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nanoinformatics in achieving the UN sustainable
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experience†
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The increasing focus on open and FAIR (Findable, Accessible, Interoperable and Re-useable) data is driving

a step-change in how research communities and governments think about data and knowledge, and the

potential for re-use of data. It has long been recognised that international data sharing is essential for

regulatory harmonisation and commercialisation, via the Mutual Acceptance of Data (MAD) principle of

the Organisation for Economic Cooperation and Development (OECD) for example. However, it is

interesting to note that despite the power of data and data-driven software to support the achievement

of the United Nations Sustainable Development Goals (UN SDGs), there appears to be limited awareness

of how nanomaterials environmental health and safety (nano EHS) data can drive progress towards many

of the SDGs. The goal of the NanoCommons research infrastructure project was to increase FAIRness

and impact of nanoEHS data through development of services, including data shepherding to support

researchers across the data life cycle and tools such as user-friendly nanoinformatics predictive models.

We surveyed both service providers and service users on their ideas regarding how nanoEHS data might

support the SDGs, and discovered a significant lack of awareness of the SDGs in general, and the

potential for impact from NanoCommons tools and services. To address this gap, a workshop on the

SDGs was prepared and delivered to support the NanoCommons service providers to understand the

SDGs and how nanosafety data and nanoinformatics can support their achievement. Following the

workshop, providers were invited to update their questionnaire responses. The results from the

workshop discussions are presented, along with a summary of the 12 SDGs identified where increasingly

accessible nanoEHS data will have a significant impact, and the 5 that are indirectly benefited along with

some recommendations for EU-funded projects on how they can maximise and monitor their

contributions to the SDGs.
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View Article Online
Sustainability spotlight

Despite the strong policy push towards safe and sustainable by design materials and the race to net zero, research communities are not always aware of the
potential for their research to support achievement of the UN Sustainable Development Goals (SDGs). Nanomaterials environmental health and safety (nanoEHS
or nanosafety) research clearly addresses SDG 3 (good health and well-being) and SDG 12 (responsible consumption and production), given its focus on
reduction of human and environmental toxicity of nanoscale materials. Further analysis of the combined impacts of (i) making nanosafety data more ndable,
accessible, interoperable and re-useable (FAIR) and (ii) the democratisation of access to advanced nanoinformatics through provision of user-friendly models for
nanomaterials hazard and risk prediction (that do not require users to have advanced programming skills), via community-focussed research infrastructures
(“commons”) determined that nanoEHS directly supports 12 of the 17 SDGs, and indirectly supports the other 5 SDGs. However, the benets of FAIR data and
soware can only be fully exploited when available on public infrastructures like NanoCommons, which are themselves sustainable.
1 Introduction

Anthropogenic pressures on the Earth System have reached
a scale where abrupt global environmental change can no longer
be excluded. Over the last decade, sustainability researchers have
determined planetary boundaries in order to establish the “plan-
etary playing eld” for humanity and reduce the concomitant risk
of major human-induced environmental change on a global
scale.1 Transgressing one or more planetary boundaries may be
deleterious or even catastrophic due to the risk of crossing
thresholds that will trigger non-linear, abrupt environmental
change within continental-to planetary-scale systems.1,2 Nine
planetary boundaries have been dened, including climate
change, ocean acidication, stratospheric ozone, biogeochemical
nitrogen and phosphorus cycles, global freshwater use, land
system change, the rate at which biological diversity is lost,
chemical pollution and atmospheric aerosol loading. The social
impacts of transgressing boundaries will be a function of the
social–ecological resilience of the affected societies, and inevi-
tably, less economically developed societies will be more affected
than developed economies where even basic needs such as access
to clean water and power/energy are not always met. Calculations
suggest that while physical needs such as nutrition, sanitation,
access to electricity and the elimination of extreme poverty could
likely be met for all people globally without transgressing plan-
etary boundaries, the universal achievement of more qualitative
goals (for example, high life satisfaction) would require a level of
resource use that is 2–6 times the sustainable level, based on
current relationships.3 Thus, innovative approaches are needed
to develop sustainable materials, processes and approaches that
support improved life quality for all within the planetary
boundaries and meet social needs.

Against this backdrop, the 2030 Agenda for Sustainable
Development was adopted by world leaders in September 2015
setting an ambitious 15 year agenda tomobilize global efforts to
end all forms of poverty, ght inequalities and tackle climate
change, while ensuring that no one is le behind, resulting in
the 17 SDGs. The SDGs build on, and go beyond, the relative
success of the eight Millennium Development Goals (https://
www.un.org/millenniumgoals/) which were the focus of the
global developmental agenda for the 15 years from 2001–2016.
As per the UN SDG statement, the SDGs “recognize that ending
poverty must go hand-in-hand with strategies that build economic
growth and address a range of social needs including education,
health, social protection, and job opportunities while tackling
climate change and environmental protection”.
024 The Author(s). Published by the Royal Society of Chemistry
Feeding into the momentum surrounding the establishment
of the SDGs, in November 2014 an Independent Expert Advisory
Group to the UN made concrete recommendations on bringing
about a data revolution in sustainable development.4 The report
highlighted two big global challenges for the current state of
data: (i) the challenge of invisibility (gaps in what we can discern
from the data and the timeliness of the data generation), and (ii)
the challenge of inequality (gaps in terms of those who are able
to access necessary information in order to make their own
decisions) and called for a UN-led effort to mobilise the data
revolution for sustainable development through:

C Fostering and promoting innovation to ll data gaps;
mobilising resources to overcome inequalities between devel-
oped and developing countries and between data-poor and
data-rich individuals and groups,§ and

C Leadership and coordination to enable the data revolu-
tion to play its full role in the realisation of sustainable
development.

