final eval-
uation process is also different for both tools yielding different
outcomes and recommendations from each system.
Depending on the outcome in Tier 0 the user either starts with

the exposure-related warning signals (Route A) or the hazard-
related ones (Route B). In cases following Route A, some or even
all hazard-related questions might be waived, if exposure can
be excluded. In order to support the user, explanations are also
listed in Table 4 for each question. However, especially at very
early stages of an innovation process relevant information to an-
swer these questions might be missing or difficult to find. As
further support, a separate guidance document is currently in
preparation.
The contents of the four categories A, B, C and D are briefly

summarized in the following:
A Exposure (7 questions): Exposure-related questions cover

human and environmental aspects (Table 4; B). Moreover, the
three perspectives (occupational, consumer, environment) are
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Table 4.Overview of the warning signals for categories A (Exposure), B (Hazard) and D (Applicability of regulatory frameworks). The respective questions
for category C (Sustainability/Benefits) are listed in Table S2, Supporting Information. Endpoints for the elaborated version of Tier 1 are printed in bold
type, supplemented by guidance (recommended methods, tools or approaches). “GRACIOUS” refers to guidance given by the GRACIOUS project.[54]

A EXPOSURE

Possible answers: yes, no, unknown

Question Explanation Endpoints for elaborated version and recommended
methods/tools/approaches

1. Does the material itself or its
production, manufacturing, use or end
of life generate inhalable dust or
aerosols?

Is it possible that the material or product becomes
airborne or that it releases airborne dust or aerosols
(particles or liquid droplets in air or another gas,
such as produced by pressurized spray cans for
paint or deodorant) or volatile compounds (e.g.,
solvents from paints or glues)?

GRACIOUS:
Particle size (what they are), Surface area (what they are),
Composition (what they are), Dissolution (inhalation
IATA),[33] Reactivity (inhalation IATA)[33]

OTHER (exposure):
Dustiness, Respirable fraction

2. Is exposure to consumers or the
general population expected?

Is it expected that the material will:
(a) be used in a consumer product (e.g., sunscreen),

or

(b) be released in such a way that consumers or the
general population will be exposed (e.g., pesticide
residues on food products)?

GRACIOUS:
Particle size (what they are), Surface area (what they are),
Composition (what they are), Dissolution (inhalation
IATA),[33] Reactivity (inhalation IATA),[33]

Hydrophobicity (dermal IATA)[34]

OTHER (exposure):
Dustiness, Respirable fraction, Expected amount (or %) of
material to which the consumers could be exposed

GUIDANCE:
Possible tools/approaches:
a) NanoRiskCat[40] for consumer exposure (part of LICARA
nanoSCAN)[43,44]

b) Precautionary Matrix[41] for general population exposure
(part of LICARA nanoSCAN)[43,44]

c) Three step release assessment strategy for AdMa
(Wohlleben et al. (reviewed recently))[55]

3. Is occupational exposure expected via
inhalation?

Note that if protective equipment is used, occupational
exposure will be reduced, but should still be
considered likely. Consider potential occupational
exposure during the following life cycle stages:
• Production: Exposure during synthesis of the

material
• Manufacturing: Exposure during manufacturing of a

nano-enabled product
• Use (professional): Exposure during professional

use of the product
• End-of-Life: Exposure of workers in waste treatment

or recycling.

For each stage:
Dustiness, Respirable fraction, Type of release,
Composition of released material, Mass percentage of
release

GUIDANCE:
Possible tools/approaches:
a) Stoffenmanager Nano[42] for occupational exposure (part
of LICARA nanoSCAN)[43,44]

b) Three step release assessment strategy for AdMa
(Wohlleben et al. (reviewed recently))[55]

4. Is there more than one form of
expected human exposure (i.e.,
different chemical composition and/or
particle size)?

The form of the expected human exposure may be
different depending on when and how the exposure
takes place (e.g., the release of SiO2 powder during
manufacturing of paint is different from the dust
generated during sanding of a painted surface).
Humans can be exposed to the pristine material or
to a transformed form of the material. The exposure
can be to the material embedded in a matrix or
formulation or to free particles. Especially
differences in chemical composition and particle
size may lead to differences in human health risks.

For each form:
GRACIOUS:
Particle size (what they are), Surface area (what they are),
Composition (what they are), Dissolution (inhalation
IATA,[33] oral IATA[35] and dermal IATA),[34] Reactivity
(inhalation IATA,[33] oral IATA[35] and dermal IATA),[34]

Hydrophobicity (dermal IATA)[34]

OTHER (exposure):
Dustiness (inhalation), Respirable fraction (inhalation)
GUIDANCE:
Possible approach:
Three step release assessment strategy for AdMa (Wohlleben
et al. (reviewed recently))[55]

(Continued)
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Table 4. (Continued)

A EXPOSURE

Possible answers: yes, no, unknown

Question Explanation Endpoints for elaborated version and recommended
methods/tools/approaches

5. Is wide-dispersive use foreseen, based
on the sector, product and final
application in which the material is
intended to be used?

Consider the industrial sector of the product or final
application in which your material is intended to be
used. Is wide-dispersive use foreseen? For example,
if the final application is for specific industrial use
only (B2B), it probably does not have a
wide-dispersive use. If the final application is a
commonly used consumer product (B2C), it
probably has a wide-dispersive use.

If wide-dispersive use is foreseen, it is an indication
that several sectors are affected and thus, several
regulatory legislations may apply (see Q13).

Consider adding additional descriptors such as in vitro
toxicity testing or higher tiered NAMs of GRACIOUS
IATAs:

Genotoxicity, Inflammation, in vitro reactivity, Cytotoxicity,
Membrane integrity etc.

GRACIOUS aquatic systems IATA[56]:
Dissolution, Dispersion stability, Chemical transformation
If available:
Toxicity to algae, daphnia, fish cell lines

6. Could you enter the tonnage assumed
to calculate the Expected Commercial
Value (ECV)? If you don’t know, is large
scale production of your material
expected?

In decision-making in the development of new
products, the Expected Commercial Value (ECV)
often plays an important role. The tonnage used to
calculate the ECV gives an indication of how
widespread the new product is expected to be used,
which greatly influences the magnitude of impact the
new product may have on the various SSbD aspects.
Also, the higher the tonnage level, the larger the
expected investment needed for regulatory testing.

Here “high tonnage” is understood as > 1 t (in line with
REACH tonnage bands).

Consider adding additional descriptors such as in vitro
toxicity testing or higher tiered NAMs of GRACIOUS
IATAs:

Genotoxicity, Inflammation, in vitro reactivity, Cytotoxicity,
Membrane integrity etc. GRACIOUS aquatic systems
IATA[56]:

Dissolution, Dispersion stability, Chemical transformation
If available:
Toxicity to algae, daphnia, fish cell lines

7. Is there (direct) exposure for any
environmental compartment expected?

Consider the industrial sector of the product or final
application in which your material is intended to be
used. For many industrial sectors, the general
hotspots of environmental exposure are known.