Since then, several major initiatives have emerged to support
increasing democratisation of access to data, including the
Open data movement, e.g., the EC has expanded its demand for
research to produce open data), the publication of the FAIR
(Findable, Accessible, Interoperable and Re-useable) data
principles5 and more. We note, of course, that FAIR data is not
the same as Open data, but by making data FAIR (Findable,
Accessible, Interoperable and Re-useable) there is greatly
increased clarity in terms of what data exists (via the indexed
metadata), how to access this data (and from whom permission
is needed), and the licence conditions for any proposed re-use
thus increasing the potential for effective repurposing of data
enabling improved data driven decisions. While progress
towards data sharing has generally been quite slow, several
promising movements have emerged recently, including the
https://www.un.org/sustainabledevelopment/sdg-publishers-
compact/, which is designed to inspire action among publishers
to accelerate progress to achieve the SDGs by 2030; this includes
encouraging and promoting articles related to SDGs and acting
as champions of the SDGs during the Decade of Action (https://
www.un.org/sustainabledevelopment/decade-of-action/) (2020–
2030) via the by removal of paywalls from key articles and
related initiatives. Another recent initiative is the Data Values
movement which calls for urgent action to create a FAIR data
future; for example, the Data Values Project (https://
www.data4sdgs.org/blog/data-values-act-now-create-fair-data-
§ https://www.un.org/en/global-issues/big-data-for-sustainable-development
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future-all) proposes a new agenda for how data is collected,
managed, funded, and used with the aim of helping and
empowering people, recognising that data needs to serve
everyone, and this is as much a political and social endeavour
as it is a technical one. Building on FAIR, recent initiatives for
data repositories such as TRUST (Transparency,
Responsibility, User focus, Sustainability and Technology)6

and CARE (Collective benet, Authority to control,
Responsibility, and Ethics) principles for indigenous data
governance.7 There have also been important developments
recently in terms of open and FAIR soware and research
services,8 which will, in principle, support the uptake and
utilisation of data in tackling the SDGs.

In terms of technologies that can be applied to support the
SDGs, nanotechnologies have long been recognised as having
the potential to offer disruptive, game-changing breakthroughs
and innovations that can provide immediate answers and
solutions to help our society, environment, and the planet, and
to solve many of humanity's grand challenges. Indeed, nano-
technologies potential role in addressing the Millennium
Development Goals was evaluated by the United Nations Task
Force on Science, Technology and Innovation as far back as
2005.4 A recent review paper summarised the potential of
nanotechnologies to support and drive international efforts in
sustainability and to support the achievement of the United
Fig. 1 Nanotechnology is at the core of technology-based solutions fo
machine learning, in renewable energy, in enhanced waste managemen
mental health. Reprinted with permission from.9 Copyright 2021 Americ

1380 | RSC Sustainability, 2024, 2, 1378–1399
Nations' SDGs.9 The authors suggest that nanotechnologies can
accelerate the progress toward the SDGs through technological
solutions and interdisciplinary skills in communication and
tackling difficult challenges.9 They identied six key areas for
advances, as shown in Fig. 1, including:1 the Internet of Things
(IoT) integrating Articial Intelligence and quantum devices to
bring innovations in computing, which underpins many of the
SGDs;2 transportation with high safety and low environmental
impact, utilising for example light-weight yet strong nano-
composite materials addressing Goal 11: Sustainable Cities and
Communities;3 nanobiotechnology for health and medical care
addressing Goal 3: Good Health and Well-being as well as Goal
2: Zero Hunger (Food and Agriculture) and Goal 12: Responsible
Consumption and Production;4 service robots coexisting with
and supporting people which is linked to healthy ageing and
thus Goal 3: Good Health and Well-being;5 smart materials to
enable sustainability of water, air, and materials which
addresses multiple goals including Goal 13: Climate Action,
Goal 14: Life Below Water and Goal 15: Life on Land; and6

energy materials and devices to enable renewable energy
production and energy saving addressing Goal 7: Affordable and
Clean Energy.9 Underpinning the translation of all of these into
real world solutions for the global south is the need for data
sharing and democratised access to knowledge.
r a sustainable future, driving advances in the Internet of things and
t and more, which collectively lead to improved human and environ-
an Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Indeed nanotechnologies and advanced materials are at the
heart of the EU sustainability agenda including the EU Green
Deal (https://commission.europa.eu/strategy-and-policy/
priorities-2019-2024/european-green-deal_en) which lays out
Europe's transition into the rst digitally led circular, climate-
neutral and sustainable economy, and the Advanced Materials
Initiative 2030 (https://www.ami2030.eu/) via which safe and
sustainable materials provide a backbone and source of
prosperity for a sustainable society. However, there is a major
challenge to ensure that these advances are achieved in an
inclusive manner (a core tenet of the SDGs), and that the
application of nanotechnologies does not further exacerbate
the technological and informational divide. Recent research
on the wider societal considerations of emerging technologies
including nanotechnologies, reects on issues such as
economic and social (in)justice, potential violations of privacy
and autonomy, and unethical applications.10 In the face of
these ethical issues, the authors argue that there is a need for
transparency, interdisciplinary panels concerned with “nano-
ethics” and institutions of democratic control (governance
and regulation) of technological solutions.11

EU-wide research infrastructures, which harness communi-
ties and accelerate research in priority areas, have a key role in
enhancing the accessibility of research data, tools and services,
and in increasing the training in emerging technologies in their
domain. As such research infrastructures are playing an
increasingly important role both in supporting FAIR data for
their research domain, and in enhancing the sustainability and
accessibility of the products of research, and thus are ideally
placed also to support the translation of research to support the
SDGs. The EU-funded starting-community (https://
cordis.europa.eu/programme/id/H2020_INFRAIA-02-2020)
research infrastructure project NanoCommons (http://
www.nanocommons.eu/) (2018–2022) was mandated to
initiate the development and implementation of a central,
community-wide knowledge infrastructure facilitating the
development of predictive models and nanoinformatics tools
and the harmonisation and FAIRication of nanomaterials
safety data for modelling, safe-by-design product development
and regulatory approval. Due to its overarching goal to
become the central infrastructure for nanomaterials safety,
NanoCommons acts as a role model and best practice
example for addressing the sustainability challenges
described above. To achieve this, the project aimed to
implement and provide its tools and services in a manner
fostering economic, environmental and social sustainability
directly via the transition towards a digitalised and
collaborative approach to nanomaterials environmental health
and safety (nanoEHS) research and sharing openly and FAIRly
the resulting datasets, models and soware to allow their re-
use globally.

As part of its commitment to sustainability and impact from
its activities, NanoCommons performed an evaluation of how
its research support services, through provision of access to its
data shepherding (FAIR data management) services and its
bespoke development of nanosafety informatics tools for
prediction of the hazards associated with nanomaterials, are
© 2024 The Author(s). Published by the Royal Society of Chemistry
perceived by both service providers and service users with respect
to the “global innovation system” for sustainable development
technologies. The extent to which NanoCommons datasets,
models and tools can contribute to each of the 17 SDGs
throughout the value chain, and the risks and opportunities
they individually represent, was analysed based on the survey
results, training sessions on the SDGs provided to the service
providers, and analysis of the literature. The results of this
evaluation are presented, and provide the basis for recom-
mendations on where positive impacts can be scaled up, where
negative impacts can be reduced or avoided, and where addi-
tional activities or refocusing is needed to target even more
SDGs via FAIRication of data and informatics tools and
soware.
2 Methods and approaches
2.1 Initial mapping of NanoCommons potential to
contribute to the SDG

The UN SDGs are intended to be achieved by the year 2030, as
per UN Resolution 70/1 setting out the 2030 Agenda (https://
sustainabledevelopment.un.org/post2015/
transformingourworld), and were designed to be a “blueprint to
achieve a better and more sustainable future for all” by
addressing and balancing the following three main pillars:
economic sustainability (also referred to as prot),
environmental sustainability (also referred to as planet) and
social sustainability (also referred to as people). The rst
objective was to map the SDGs onto the NanoCommons
activities and outputs to identify which SDGs are the most
important, as not all 17 SDGs were expected to be equally
relevant for NanoCommons.
2.2 Evaluation of the services provided by NanoCommons
via its transnational access pillar

Within the EU Research infrastructure funding model, research
infrastructures should provide “Access” to laboratory facilities
and/or computational resources and other services. In the case
of NanoCommons, whose focus was on integrating and FAIR-
ifying the nanosafety data landscape to facilitate development
of nanosafety informatics models (nanoinformatics) the access
offered was grouped into 4 categories as shown in Fig. 2: (i)
experimental (data management) workows, (ii) data process-
ing and analysis tools to support the integration, quality
assurance, ontology annotation and uploading of data into
repositories, (iii) data visualisation and predictive toxicity
modelling with a strong focus on predicting nanomaterials
properties, exposure and impacts, and (iv) data storage and
online accessibility services to increase the availability and long-
term preservation of data.

Users, who applied for access via rolling and targeted calls
for users, were specically supported by the NanoCommons
partners in using the services and adapting them to their
specic needs. This was possible through the specic instru-
ment of European infrastructure projects called Transnational
Access (TA). In the case of NanoCommons, nanosafety
RSC Sustainability, 2024, 2, 1378–1399 | 1381
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researchers from industry, academia and regulatory bodies
were able to apply for TA projects giving them access to the
state-of-the-art NanoCommons expertise, services, and facilities
free of charge to advance their work, solve problems and take
their research to the next level.
2.3 Questionnaire for service providers and users

Since the TA projects represent real-world applications of the
infrastructure, they were also the best testbed for evaluating if
NanoCommons met its goals with respect to boosting sustain-
ability of nanosafety research in general and providing
a sustainable data and nanoinformatics infrastructure more
specically. A questionnaire, reproduced in ESI 1,† was sent to
all providers and users of the 31 TA projects (see Table S1 in ESI
2†), asking for an evaluation of the TAs from the different
perspectives,