GRACIOUS aquatic systems IATA[56]:
Dissolution, Dispersion stability, Chemical transformation
GUIDANCE:
Possible approaches:
a) OECD GD 29 – Guidance Document on
Transformation/Dissolution of Metals and Metal
Compounds in Aqueous Media combined with detailed
testing guidance in Di Battista et al.[57]

b) Three step release assessment strategy for AdMa
(Wohlleben et al. (reviewed recently))[55]

B HAZARD

Possible answers: yes, no, unknown

Question Explanation Endpoints for elaborated version and recommended
methods/tools/approaches

8a. Is the material expected to be
persistent?

Materials with low solubility in physiologically relevant
media are expected to be persistent in the human
body and/or environment. They are expected to have
a low clearance rate from the body which may lead to
accumulation within the body and possibly also
within the food chain (bioaccumulation). Persistency
greatly depends on chemical composition (e.g.,
carbonous materials are generally very persistent).

Dissolution (in relevant media)
(GRACIOUS inhalation IATA,[33] oral IATA,[35] dermal
IATA,[34] aquatic systems IATA)[56]; see Table S1,
Supporting Information for tiered testing strategy
including NAMs)

8b. (If answer to 8a is yes:)
Is the material foreseen to contain or
consist of fibers with a critical
morphology (rigid, persistent, aspect
ratio > 3), especially fibers with a
length > 5 µm and diameter < 3 µm?

If the material contains or consists of biopersistent
long, rigid fibers (with a length > 5 µm and a
diameter < 3 µm), this may raise a concern for
asbestos-like behavior. If it is not possible to assess
the precise length, diameter, biopersistence and
rigidity this question may be answered with yes if the
material contains or consists of fibers that are
expected to be biopersistent based on the chemical
composition (e.g., carbon-based fibers) and they are
not expected to be flexible or short.

Fiber length and diameter
(GRACIOUS HARN IATA)[36]

Dissolution (in relevant media)
(GRACIOUS inhalation IATA[33]; see Table S1, Supporting
Information for tiered testing strategy including NAMs)

(Continued)
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Table 4. (Continued)

A EXPOSURE

Possible answers: yes, no, unknown

Question Explanation Endpoints for elaborated version and recommended
methods/tools/approaches

9. Is the material expected to show
high/enhanced reactivity?

If a material contains metals or metal oxide
nanoparticles, it may be reactive due to the tendency
of metals to lose electrons and due to the ability of
metals and metal oxides to form Reactive Oxygen
Species (ROS). The ability of metals and metal
oxides to create ROS is, amongst other things,
correlated with the band gap energy.

Some molecular structures are also expected to have
an increased reactivity (e.g., if they contain one or
more weak bonds or bonds that have an unequal
distribution of electrons between the two atoms, or
if the molecular structure of organic compounds
creates a resonance, inductive or steric effect).

Reactivity
((a) in silico NAMs (e.g., electronegativity), (b) in chemico
NAMs (e.g., acellular ROS) or (c) in vitro NAMs (e.g.,
cellular carbonylation), if available

(GRACIOUS inhalation IATA[33]; see Table S1, Supporting
Information for tiered testing strategy including NAMs))

10. Is the material a multicomponent
material?

Multicomponent materials are materials consisting of
two or more chemical components, including
composites and co-polymers. If the material is
multicomponent, the transformation of the material
throughout its life cycle becomes more important
and the risks of the potentially newly formed species
and their release should be taken into account.

Dissolution of transformed material (including leaching of
metal ions)

(GRACIOUS inhalation IATA[33]; see Table S1, Supporting
Information for tiered testing strategy including NAMs)

Reactivity of transformed material
((a) in silico NAMs (e.g., electronegativity), (b) in chemico
NAMs (e.g., acellular ROS) or (c) in vitro NAMs (e.g.,
cellular carbonylation), if available (GRACIOUS
inhalation IATA[33]; see Table S1, Supporting
Information for tiered testing strategy including NAMs))

11. Is the material and/or its chemical
components expected to be hazardous
for the human health or environment?

(if no information, specify chemical
components and use Substance
Information System (SIS) to check for
human and environmental hazard
band and/or classification)

a) First, look for available information indicating if your
material is hazardous (e.g., H-phrases on MSDS,
(self)classification according to CLP).

b) Second, specify the chemical components
(including elemental composition) of the material
(including coating and surface modification) and use
SIS to identify if these chemical components are
classified as hazardous (i.e., GHS/CLP classification,
specific H-phrases and H-bands).

If the material contains chemical components or
elements with specific hazardous properties, it can
be expected that the material has similar hazardous
properties.

Quantity (w/w %) of hazardous components in the
material or of the hazardous material in the final
application.

1) Human hazard
Initial toxicity screening endpoints (overview given in
NAMS4NANO review on NAMs for NMs):[24]

Genotoxicity
(GRACIOUS genotoxicity IATA[37]; see Table S1,
Supporting Information for tiered testing strategy
including NAMs)

Inflammation
(GRACIOUS inhalation IATA[33]; see Table S1, Supporting
Information for tiered testing strategy including NAMs)

Cytotoxicity/cell viability
(GRACIOUS oral IATA[35]; see Table S1, Supporting
Information for tiered testing strategy including NAMs)

Reactivity/oxidative stress
((a) in silico NAMs (e.g., electronegativity), (b) in chemico
NAMs (e.g., oxidative damage) or (c) in vitro NAMs, if
available (GRACIOUS inhalation IATA[33]; see Table S1,
Supporting Information for tiered testing strategy
including NAMs))

Barrier integrity
2) Environmental hazard
Dissolution
Dispersion stability
(OECD GD 318 for the testing of dissolution and
dispersion

stability of NMs and the use of the data for further
environmental testing and assessment strategies)[58]

(Continued)
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Table 4. (Continued)

A EXPOSURE

Possible answers: yes, no, unknown

Question Explanation Endpoints for elaborated version and recommended
methods/tools/approaches

D APPLICABILITY OF REGULATORY FRAMEWORKS

Possible answers: yes, no, unknown (exception: Q13: selection of proposals)

Question Explanation

13. For which application is the material
used and consequently, which
legislation(s) need(s) to be considered?

Several legislations may apply, especially, if a wide-dispersive use of the material is foreseen (see Q5).

REACH Registration, Evaluation, Authorization and Restriction of
Chemicals (EC) 1907/2006[10]

CLP Classification, Labelling and Packaging of Chemicals (EC)
1272/2008[59]

Occupational OSH directives:
2019/1831,[60] 2017/164/EU,[61] 2009/161/EU,[62]

2006/15/EC,[63] 2000/39/EC[64] – indicative
occupational exposure limit values

2009/148/EC[65] – exposure to asbestos at work
2004/37/EC[66] – carcinogens, mutagens or reprotoxic
substances at work

98/24/EC[67] – risks related to chemical agents at work
91/322/EEC[68] – indicative limit values

Biocides Biocidal Products Ordinance (EC) 528/2012[69]

Plant protection products (EC) 1107/2009[70]

Cosmetics EU Cosmetics Regulation (EC) 1223/2009[71]

Novel Foods Novel Foods Regulation (EU) 2015/2283[72]

Food contact materials (EC) 1935/2004,[73] (EU) 10/2011[74]

Food Food Additives Ordinance (EC) 1333/2008[75]

Feed additives (EC) 1334/2003[76]

Medicinal or veterinary products Medical Device Regulation (EU) 2017/745[77]