(1) Service provider perspectives were focussed on:
(a) The commercial potential of the specic tool or service;
(b) Lessons learned for improving the service;
(c) Relevance for the UN SDGs.
(2) Users were asked to give their perspective on the services

they utilised assessing their:
(a) Satisfaction with the TA outcomes;
(b) Interest in future access to these services, potentially in

a commercial setting
(c) Views on the relevance of the tool/service for addressing

the SDGs.
Not all providers or users completed the survey, so the

analysis is based on those that did respond (20 completed TA
project teams provided feedback).
2.4 SDGs workshop

It was evident from the early replies to the survey of TA project
that the providers and users were oen uncertain how to relate
the work performed and the obtained results to the SDGs, both
on an individual TA level as well as on the level of the broader
impact of the supported projects and similar projects beneting
from the NanoCommons services. This led to many Nano-
Commons partners asking for more training on the SDGs. To
1382 | RSC Sustainability, 2024, 2, 1378–1399
address this need and to support the TA providers an interactive
webinar on SDGs was organised on 9th May 2022. The webinar
started with a presentation highlighting the importance of
addressing the SDGs with our research and to increase the
consortium's knowledge on the different aspects addressed by
the SDGs within the nanosafety community. This was followed
by an interactive open discussion. An online white board,
MURAL (https://www.mural.co/), was used to facilitate the
interaction of all NanoCommons partners and to stimulate
their active participation while answering the following
questions (Q):

C Q1: Which UN SDGs are relevant for NanoCommons from
your point of view? How do open/FAIR data, tools and models
support the SDGs? What are potential barriers and challenges?

C Q2: How can open and FAIR data, tools and models
support the achievement of specic SDGs?

C Q3: What is needed to make 1 + 2 happen?
This created a common understanding on the term

“sustainability”, put sustainability and the SDGs into a wider
context, and created awareness and understanding regarding
how open and FAIR data, tools and models supports the
achievement of the UN SDGs. The additional knowledge was
then put into action by revising the SDG questionnaires of the
previous section.

2.5 Supporting sustainability and the SDGs versus becoming
self-sustaining

Running in parallel to the analysis of how FAIR data supports
and easier access to nanoinformatics tools can support the
SDGs and enhance the sustainability research was an under-
lying question of whether embedding the services as tools for
achieving the SDGs might also serve to enhance the long-term
sustainability of the tools and services themselves. Thus, this
work was carried out as part of our overall set of activities
designed to ensure the legacy of NanoCommons beyond its
funded lifetime, considering the ‘valley of death’ for many pre-
commercial research outputs. One of the approaches trialled
within NanoCommons to support longer-term sustainability
was through building critical mass and a “commons” approach,
by integration of tools and approaches developed in previous
© 2024 The Author(s). Published by the Royal Society of Chemistry
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projects, such as the GUIDEnano decision support tool. Another
approach evaluated was providing a common data interface to
enable effective integration of data from different databases via
a semantic interoperability layer that maps the data models in
the different databases to identify synonyms to group compa-
rable data. Some of these approaches were more successful than
others, but none completely negated the need for sustained
investment in resource maintenance and onward development
as a community-focussed research infrastructure platform.

3 Results and discussion
3.1 Overall relevance of “FAIR data”-focussed research
infrastructures for the SDGs

In order to evaluate (i) how NanoCommons has been support-
ing the achievement of the SDGs through its research support
services, (ii) how these services are essential for development of
safe and sustainable nanomaterials (NMs) and nano-enabled
products and, (iii) more broadly, how these services may have
a positive impact on the “global innovation system” and the
sustainable development of new technologies, the designed
questionnaire to evaluate the effectiveness of the TA services
provided by NanoCommons was sent to both the TA providers
(partners in NanoCommons) and the TA users (the recipients of
the NanoCommons services and tools) following the comple-
tion of the TA projects. Fig. 3 shows the main SDGs extracted
from the rst set of completed questionnaires received (i.e.,
aer the rst set of TA projects were nalised and reported),
mapped to the 3 dimensions of sustainability (people, prot,
planet). Interestingly, despite the nanoEHS focus of the project
and its services and tools, SDG 3: good health and well-being
Fig. 3 SDGs mapped onto the three pillars of sustainability that were me
supported through the research and development activities of NanoCom
mapping described below, is provided as Fig. S1 in ESI 3†).

© 2024 The Author(s). Published by the Royal Society of Chemistry
was not initially identied as one of the SDGs the project was
supporting, while SDG 12: responsible Consumption and
Production was. Others identied at this stage reect the
collaborative nature of the TA projects (SDGs 16: strong insti-
tutions and 17: partnerships) and the infrastructure aspect also
emerged, via SDG 9.

The SDGs identied in the initial round of TA evaluation are
highly relevant for the safety and regulatory aspects of nano-
materials, which aligns with NanoCommons' goals of prevent-
ing negative effects from nanomaterials on human health and
the environment, as well as highlighting the community-
building efforts represented by NanoCommons as a research
infrastructure project. However, only 50% of all SDGs were
identied as beneting from NanoCommons activities. It was
assumed by the NanoCommons sustainability team that the
reason for not considering the other SDGs was not a lack of
relevance of our activities but rather a low awareness and
knowledge about the SDGs in the NanoCommons consortium
and the TA user base. Indeed, both TA service providers and
users expressed a need for additional guidance and to help
them to place their projects into this larger context when lling
in the questionnaire.