Veterinary medicinal products Veterinary Medicinal Products Regulation (EU) 2019/6[78]

…

14. Is the legislation applicable for this
category of AdMa or for a similar/
comparable AdMa?

In the scope of current chemical legislation(s)?
Definition (ISO ongoing work AdMa)
Are there guidance documents available? (OECD Guidelines for the Testing of Chemicals, Section 4, OECD Guidance
Documents…)

15. Are there methods available/adopted? Are there methods/SOPs available which could be adopted?
Consider the AMEA recommendation to provide at least controls for absence of assay interference when testing AdMa
with existing methods/SOPs[21].

taken into account with a focus on the inhalation route of expo-
sure and a potential wide-dispersive use.
B Hazard (4 questions): The warning signals for the haz-

ard aspects cover very basic aspects concerning the morphology,
composition and the physico-chemical behavior of the material
(Table 4; B; questions 8–10). In addition, it is asked for hazardous
properties (human and environment) of the material (Table 4; B;
question 11).
CSustainability/Benefits (1 question (a-m)): In category C, the

user is asked to focus on aspects related to sustainability/benefits
(Table S2, Supporting Information). The related warning signals
are based on the 17 SDGs, which aim at worldwide sustainable
development on economic, social and ecological levels.[50,51] For

the HARMLESS EWS, the 13 most relevant targets originating
from eight SDGs are separately asked for. Furthermore, potential
synergies and trade-offs between affected SDGs are taken into
account by the applied 3-point and 5-point scales in the simple
and elaborated versions.
For RP, positive impacts (benefits) are of higher interest than

negative impacts (drawbacks). This is due to the fact that bene-
fits may lead to a faster entrance to the market and thus, a faster
regulatory follow-up action may become necessary.
DApplicability of Regulatory Frameworks (3 questions): Finally,

the HARMLESS EWS comprises a category related to regula-
tory aspects, which is essential in order to support RP. First, it
is asked for which application the material is used and which
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legislation needs to be considered. Second, the user is asked to
check if the legislation is applicable for this category of AdMa
or for a similar/ comparable AdMa. Finally, it is screened if
methods are available or could be adopted for the material of
interest.
Conclusion After Simple Version: During the simple version

of the assessment a maximum of 15 questions in four categories
are answered. The actual number of questions might be lower if
Route A is followed and questions are waived (see Figure 2 and
section 3.1.1. for details). For a conclusion after the simple ver-
sion, each of the questions is assigned with a “yellow flag” or a
“green flag”. Depending on the category (A-D), this is realized
in two ways. First, for categories A (Exposure), B (Hazard) and
D (Applicability of regulatory frameworks) questions that were
either answered with “yes” or “unknown” are assigned with a
“yellow flag”. Questions that were answered with “no” are as-
signed with a “green flag”. Second, for category C (Sustainabil-
ity/Benefits) a 3-point scale is applied during the simple version
of the assessment. Questions answered with “no, no impact” are
assigned with a “green flag” whereas questions answered with
either “yes, a positive impact” or “yes, a negative impact” are as-
signed with a “yellow flag”.
For category D (Applicability of regulatory frameworks), the

assessment stops after the simple version (Figure 2B) Assess-
ment). Within the subsequent elaborated version, only those
questions from categories A (Exposure), B (Hazard) or C (Sus-
tainability/Benefits) are considered that either raised any concern
or that could not be answered during the simple version and thus,
were assigned with a “yellow flag”.
The objective of the subsequent elaborated version is to either

support or refute concerns raised in categories A (Exposure) and
B (Hazard) by integrating (NAM) data. In the case of category C
(Sustainability/Benefits), the elaborated version represents a fur-
ther graduated system that allows to distinguish between strong
and weak impacts on the different sustainability aspects. The de-
tailed procedure is explained in the subsequent section “Elabo-
rated version”.
Elaborated Version: As explained before, within the elab-

orated version of the assessment in the HARMLESS EWS,
only those questions from categories A (Exposure), B (Haz-
ard) and C (Sustainability/Benefits) are considered that were as-
signed with a “yellow flag” during the simple version (Figure 2).
However, in general, one can also directly jump to the elabo-
rated version for data-rich materials. This is currently abeing
worked out by the HARMLESS consortium and will be de-
scribed in more detail in a guidance document at the end
of the project. Here, the elaborated version aims at drawing
final conclusions on flagged aspects. In analogy to the sim-
ple version, which is aligned with the WASP tool for innova-
tors, the elaborated version is aligned with the ASDI tool for
innovators.[20]

In case of categories A (Exposure) and B (Hazard), for each
question, associated endpoints are listed in Table 4 (right col-
umn). These are used to obtain the information needed to answer
the related question. Each endpoint in turn can be approached
by several methods and tools. Within the HARMLESS EWS, the
focus for the methods is on NAMs since data based on in vivo
tests are not available for most AdMa in early stages. The recom-
mended NAMs in Table 4 are mainly based on NAM selection for

the HARMLESS case studies (Table 3), findings from previous
projects (especially GRACIOUS)[33,35,37] and extended by addi-
tional NAMs that have been identified within the NAMs4NANO
review on NAMs for NMs.[24] It is important to mention that the
suggested NAMs have been primarily developed for NMs. Thus,
the transferability to an AdMa under investigation needs to be
examined carefully by the user. Furthermore, it must be empha-
sized that the methods listed in Table 4 are only suggestions and
that the final choice of an appropriate method is up to the user.
For category C (Sustainability/Benefits), the elaborated version

represents a possibility to evaluate positive and negative impacts
on different SDG targets in a more graduated way compared to
the simple version. The applied 5-point scale is based on the Port-
folio Sustainability Assessment v2.0 published by theWorld Busi-
ness Council for Sustainable Development (WBCSD)[79] and ex-
plained in detail in Dekkers et al.[20] Herein, the impact on a cer-
tain SDG target can be rated in the following way: strong positive
impact (+2), weak positive impact (+1), neutral (0), weak negative
impact (−1) or strong negative impact (−2). The assigned values
in brackets are summed up to obtain a total score which is used
for the final outcome of category C (Sustainability/Benefits) (see
also Figure 2; Tier 1; B) Assessment).
Conclusions and Outcomes: In order to support RP, the out-

comes of the HARMLESS EWS provide answers to the following
three questions: (1) Which concerns are connected to the mate-
rial? (2) What is the priority for a (regulatory) follow-up action?
and (3) What kind of (regulatory) follow-up actions are recom-
mended?
For RP, it would be disadvantageous if outcomes for different

categories could outweigh each other. For instance, a scoring sys-
tem that counterbalances benefits and hazards would possibly
overlook the need for (regulatory) follow-up actions. Thus, an ap-
proach was developed, that considers all four categories equally
and independently. First, the colors green, yellow and red, rep-
resenting severity/priority, are assigned to each of the four cate-
gories. For categories A (Exposure), B (Hazard) and D (Applica-
bility of regulatory frameworks) the resulting colors are directly
connected to the numbers of “yellow flags” and “green flags” al-
located during the simple and elaborated versions of the assess-
ment (Figure 3). The exact criteria for color assignments as well
as recommendations for each color in each category are depicted
in Figure 3.
For categories A (Exposure), B (Hazard) and D (Applicability

of regulatory frameworks), the priority for (regulatory) follow-up
actions increase from “green” over “yellow” to “red” (see colored
arrows in Figure 3). On the contrary, for category C (Sustainabil-
ity/Benefits) the priority for RP increases in two directions. On
the one hand, materials that are highly sustainable (“green” in
Figure 3) might lead to faster market-entries and thus may re-
quire intensified research and dialogues with industry and other
stakeholders. On the other hand, such dialogues are also recom-
mended for materials with low sustainability – however, in this
case with the aim to find other materials using SSbD principles.
By comparing the combinations of colors for different mate-

rials, a prioritization list is obtained. In this way, the materials
with the highest concern(s) can finally be filtered out from the in-
creasing amount of AdMa and (regulatory) follow-up actionsmay
be chosen, for example, a detailed assessment (e.g., Early4AdMa
Tier 2).
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Figure 3. Outcomes of different categories, prioritization and recommended (regulatory) follow-up actions. For each of the four categories (A (Exposure),
B (Hazard), C (Sustainability/Benefits), D (Applicability of regulatory frameworks)) a color according to a traffic light system (green, yellow, red) is
assigned, which is connected to a recommendation for (regulatory) follow-up actions. The criteria for color assignment are listed and directly correlate
with the numbers of “yellow flags” and “green flags” obtained from the simple and elaborated versions of the assessment. Increasing priorities for
(regulatory) follow-up actions are indicated by colored arrows.

Following the final outcome, it is recommended to start an ex-
pert dialogue to discuss concerns, clarify uncertainties and plan
possible follow-up actions.

3.2. Exemplification by Case Studies

3.2.1. The Aerogel Case Study

As a first application, the HARMLESS EWS was tested on a sil-
ica based inorganic aerogel mat which is already on the market
(Technology Readiness Level (TRL) 9). The material is used for
façade thermal insulation and enables to reduce the thickness of
insulating layers by a factor 3 in comparison to CoMa, due to their
reduced thermal conductivity (twofold lower than benchmark).
The AdMa is basically composed of a silica-aerogel with nano

porosity inside a glass fiber mat. A detailed description of the
SSbD development including exposure scenarios and hazard as-
sessment was recently published by Di Battista et al.[80] The key
feature of the AdMa is that the nano pores are small enough that
air molecules inside the pores can barely move and thus, cannot
transfer heat (Knudsen effect).
In Figure 4A, the results of Tier 0 and Tier 1 for the aerogel

case study are summarized (see also Excel sheet SIa for detailed
explanations). During Tier 0, the aerogel mats are categorized

as AdMa, that do not consist of particles but are nano-enabled
by ISO definition. For comparison, conventional stone wools are
taken into account. Since the material does not consist of parti-
cles, Tier 1 starts with the exposure-related questions (Q1 – Q7;
Route A).
The results of Tier 1 are explained in the following for each of

the four categories A-D:
A (Exposure) (Q1 – Q7): During Tier 1, several exposure-

related concerns are raised: (1) significant occupational exposure
is expected during installation due to released dust (Q1, Q3);
(2), different types of handling (sanding compared to sawing)
can result in different forms of human exposure (Q4); (3) wide-
dispersive use is foreseen (Q5); (4) high tonnages (50 t) are ex-
pected (Q6) and (5) environmental exposure is unknown for life-
cycle stages other than the use period of the material (Q7). Most
of the exposure-related concerns raised during the simple ver-
sion could be supported during the elaborated version of Tier 1
resulting in five definite “yellow flags”. The only exception is the
unknown environmental exposure which could neither be sup-
ported nor refuted during the elaborated version.
As exposure is likely for the reasons above, none of the ques-

tions in subsequent category B (Hazard) could be waived.
B (Hazard) (Q8 – Q11): For the hazard-related aspects, two

concerns are raised: (1) the respective aerogels are multicompo-
nent materials (Q10) and (2) two of the main components (SiO2
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Figure 4. Results for the A) aerogel case study and the B) oxide-perovskite case study. Results for Tier 0 include the impacts on the ensuing Tier 1 (grey
arrows). For Tier 1 the results for the simple and elaborated versions are summarized by “green flags” and “yellow flags”. Initial concerns that could
neither be confirmed nor refuted during the elaborated version are highlighted by *. The final outcomes for categories A-D are obtained according to the
traffic light system depicted in Figure 3.

and silanamine) may cause damage to organs through prolonged
or repeated exposure (according to the classifications provided by
companies to ECHA in REACH registrations for SiO2 or rather
to the harmonized classification and labelling for silanamine)
(Q11). If the material is multicomponent, questions regarding

the dissolution and the reactivity of the transformed material fol-
low in the elaborated version of Tier 1. However, for the transfor-
mation of the aerogels, no data is available and thus, this con-
cern could neither be supported nor refuted. On the contrary,
the concern about hazardous substances (Q11) was supported in
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the elaborated version since the amounts of SiO2 (25–40%) and
silanamine (5–20%) within the aerogels are known.
C (Sustainability/Benefits) (Q12a-m): Out of the 13 SDG tar-

gets listed in Table S2, Supporting Information for category C
(Sustainability/Benefits), three have been identified to be either
negatively (SDG3.9 “Pollution and contamination” and SDG12.2
“Natural resources”) or positively affected (SDG 7.3 “Energy effi-
ciency”) during the simple version.
According to the 5-point scale in the elaborated version, the

impact on SDG 7.3 has been rated as being strong (+2) since the
aerogel mats show high insulation capacities.
The negative impacts on SDG 3.9 and 12.2 have been scored

both as weak (−1), resulting in a total score of “0”.
D (Applicability of regulatory frameworks) (Q13 – Q15): Fi-

nally, from the regulatory point of view, the aerogels are al-
ready highly regulated (Q13 – Q15) with occupational/OSH
directives that are applicable to mitigate occupational ex-
posure. Additionally, the GRACIOUS framework has been
adopted for aerogels[81] showing that nanosafety concepts can
be applied to concerns of AdMa that contain or release
nanostructures.

3.2.2. The Oxide-Perovskite Case Study

Perovskite-type oxides have attracted attention as promising
three-way automotive catalysts due to their enhanced oxygen stor-
age capacity and their ability to remove CO, hydrocarbons and
NOx from the car exhaust.[82] Basically, oxide-perovskites can
be present in versatile stoichiometries and crystal structures. In
the present case study, six oxide-perovskites of structure type
AB0.8O3

−𝛿 (A: La; B: Co and Ni, doped with Pt and Pd) have been
investigated. Although they comprise nano-structured materials,
they are not considered as NMs since their primary particle sizes
exceed 100 nm (in accordance with the REACH definition).[10]

Currently, the oxide-perovskites are R&D products at the Lab
Phase of the stage-gate model and thus, not on the market.
In Figure 4B, the results of Tier 0 and Tier 1 for the oxide-

perovskite case study are summarized (see also Excel sheet SIb
for detailed explanations). According to Tier 0, oxide-perovskites
are categorized as AdMa, that consist of particles which are nano-
enabled by ISO definition. Additionally, conventional automo-
tive catalysts are identified as the appropriate CoMa used for
comparison.
In the case of the oxide-perovskites, Tier 1 of the HARMLESS