To provide this guidance, an internal NanoCommons SDG
workshop was organised in May 2022 and the learnings from
the workshop were included in the subsequent evaluations of
the NanoCommons TA projects. The workshop guided Nano-
Commons partners through different questions to create
a common understanding of the term “sustainability”, to place
sustainability and the SDGs into a broader context, to create
awareness and understanding of how open and FAIR data, and
nanoinformatics tools and models support the achievement of
ntioned in the first set of answers received, either directly or indirectly
mons. (A refined version of this figure, resulting from the further SDG

RSC Sustainability, 2024, 2, 1378–1399 | 1383
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the UN SDGs, and to dene potential barriers and challenges.
Partners were able to reect and provide feedback on how
concretely their tools developed within the NanoCommons
project support the achievement of the SDGs, either directly or
indirectly. Together, we developed suggestions on what would
be needed to achieve greater impact from, and long-term
sustainability of, NanoCommons results. To create an interac-
tive atmosphere in the workshop, an online whiteboard tool was
used (Mural), and the whole mural can be seen in Fig. 4 and is
accessible online here (https://www.bnn.at/wp-content/
uploads/2023/03/NanoCommons-SDG-Training_2023-03-07_14-
14-05.pdf) to allow zooming in.

The framing of the workshop suggested that as all our
activities within NanoCommons were focussed around sup-
porting nanoEHS, some of the SGDs were inherently relevant,
such as SDG 3: good health and wellbeing, which positively
inuenced how participants framed their responses and the
subsequent discussions. The organisers pointed to other rele-
vant goals (SDG 10: reduced inequality, SDG 11: sustainable
cities and communities, SDG 12: responsible consumption and
production and SDG 16: peace and justice via strong institu-
tions) prompting discussions around their relevance and the
extent to which they are addressed by the NanoCommons
services. The open science and data efforts of NanoCommons
Fig. 4 MURAL board summarising the outcomes of the internal workshop
(https://www.bnn.at/wp-content/uploads/2023/03/NanoCommons-SDG
details.

1384 | RSC Sustainability, 2024, 2, 1378–1399
were identied as being strongly related to all these SDGs since
model and data transparency supports good decision making
and governance, leading to more sustainable nanomaterials on
the market. In addition to the workshop, 1-to-1 sessions were
organised with the TA providers, which helped NanoCommons
partners to think more broadly and better understand and
identify SDGs for which their research outputs could be
relevant.

These discussions had a strong inuence on the subsequent
TA evaluations. Fig. 5 shows the breakdown of the SDGs that
were identied based on the combined TA providers and TA
applicant perspectives and their mapping onto the three pillars
of sustainability is provided in Fig. S1 of the ESI 3.† Now, 12 of
the 17 SDGs are selected as relevant at least once. Some SDGs
like SDG 3 “good health and well-being” and SDG 6 “clean water
and sanitation” are quite obvious and are selected very oen
since they are directly related to nanosafety. However, it is very
encouraging that SDG 17 “partnerships for the goals”, was
actually the most oen named SDG, with SDG 9 “industry,
innovation and infrastructure”, and SDG 8 “decent work and
economic growth”, and to a lesser extent SDG 10 “reduced
inequality” and SDG 11 “sustainable cities and communities”
also being identied frequently in the TA project evaluations.
This demonstrates that NanoCommons was successful in its
addressing the UN SDGs – readers can access the online version here
-Training_2023-03-07_14-14-05.pdf) in order to zoom in to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SDGs identified as being addressed in the different NanoCommons TA projects (based on the TA evaluations from the TA applicant and TA
provider perspectives). The x-axis shows the number of times an SDG was mentioned in the feedback questionnaires.
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mission of being a community building initiative and in
providing a nanosafety data and nanoinformatics infrastructure
available to many.

Less obvious SDGs were also associated with the TA projects
in the revised evaluations, which can be reasoned by the greater
awareness of these goals generated in the NanoCommons SDG
workshop andmore generally by the many journals increasingly
tagging articles with specic SDGs. Besides RSC Sustainability
as a dedicated journal for this topic, Elsevier have published
special issues dedicated to specic goals, and established
a tracker for the number of publications addressing each goal
over the previous month, while Springer Nature has an SDG
programme and communities and recently conducted a survey
of researcher attitudes towards each of the SDGs. The raw data
from the latter is available for download for further analysis.
Most publishers have signed up to the SDG Publishers Compact
which aspires to develop sustainable practices and act as
champions of the SDGs during the Decade of Action (https://
www.un.org/sustainabledevelopment/decade-of-action/) (2020–
2030), publishing books and journals that will help inform,
develop, and inspire action in that direction. We hope that
publishing the NanoCommons analysis on how open and
FAIR nanosafety research supports the SDGs will give another
push to national and EU-funded projects and infrastructures
to consider how they can support the achievement of the SDGs.