EWS starts with the hazard-related questions (Q8a – Q11; Route
B) since the material consists of particles before being manufac-
tured into catalysts.
The results of Tier 1 are explained in the following for each of

the four categories A-D:
B (Hazard) (Q8 – Q11): During Tier 1 several warning sig-

nals were raised: (1) the material is highly reactive due to its cat-
alytic activity (Q9); (2) oxide-perovskites aremulticomponentma-
terials (Q10) and (3) some of the components are hazardous met-
als, that is, (a) nickel, which is classified to be skin sensitizing and
suspected to be carcinogenic and (b) cobalt, which is classified to
be carcinogenic, toxic to reproduction, skin sensitizing, respira-
tory sensitizing and suspected to be mutagenic (Q11). All three
yellow flags were supported during the elaborated version of Tier

1 by using appropriate data sources (see Excel sheet SIb for de-
tailed information).
A (Exposure) (Q1 –Q7): For exposure three yellow flags were

raised: (1) the oxide-perovskites are in powder form and thusmay
form respirable dust (Q1); (2) this leads to likely occupational ex-
posure during production of the oxide-perovskites and manufac-
turing of the heterogeneous catalyst (Q3) and (3) the assumed
tonnage is > 1000 t (Q6). All initial warning signals could be sup-
ported during the elaborated version.
C (Sustainability/Benefits) (Q12a-m): Two SDG targets were

found to be either negatively (SDG 12.2 “Natural resources”) or
positively affected (11.6 “Air quality”). During the elaborated ver-
sion these aspects have been scored by “−1” and “+1”, respec-
tively, resulting in a total score of “0”.
D (Applicability of Regulatory Frameworks) (Q13 – Q15): For

the oxide-perovskites existing occupational/OSH directives are
applicable (Q13, Q14) and the ONORM EN 17199-4:2019 gives
guidance for the dustiness of bulk materials containing nanoob-
jects or particles in the sub-micrometer range (Q15). Thus, the
oxide-perovskites are already highly regulated.

3.2.3. Comparison of the HARMLESS EWS Applied to Both Case
Studies

The HARMLESS EWS was tested using data from the aerogel
and the oxide-perovskite case studies.
In Figure 4, the results of both cases are briefly summarized.

Additionally, exhaustive tables with comments and considered
data on each question can be found in the SI (Excel sheets SIa
and SIb).
Basically, both materials are in the scope of the HARMLESS

EWS, as they are AdMa by definition (aerogels are already on the
market and oxide-perovskites are R&D products at Lab Phase).
Moreover, both are nano-enabled materials and can be compared
to CoMa used for the same applications. However, since oxide-
perovskites consist of particles and aerogels do not, different
routes were followed in Tier 1.
The final outcomes for both materials are obtained according

to Figure 3 and depicted in Figure 4 on the right. Both materials
are assigned with A (Exposure) = red, B (Hazard) = red, C (Sus-
tainability/Benefits) = yellow and D (Applicability of regulatory
frameworks) = green.
Consequently, both materials get the same priority from the

perspective of RP. Recommendations for possible (regulatory)
follow-up actions in each category are directly connected to the
final outcomes (see Figure 3).
During Tier 1, two types of concerns have been identified: (1)

supported concerns and (2) concerns that could neither be sup-
ported nor refuted during the elaborated version (highlighted
with * in Figure 4). The latter ones have only been identified for
the aerogels (Q7 and Q11), whereas for the oxide-perovskites all
initial concerns have been confirmed. As depicted in Figure 1,
a detailed assessment (not part of the HARMLESS EWS) might
optionally follow as Tier 2 (e.g., Early4AdMa Tier 2) – especially
for those concerns that could not be confirmed by running Tier
1 of the HARMLESS EWS.
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4. Conclusion

AdMa play a critical and enabling role in the development of
energy- and resource-efficient technologies that will decide on
the success of EU and worldwide sustainability goals. Hence,
they are already applied in many different sectors such as re-
newable energy, energy storage, building and construction, high-
performance computing, advanced therapies and superior con-
sumer products. Hence, AdMa comprise very heterogenous ma-
terial classes with many different types of AdMa that share lit-
tle or no commonalities – overall they are mainly characterized
by their specific material properties and a superior performance
(compared to CoMa). From a regulator’s point of view, it will be
impossible to assess each singlematerial type in this highly inno-
vative field of AdMawhere newmaterials are evolving fast. There-
fore, efficient screening and prioritization approaches are needed
that allow for a proper identification of those AdMa that raise high
concerns based on well-founded scientific principles.
This is precisely the unique selling point of the herein pre-

sented HARMLESS EWS, which is a simple and practicable
tool on its own that has been established by combining exist-
ing knowledge in a novel and superior manner. It is organised in
two tiers (Tier 0: Basic information; Tier 1: Screening), each un-
derpinned with specific methods/ tools and facilitated by a ded-
icated online tool.[29] Tier 1 consists of two versions. The simple
version relies on a maximum of 15 questions in four different
categories (A (Exposure), B (Hazard), C (Sustainability/Benefits)
and D (Applicability of regulatory frameworks)). The elaborated
version of Tier 1 is suggesting NAM-based testing, where the
NAMs as applied in the HARMLESS case studies may be a rea-
sonable starting point also for other AdMa. As a final outcome,
the user is provided with (i) material-related concerns, (ii) prior-
itized AdMa (for a more elaborated assessment) and (iii) (initial)
recommendations for (regulatory) follow-up actions. The most
important improvement is a proper “filter function”, which truly
enables a prioritization list of AdMa to identify those that need
highest regard from a regulatory point of view. This is the most
valuable advancement compared to other existing tools. The cur-
rently available version of the OECD Early4AdMa puts the major
focus on Tier 2, which is a very detailed assessment.[14] How-
ever, the authors already emphasize that in future versions of
Early4AdMa, Tier 1, which is the screening phase, may need to
be further improved.[14] In the current Early4AdMa version the
screening tier (Tier 1) is considered to be optional.[14] However,
we are convinced that within a “functional” warning system the
screening tier needs to be mandatory as only then a proper fil-
ter function can be ensured. This will significantly reduce the
number of AdMa that actually require an elaborated assessment
and/or (regulatory) follow-up actions.
Therefore, the HARMLESS EWS is presented here as a novel,

easy and functional stand-alone tool that facilitates the screening
phase and that moreover can be integrated easily into the existing
Early4AdMa. Although the HARMLESS EWS already provides
the user with material-related concerns, a more detailed assess-
ment, for example, by applying Tier 2 of the Early4AdMa or other
elaborated tools for assessment, can be beneficial for such cases
to substantiate the concerns.
Importantly, the HARMLESS EWS has already been success-

fully tested using data from two HARMLESS case studies (aero-

gels and oxide-perovskites). In both cases exposure- and hazard-
related concerns were identified that require subsequent regula-
tory follow-up actions. Additionally, for categories C (Sustainabil-
ity/Benefits) and D (Applicability of regulatory frameworks) no
follow-up actions are necessary neither for the aerogels nor for
the oxide-perovskites due to a final score of “0”. To finally priori-
tize one of the materials it seems to be reasonable to carry out an
expert dialogue.
Since the development of the HARMLESS EWS was closely

linked to the WASP tool of the SSbD-DSS,[20] which share an on-
line tool for innovators and regulators, it furthermore supports
an efficient communication between regulators and innovators.
Such a dialogue is an essential element of the trusted environ-
ment concept of the OECD SSIA and is therefore essential for
RP and SSbD to work together.[12]