As an infrastructure project, NanoCommons's mission was
the creation of partnerships, promotion of the use of pre-
competitive open standards, sharing open science and data/
knowledge and integration of solutions (from any source)
which are then provided together with open and freely available
theoretical and experimental background information and
training materials in a single platform to facilitate quality
education (SDG 4). The infrastructure “provides open and freely
available tools that can be used for educational purposes” and
by providing “precompetitive open standards, open source, and
open data/knowledge” as per quotes from the Mural board.
NanoCommons also covered different life-cycle stages of
materials, which contributes to the UN goal of sustainable
production and reduction of resources and waste. Safe-by-
Design (SbD) and Safe-and-Sustainable-by-Design (SSbD)
© 2024 The Author(s). Published by the Royal Society of Chemistry
models should guide the production of NMs which are less
harmful to human health and the environment (SDG 3). The
infrastructure “provides tools that quantify the risks which are
due to exposure to nanomaterials (NMs) in occupational
settings and the environment” and “SbD (safe-by-design) tools
lead to the production of NMs which are less harmful to human
health and to the environment”, as reected in the Mural board.

We recognise that the stakeholder group involved in these
discussions represented only a snapshot of the broader nano-
technologies and advanced materials communities. This
ensured that the selections were biased towards areas of
particular interest and limited by the specic knowledge and
understanding of the group. To help address this lacuna, we
briey indicate how nanoinformatics and FAIR data might
support the remaining SDGs. For example, as a key enabling
technology, nanomaterials are core to innovation and industrial
competitiveness, and when applied to develop focussed solu-
tions to local challenges can be a means to stimulate economic
activity and provide jobs, thus helping to address poverty
(SDG1: no poverty), although access to data regarding safety and
sustainability remains essential. In terms of SDG2 (zero
hunger), nanotechnologies are being actively developed as
carriers for pesticides, fertilisers and to enhance nutrient
uptake and as a route to sustainable and precision agriculture.
Furthermore, nanoinformatics approaches and access to FAIR
data will support the tailoring of solutions for specic soil and
climate conditions. With respect to SDG4 (quality education),
the combination of nanoscience's central role addressing
urgent interdisciplinary socio-environmental issues allied to the
innovative democratising dynamic embedded in FAIR data and
nanoinformatics web applications promises to provide a stim-
ulating context within which to advance ‘inclusive and equi-
table quality education and promote lifelong learning
opportunities for all’. Nanomaterials are core to the develop-
ment of renewable energy solutions including effective capture
and storage techniques in addition to articial photosynthesis
processes, with nanoinformatics and materials modelling
offering opportunities to design and test (in silico) potential
solutions prior to producing them, thus reducing risk and
driving progress towards SDG7 (affordable and clean energy).
RSC Sustainability, 2024, 2, 1378–1399 | 1385
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Finally, the governance of new technologies is essential to
ensure that they are developed safely, equitably and sustainably,
and nanotechnologies have been at the forefront of responsible
innovation and consideration of governance needs. FAIR data
will support the transfer of knowledge on responsible gover-
nance alongside the channelling of novel applications and help
support the establishment of strong institutions essential to
SDG16 (peace and justice, strong institutions).

Achieving long-term sustainability of the outputs, beyond
the funded project lifetime is a challenge. To achieve sustain-
ability of the NanoCommons Infrastructure and support prog-
ress towards the UN SDGs, several community-level
recommendations were identied during the workshop as
follows:

C Strive for a mixed publicly funded/commercial platform
to expand and consolidate the already established infrastruc-
ture for users/customers/community and thus also contribute
to the establishment of NanoCommons as a publication plat-
form for peer-reviewed data.

C Aim for support from the European Commission & Jour-
nals to push for open data access & for a mechanism for citing
datasets (in addition to publications), to drive data re-use.

C Sustain EU and project partner's investments in R&D
projects by supporting the maintenance of the project outputs
(infrastructure, helpdesk, tools, services, etc).

C Elaborate incentives for users and contributors, especially
the industrial sector, to further grow the FAIR and Open
NanoEHS and SbD/SSbD community.

C Provide NanoCommons services and resources, such as
shared knowledge and educational materials, through relevant
platforms and further emphasise the dissemination of our open
and FAIR research results by promoting transparent data
ownership, ensuring that the source(s) are acknowledged, and
thus strengthening trust in NanoCommons and more generally
in the value of the “Commons” approach to sustain community
resources.