Further advancements of the HARMLESS EWS will focus on
a better integration of NAM data. Currently, during the elabo-
rated version, the user is encouraged to use available NAM data
to support or refute initial concerns. However, the weighing of
evidence following the weight of evidence concept is not speci-
fied in detail. This results in uncertainty on how contradictory
NAM data for one endpoint shall be treated. Moreover, the con-
sortium currently also works on the integration of more complex
NAM data such as data received from high-throughput screen-
ing (HTS) and/ or multi-omics approaches. A scoring system for
different NAMs is also still under development. Finally, the in-
tegration of CB tools is foreseen in a more simplistic manner
to merge hazard- and exposure-related issues into a combined
safety-related evaluation, which appears reasonable following a
risk-based approach. In addition, we also aim at an appropriate
visualization of the final outcome (e.g., via heat maps), which will
be of high importance to provide the users with a clear and easy
understandable presentation of the results.
Overall, we believe that the herein presented HARMLESS

EWS is an important step forward and will be a major contri-
bution to tackle the complex challenge of proper risk governance
of AdMa. Therefore, the next step is to present these results to
the OECD and to lay the basis for a wider scientific discussion.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors acknowledge funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No
953183.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the
supplementary material of this article.

Adv. Sustainable Syst. 2025, 2500217 2500217 (17 of 19) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.202500217 by T

no R
is, W

iley O
nline L

ibrary on [02/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com


www.advancedsciencenews.com www.advsustainsys.com

Keywords
advanced materials, early warning system, regulatory preparedness, risk
assessment, safe-and sustainable-by-design, sustainability

Received: February 24, 2025
Revised: April 25, 2025

Published online:

[1] OECD, Advanced Materials: Working Description, OECD Environment,
Health and Safety Publications, Paris, 2022

[2] EC, The European Green Deal, Brussels 2019, COM2019 640
final, https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=
CELEX:52019DC0640.

[3] EC, Chemicals Strategy for Sustainability Towards a Toxic-Free Envi-
ronment, Brussels 2020, COM2020667 final, https://eur-lex.europa.
eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020DC0667.

[4] K. Schwirn, D. Völker, A. Haase, J. Tentschert, U. Bernauer, R.
Packroff, V. Bachmann, BfR and UBA 2021, 156, 2021.

[5] S. Carrara, S. Bobba, D. Blagoeva, P. D. Alves, A. Cavalli, K.
Georgitzikis, M. Grohol, A. Itul, T. Kuzov, C. Latunussa, L. Lyons,
G. Malano, T. Maury, A. Priorarce, J. Somers, T. Telsing, C. Veeh, D.
Wittmer, C. Black, D. Pennington, M. Christou, Supply Chain Analysis
and Material Demand Forecast in Strategic Technologies and Sectors in
the EU – A Foresight Study, PublicationsOffice of the EuropeanUnion,
Luxembourg, 2023, JRC132889.

[6] EC, European Wind Power Action Plan, Brussels 2023, COM2023
669 final, https://eur-lex.europa.eu/legaleur-content/EN/TXT/
HTML/?urieur=CELEX:52023DC0669.

[7] EC, Batteries – Ensuring that batteries placed on the EU
market are sustainable and circular throughout their whole
life cycle https://environment.ec.europa.eu/topics/waste-and-
recycling/batteries_en.

[8] EU, Fit for 55: Council and Parliament reach deal on proposal to
revise energy performance of buildings directive 2023, Press Re-
lease 1000/23, https://www.consilium.europa.eu/en/press/press-
releases/2023/12/07/fit-for-55-council-and-parliament-reach-deal-
on-proposal-to-revise-energy-performance-of-buildings-directive/.

[9] European Union, Off. J. Eur. Union 2023, 66, 229.
[10] European Union, Off. J. Eur. Union 2006, 396, 1.
[11] IRCG, Introduction to the IRGC Risk Governance Framework, revised

version., EPFL International Risk Governance Center (IRCG), Lau-
sanne, Switzerland 2017, p. 52.

[12] OECD, Sustainability and Safe and Sustainable by Design:
Working Descriptions for the Safer Innovation Approach
OECD Environment, Health and Safety Publications 2022,
ENV/CBC/MONO202230, https://www.oecd.org/content/dam/
oecd/en/publications/reports/2022/10/sustainability-and-safe-
and-sustainable-by-design-working-descriptions-for-the-safer-
innovation-approach_1ba68750/a9a80171-en.pdf .

[13] OECD, Moving Towards a Safe(r) Innovation Approach (SIA)
for More Sustainable Nanomaterials and Nano-enabled Prod-
ucts OECD Environment, Health and Safety Publications 2020,
ENV/JM/MONO202036/REV1, https://images.chemycal.com/
Media/Files/env-jm-mono(2020)36-REV1.pdf .

[14] OECD, Early Awareness and Action System for Advanced Materi-
als (Early4AdMa): Pre-regulatory and anticipatory risk governance
tool to Advanced Materials, OECD Series on the Safety of Manufac-
tured Nanomaterials and other Advanced Materials, OECD Publish-
ing, Paris 2023.

[15] C. Caldeira, R. Farcal, C. Moretti, L. Mancini, H. Rauscher, K.
Rasmussen, J. S. Riego, S. Sala, Review of Safety and Sustainability Di-

mensions, Aspects, Methods, Indicators, and Tools, Publications Office
of the European Union, Luxembourg, 2022, p. 184.

[16] C. Caldeira, R. Farcal, I. Garmendia Aguirre, L. Mancini, D. Tosches,
A. Amelio, K. Rasmussen, H. Rauscher, J. S. Riego, S. Sala, Safe and
Sustainable by Design Chemicals andMaterials – Framework for the Def-
inition of Criteria and Evaluation Procedure for Chemicals andMaterials,
Publications Office of the European Union, Luxembourg, 2022.

[17] A. G. Oomen, L. Soeteman-Hernandez, W. Peijnenburg, E. Bleeker,
E. Swart, C. Noorlander, A. Haase, P. Hebel, K. Schwirn, D. Volker, R.
Packroff, Towards Safe and Sustainable Advanced (Nano)Materials: A
Proposal for an Early Awareness and Action System for Advanced Mate-
rials (Early4AdMa), National Institute for Public Health and the Envi-
ronment – Ministry of Health, Bilthoven, 2022.

[18] OECD, Advanced Materials Assessment Schemes HARMLESS - OECD
Working Party on Manufactured Nanomaterials (WPMN) Workshop
Report, OECD Environment, Health and Safety Publications, Paris,
2023, ENV/CBC/MONO(2023)34.

[19] HARMLESS - Project, https://www.harmless-project.eu/ (accessed:
May 2025).

[20] S. Dekkers, V. Adam, V. Di Battista, A. Haase, J. Prinz, G. Nagel, W.
Fransman, M. Persson, B. Suarez-Merino, W. Wohlleben, O. Schmid,
E. van Someren, Safe-and-Sustainable-by-Design Approach and De-
cision Support System for Advanced Materials submitted, 2025.