The FAIR data principles can themselves contribute to
sustainable development in a number of ways. For example,
they can be used to support the monitoring and evaluation of
SDGs, by making data available in a way that allows it to be
easily discovered, accessed, and used by stakeholders such as
policymakers, researchers, and end-users. Additionally, FAIR
data also strengthens sustainable development decision-
making and planning by providing reliable and up-to-date
information on key indicators and trends. Furthermore, FAIR
data can help to support transparency and accountability in
sustainable development efforts by making data available to the
public and other stakeholders. However, the workshop still le
some open comments and challenges with the central question
of how to overcome the social problem of fear of sharing data
and how to nd the best way to show that FAIR/open data is the
only path to sustainable science. One highly promising devel-
opment in this direction, which is building in part on the
NanoCommons ndings, as well as those from several other
research domains, is the WorldFAIR project (https://worldfair-
project.eu/), which is showcasing a set of 11 disciplinary and
cross-disciplinary case studies to advance implementation of
1386 | RSC Sustainability, 2024, 2, 1378–1399
the FAIR principles and, in particular, to improve interopera-
bility and reusability of digital research objects, including data.
While the focus of the WorldFAIR project is quite technical, in
terms of developing and documenting the available best FAIR
practice in each research domain, these best practice guidelines
are expected to support a transition within and beyond these
communities to a greater implementation of FAIR data
management. Within each of the case studies, there is also an
effort to capture examples of real world practice-change, and of
knowledge-enhancement resulting from increased access to
FAIR data, and in the nanomaterials case study (https://
worldfair-project.eu/nanomaterials/), also to increasingly
democratised access to FAIR models and soware through
provisions of user-friendly graphical user interfaces. We note
also the important roles of funders and publishers in driving
the transition to FAIR and Open data, including via the many
ongoing initiatives linked to the SDGs, as described in the
introduction to this manuscript. Additionally, ongoing training
needs (both in terms of using/accessing data in existing repos-
itories, and uploading data to trusted repositories has been
identied as a major need within the chemicals risk assessment
domain (represented by the EU's Partnership for Assessment of
the Risks of Chemicals (PARC (https://www.eu-parc.eu/
thematic-areas/building-infrastructure-and-human-capacities/
skills-development-fairication-parc)), for example). Finally,
the key features needed for ideal data repositories (metadata
control, data traceability, security, stable infrastructure, and
data use restrictions) have been identied based on focus
groups which should increase condence of users in
depositing data early and oen.12
3.2 Value of specic research infrastructure services (FAIR
data and nanoinformatics tools)

From the global view on the potential contributions of FAIR
data-focussed research infrastructures to achievement of the
SDGs, we zoom into the specic services provided by Nano-
Commons, in terms of their contributions to achievement of the
SDGs. For this, we will separate the services provided by
NanoCommons into two groups, nanoinformatics services (i.e.,
support from experts in NanoCommons to develop bespoke
computational models via TA categories (ii) data processing and
analysis and (iii) data visualisation and predictive toxicity as
shown in Fig. 2) or support for data handling and FAIRIcation
(i.e., services related to topics (i) experimental design and (iv)
data storage and online accessibility as shown in Fig. 2).

Many of the nanoinformatics services requested by the rst
group of users were already quite mature at the start of Nano-
Commons. Therefore, it was important to see if the infrastruc-
ture and its approaches towards harmonisation,
interoperability and openness are actually providing additional
benets to users, in part through sustaining access to, and
support for, the services. This was accessed by the rst set of
questions in the questionnaire (see ESI 1†) on the relevance of
the NanoCommons Knowledge Infrastructure for sustainability.
Somewhat surprisingly but encouragingly, the importance of
providing the services as part of an infrastructure was seen as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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high or very high by all users and providers. Evidence for the
importance of research infrastructures to achievement of SDG
17: Partnerships, SDG 9: Industry Innovation and Infrastruc-
ture, and partly SDG 8: Decent work and Economic Growth is
provided in the following (anonymised) statements from the
questionnaires:

C “The development of such tools promotes the collaboration
between experimentalists and computational scientists, max-
imising data exploitation and the added value from scientic
research.”

C “The NanoCommons infrastructure supported the collabo-
rative research performed in this TA (project).”

C “Adaptation of the existing services to the requirements of the
user (TA applicant) along with the offered consultancy functioned
as a matchmaking tool to bring the TA applicant and provider
together.”

C “Such tools can assist with calculating NMs' descriptors in
different environments and for computing missing data and helping
with the development and regulatory requirements of new mate-
rials. They also promote collaboration between experimentalists
and computational scientists. Both partners have beneted from
each other's expertise, and we will continue our collaboration.”

Reecting on the scientic questions and the specic
services used in the TA projects, additional SDGs were
mentioned. These were mainly SDG 3: Good Health and Well-
Being, and SDG 6: Clean water and Sanitation as the main
targets of nanosafety research nicely, The following (anony-
mised) statements expressed the need to guarantee good health
and well-being by providing information on the safety of (nano)
materials and to support decision making:

C “This TA application is related to the kinetics of nano-
materials and the translocation rates of NMs into the bloodstream,
which might support novel medical research.”

C “Having a hub of physiologically based pharmacokinetics
(PBPK) models that can easily be integrated into computational
pipelines promotes research related to human health. For nano-
materials in particular, there are only a few models that describe
their kinetics and especially their translocation into the blood-
stream aer inhalation exposure, and therefore, having such
a model uploaded on a publicly accessible platform is essential for
future research on risk mitigation efforts.”

C “Predictive models are very important and support the
process of designing safer NMs, which maintain the desired func-
tionalities but reduce hazards and adverse effects on human health.
The näıve Bayes model will be very useful also in prioritising
experimental testing.”

C “Predicting the zeta potential of NMs can help with cleaning
water from heavy metals.”

C “The NanoCommons services were used to bring safe-by-
design aspects into a ligand screening campaign to speed up the
drug development process. Such collaborative research projects will
also in the future be captured, and support in developing custom-
ised but still harmonised (meta)data reporting templates and
training on how to ll those in.”