[21] W. Wohlleben, M. Persson, B. Suarez, A. Baun, V. Di Battista,
S. Dekkers, E. P. van Someren, D. Brobell, B. Stahlmecke, M.
Wiemann, O. Schmid, A. Haase, Environ. Sci.: Nano 2024, 11,
00831B.

[22] V. Adam, V. Di Battista, F. Testard, M. Persson, D. Persson, D.
Gargouri, A. Filoramo, R. Grafström, P. Kohonen, V. Hongisto, M.
Conolly, J. M. Navas, L. M. Skjolding, A. Gajewicz-Skretna, P. H.
Danielsen, U. Vogel, K. A. Jensen, E. P. van Someren, S. Dekkers, O.
Schmid, W. Wohlleben, B. Suarez Merino, Decision Support System
for Safe-and-Sustainable-by-Design AdvancedMaterials – Case study
demonstration – submitted, 2025.

[23] F. A.Murphy, H. J. Johnston, S. Dekkers, E. A. J. Bleeker, A. G. Oomen,
T. F. Fernandes, K. Rasmussen, P. Jantunen, H. Rauscher, N. Hunt, L.
di Cristo, H. M. Braakhuis, A. Haase, D. Hristozov, W. Wohlleben, S.
Sabella, V. Stone, Alt. Animal Exp. 2023, 40, 125.

[24] S. M. Usmani, S. Bremer-Hoffmann, K. Cheyns, F. Cubadda, V. I.
Dumit, S. E. Escher, V. Fessard, A. C. Gutleb, T. Léger, Y.-C. Liu, J.
Mast, E. McVey, B. Mertens, D. Montalvo, A. G. Oomen, V. Ritz, T.
Serchi, H. Sieg, K. Siewert, D. Stanco, E. Verleysen, O. Vincentini, C.
W. S. Yeo, D. Yu, M. van der Zande, A. Haase, EFSA Supporting Publ.
2024, 21, 8826E.

[25] BMBF-project InnoMat.Life, Innovative materials and new produc-
tion processes: Safety in the life cycle and industrial value added
(FKZ: 03XP0216A), 2019 – 2022, www.innomatlife.de.

[26] R. Arvidsson, G. Peters, S. F. Hansen, A. Baun,NanoImpact 2022, 25,
100393.

[27] A. Kennedy, J. Brame, T. Rycroft, M. Wood, V. Zemba, C. Weiss, M.
Hull, C. Hill, C. Geraci, I. Linkov, Risk Anal. 2019, 39, 1783.

[28] TNO, AMEA online tool, https://diamonds.tno.nl/projects/amea.
[29] TNO, WASP online tool, https://diamonds.tno.nl/projects/wasp.
[30] TNO, SSbD-DSS online tool, https://diamonds.tno.nl/projects/

harmlesspublic.
[31] A. P. Worth, G. Patlewicz, Adv. Exp. Med. Biol. 2016, 856, 317..
[32] OECD, Guidance Document on the Reporting of Defined Approaches to

be Used Within Integrated Approaches to Testing and Assessment OECD
Environment, Health and Safety Publications, Bilbao, 2017.

[33] H. M. Braakhuis, F. Murphy, L. Ma-Hock, S. Dekkers, J. Keller, A. G.
Oomen, V. Stone, Appl. In Vitro Toxicol. 2021, 7, 112.

[34] L. Di Cristo, G. Janer, S. Dekkers, M. Boyles, A. Giusti, J. G. Keller,
W. Wohlleben, H. Braakhuis, L. Ma-Hock, A. G. Oomen, A. Haase, V.
Stone, F. Murphy, H. J. Johnston, S. Sabella,Nanotoxicology 2022, 16,
310.

Adv. Sustainable Syst. 2025, 2500217 2500217 (18 of 19) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.202500217 by T

no R
is, W

iley O
nline L

ibrary on [02/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52019DC0640
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52019DC0640
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020DC0667
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020DC0667
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52023DC0669
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52023DC0669
https://environment.ec.europa.eu/topics/waste-and-recycling/batteries_en
https://environment.ec.europa.eu/topics/waste-and-recycling/batteries_en
https://www.consilium.europa.eu/en/press/press-releases/2023/12/07/fit-for-55-council-and-parliament-reach-deal-on-proposal-to-revise-energy-performance-of-buildings-directive/
https://www.consilium.europa.eu/en/press/press-releases/2023/12/07/fit-for-55-council-and-parliament-reach-deal-on-proposal-to-revise-energy-performance-of-buildings-directive/
https://www.consilium.europa.eu/en/press/press-releases/2023/12/07/fit-for-55-council-and-parliament-reach-deal-on-proposal-to-revise-energy-performance-of-buildings-directive/
https://www.oecd.org/content/dam/oecd/en/publications/reports/2022/10/sustainability-and-safe-and-sustainable-by-design-working-descriptions-for-the-safer-innovation-approach_1ba68750/a9a80171-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2022/10/sustainability-and-safe-and-sustainable-by-design-working-descriptions-for-the-safer-innovation-approach_1ba68750/a9a80171-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2022/10/sustainability-and-safe-and-sustainable-by-design-working-descriptions-for-the-safer-innovation-approach_1ba68750/a9a80171-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2022/10/sustainability-and-safe-and-sustainable-by-design-working-descriptions-for-the-safer-innovation-approach_1ba68750/a9a80171-en.pdf
https://images.chemycal.com/Media/Files/env-jm-mono(2020)36-REV1.pdf
https://images.chemycal.com/Media/Files/env-jm-mono(2020)36-REV1.pdf
https://www.harmless-project.eu/
http://www.innomatlife.de
https://diamonds.tno.nl/projects/amea
https://diamonds.tno.nl/projects/wasp
https://diamonds.tno.nl/projects/harmlesspublic
https://diamonds.tno.nl/projects/harmlesspublic


www.advancedsciencenews.com www.advsustainsys.com

[35] L. Di Cristo, A. G. Oomen, S. Dekkers, C. Moore, W. Rocchia, F.
Murphy, H. J. Johnston, G. Janer, A. Haase, V. Stone, S. Sabella,Nano-
materials 2021, 11, 2623.

[36] F. Murphy, S. Dekkers, H. Braakhuis, L. Ma-Hock, H. Johnston, G.
Janer, L. di Cristo, S. Sabella, N. R. Jacobsen, A. G. Oomen, A. Haase,
T. Fernandes, V. Stone, NanoImpact 2021, 22, 100314.

[37] R. Verdon, V. Stone, F. Murphy, E. Christopher, H. Johnston, S. Doak,
U. Vogel, A. Haase, A. Kermanizadeh, Part. Fibre Toxicol. 2022, 19, 32.

[38] K. A. Jensen, A. T. Saber, H. V. Kristensen, B. Liguori, A. C. Ø. Jensen,
I. K. Koponen, H. Wallin, Topical Scientific Workshop on Regulatory
Challenges in Risk Assessment of Nanomaterials Helsinki Finnland
2014.

[39] B. Liguori, S. F. Hansen, A. Baun, K. A. Jensen, NanoImpact 2016, 2,
1.

[40] S. Hansen, K. Jensen, A. Baun, J. Nanopart. Res. 2014, 16, 2195.
[41] J. Höck, T. Epprecht, E. Furrer, M. Gautschi, H. Hofmann, K.

Höhener, K. Knauer, H. Krug, L. Limbach, P. Gehr, B. Nowack, M.
Riediker, K. Schirmer, K. Schmid, C. Som, W. Stark, C. Studer, A.
Ulrich, N. von Götz, A. Weber, S. Wengert, P. Wick, Swiss Federal Of-
fice of Public Health FOPH – Federal Office for the Environment FOEN
2013, 40.

[42] The Stoffenmanager Nano Module https://nano.stoffenmanager.
com.

[43] TNO, LICARA nanoScan online tool, https://diamonds.tno.nl/
projects/licara.

[44] T. van Harmelen, E. K. Zondervan-van den Beuken, D. H. Brouwer,
E. Kuijpers, W. Fransman, H. B. Buist, T. N. Ligthart, I. Hincapié, R.
Hischier, I. Linkov, B. Nowack, J. Studer, L. Hilty, C. Som, Environ.
Int. 2016, 91, 150.

[45] A. Bal-Price, H. T. Hogberg, K. M. Crofton, Alt. Animal Exp. 2018, 35,
306.

[46] T. Crouzet, E. Grignard, F. Brion, E. B. Blanc, N. Podechard, S.
Langouet, P. Alonso-Magdalena, P. Hubert, M. J.i Kim, K. Audouze,
Environ. Int. 2023, 174, 107910.

[47] N. Shandilya,M.-S. Barreau, B. Suarez-Merino,NanoImpact 2023, 30,
100461.

[48] D. Bloch, P. Marx-Stoelting, T. Tralau, Curr. Opin. Toxicol. 2024, 39,
100490.

[49] A. Haase, J. Barroso, A. Bogni, S. Bremer-Hoffmann, V. Fessard, A. C.
Gutleb, J. Mast, E. McVey, B. Mertens, A. G. Oomen, V. Ritz, T. Serchi,
K. Siewert, D. Stanco, S. M. Usmani, E. Verleysen, O. Vincentini,
M. van der Zande, F. Cubadda, EFSA Supporting Publ. 2024, 21,
9008E.

[50] UnitedNations, Department of Economic and Social Affairs, Sustain-
able Development Goals (SDGs), https://sdgs.un.org/goals.

[51] UN, The Sustainable Development Goals – SDG Report 2022,
United Nations UN 2022, https://unstats.un.org/sdgs/report/2022/
The-Sustainable-Development-Goals-Report-2022.pdf .

[52] E. Abbate, I. G. Aguirre, G. Bracalente, L. Mancini, D. Tosches, K.
Rasmussen, J. M. Bennett, H. Rauscher, S. Sala, Safe and Sustainable

by Design chemicals and materials – Methodological Guidance, Publi-
cations Office Of The European Union, Luxembourg, 2024.

[53] B. Giese, M. Drapalik, L. Zajicek, A. Reihlen, D. Jepsen, T.
Zimmermann, German Environ. Agency 2020, 132, 20.

[54] GRACIOUS: Grouping, Read-Across, Characterisation and classifi-
cation framework for regulatory risk assessment of manufactured
nanomaterials and Safer design of nano-enabled products, https:
//cordis.europa.eu/project/id/760840/results/de 2022.

[55] W. Wohlleben, N. Bossa, D. M. Mitrano, K. Scott, NanoImpact 2024,
34, 100510.

[56] R. K. Cross, D. Spurgeon, C. Svendsen, E. Lahive, S. Little, F. von der
Kammer, F. Loosli, M. Matzke, T. F. Fernandes, V. Stone, W. J. G. M.
Peijnenburg, E. A. J. Bleeker, Nano Today 2024, 54, 102065.

[57] V. Di Battista, K. Werle, L. M. Skjolding, W. Wohlleben, A. Baun, Env-
iron. Sci.: Nano 2024, 11, 91.

[58] OECD, Test No.: Dispersion Stability of Nanomaterials in Simulated En-
vironmental Media, OECD Guidelines for the Testing of Chemicals, Sec-
tion 3, OECD Publishing, Paris 2017.

[59] European Union, Off. J. Eur. Union 2008, 51, 353.
[60] European Union, Off. J. Eur. Union 2019, 279, 31.
[61] European Union, Off. J. Eur. Union 2017, 27, 115.
[62] European Union, Off. J. Eur. Union 2009, 338, 87.
[63] European Union, Off. J. Eur. Union 2006, 38, 36.
[64] European Union, Off. J. Eur. Union 2000, 142, 47.
[65] European Union, Off. J. Eur. Union 2009, 330, 28.
[66] European Union, Off. J. Eur. Union 2004, 158, 50.
[67] European Union, Off. J. Eur. Union 1998, 131, 11.
[68] European Union, Off. J. Eur. Union 1991, 177, 22.
[69] European Union, Off. J. Eur. Union 2012, 55, 167.
[70] European Union, Off. J. Eur. Union 2009, 52, 309.
[71] European Union, Off. J. Eur. Union 2009, 342, 59.
[72] European Union, Off. J. Eur. Union 2015, 58, 327.
[73] European Union, Off. J. Eur. Union 2004, 338, 4.
[74] European Union, Off. J. Eur. Union 2011, 54, 12.
[75] European Union, Off. J. Eur. Union 2008, 354, 16.
[76] European Union, Off. J. Eur. Union 2003, 187, 11.
[77] European Union, Off. J. Eur. Union 2017, 60, 117.
[78] European Union, Off. J. Eur. Union 2018, 4, 43.
[79] WBCSD, Portfolio Sustainability Assessment v2.0, 2023,

https://www.wbcsd.org/wp-content/uploads/2023/09/Portfolio-
Sustainability-Assessement-v2.0.pdf .

[80] V. Di Battista, C. Ribalta, K. Vilsmeier, D. Singh, P. Demokritou, E.
Günther, K. A. Jensen, S. Dekkers, V. Adam, W. Wohlleben, Small
2024, 20, 2311155.

[81] J. G. Keller, M. Wiemann, S. Gröters, K. Werle, A. Vennemann, R.
Landsiedel, W. Wohlleben, Nanoscale Adv. 2021, 3, 3881.

[82] V. Di Battista, P. H. Danielsen, A. Gajewicz-Skretna, A. Kedziorski, S.
B. Seiffert, L. Ma-Hock, T. Berthing, A. Mortensen, A. Sundermann,
L. M. Skjolding, U. Vogel, A. Baun, W. Wohlleben, ACS Nano 2024,
18, 32672.

Adv. Sustainable Syst. 2025, 2500217 2500217 (19 of 19) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.202500217 by T

no R
is, W

iley O
nline L

ibrary on [02/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com
https://nano.stoffenmanager.com
https://nano.stoffenmanager.com
https://diamonds.tno.nl/projects/licara
https://diamonds.tno.nl/projects/licara
https://sdgs.un.org/goals
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
https://cordis.europa.eu/project/id/760840/results/de
https://cordis.europa.eu/project/id/760840/results/de
https://www.wbcsd.org/wp-content/uploads/2023/09/Portfolio-Sustainability-Assessement-v2.0.pdf
https://www.wbcsd.org/wp-content/uploads/2023/09/Portfolio-Sustainability-Assessement-v2.0.pdf