The second group of TAs, which were designed to support
(meta)data curation, ontologies and semantic annotation, and data
warehousing, show a different picture. Firstly, we have to state
© 2024 The Author(s). Published by the Royal Society of Chemistry
that the dataset for this group is quite small, since only four TAs
were evaluated and of those only two TA applicants answered
the question on the received benets – we expect that this is, at
least in part, a reection of the less clear link between data itself
and the SDGs, compared to that from models. Indeed, the
ongoing limited understanding of the inherent value of well-
described (by rich metadata) datasets and thus of the services
to implement metadata and datamanagement, is a major driver
for the current article which aims to increase awareness of the
role of FAIR nanoEHS data for the SDGs.

We note that in these data curation TA projects the appli-
cants frequently requested ontology or data storage services.
However, in the discussions between service providers and
applicants it became clear that other more fundamental issues
needed to be addressed rst, such as supporting the user in
dening the metadata (data about their data). This can be
collectively termed data consultancy services or data shepherding
services as outlined in 13. However, these are extremely work
intensive, which resulted in most of these TA projects requiring
much more time than originally planned. In one case, the
applicant withdrew upon understanding the required effort
from their side, reecting on a common misunderstanding that
data management can be done “for you” rather than “by you”. It
is clear that there remains confusion and misunderstanding of
the various roles in the quest to implement the FAIR data
principles for nanosafety research data. Database providers,
data stewards and data infrastructures like NanoCommons only
provide part of the solution, whereas good data management
practices have to be implemented at the study design stage and
continued throughout all stages of the data life cycle as outlined
in 13. Data shepherding services, as provided by NanoCommons,
were an important and appreciated part of the NanoCommons
Knowledge Infrastructure services as can be seen from an
(anonymised) quote:

C “Infrastructures are partly technical but for a large compo-
nent also about human interaction. NanoCommons has acted
a “commons” where ideas are exchanged, e.g., via the monthly
NanoSafetyCluster WG-F (https://www.nanosafetycluster.eu/
nsc-overview/nsc-structure/working-groups/wgf/) conference
calls, as well as the NanoCommons initiatives like the European
Registry of Materials,14 the ontology, and the NanoCommons
collaborations with the ELIXIR Toxicology Community.15

NanoCommons as a “commons” has created a platform to help
researchers unite their research.”

Similar to the nanoinformatics tools, the SDGs most oen
mentioned for this group of TA projects are SDG 17: Partner-
ships, SDG 9: Industry Innovation and Infrastructure, and partly
SDG 8: Decent work and Economic Growth, as well as SDG 3:
Good Health and Well-Being. While not mentioned in the
answers, we want to add SDG 10: Reduced Inequalities, here. All
of these benets are only possible when guaranteeing open
access to knowledge, extractable from the data in a collaborative
scientic environment.

The experiences from NanoCommons “access” projects
show that the high-level project goals have to be aligned and
balanced with the shorter-term goals of users, especially those
from small and medium enterprises (SMEs) who are oen
RSC Sustainability, 2024, 2, 1378–1399 | 1387
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under nancial and cash-ow pressure. A key message from
users was that data management for its own sake is not suffi-
cient but needs to lead to new opportunities based on data
accessibility and re-use. This will take some additional time to
demonstrate but inevitably not all datasets will (or should) be
reused. A key challenge will be helping users to determine
which data have external value and convincing them that
concepts and approaches of high-quality data management and
data FAIRness are worth implementing also for internal data
use and reuse.

It is interesting to note that the differences between data-
related and nanoinformatics TAs can even be seen in one
single TA. This TA covered a large spectrum of services from
data curation of the experimental data, prediction of nano-
material coronas, to storage of the combined experimental/in
silico data in the data warehouse (and resulted in a collaborative
publication – see 16. While the objectives of the nanoinformatics
part were completely achieved or even overfullled by
improvement of the model using the experimental data, the full
integration of the dataset into the NanoCommons Knowledge-
Base was hindered by missing ontology terms and could only be
partially realised. This highlights the need for long-term
sustainable support for key community-based tasks, such as
extending the community ontology coverage on an ongoing
basis, to be performed by a central infrastructure.
3.3 Balancing commercial and social sustainability goals

Despite the widespread agreement that a nanosafety infra-
structure has to be sustained, the answers to the questionnaire
also made clear that this cannot happen solely by commerci-
alising the services. This is true for both groups of services
(nanoinformatics and FAIR data services) but is especially true
for the data services. Even though the NanoCommons Knowl-
edgeBase is based on a commercial data warehouse, running it
as a commercial service would only be possible by charging fees
to cover themaintenance costs and allow small modications to
follow new scientic developments. The important data shep-
herding costs (i.e., the time spent understanding the users'
needs, reaching consensus on what metadata to collect and
developing the templates, as described in the very nice series of
papers from the Horizon 2020 ASINA project (https://
www.asina-project.eu/) who were one of the rst projects to be
guided through the whole process of FAIR nanosafety data
management by the NanoCommons data shepherds – see 17–19

could still not be covered by these fees. To use additional
(anonymised) quotes from the questionnaire responses:

C “The commercial potential is low: the cost to the provider is
high, translating into a high cost/price for the offer, typically too
high for most people (limited research funding, grant funding rules,
etc), setting a small potential client base.”

C “Potential commercial activity will be to receive funding in
order to curate the data and metadata from large datasets that
cannot be used [currently] in models and tools. Not sure if there is
a market for industry or institution.”

Even if possible nancially, such a solely commercial
sustainability model would not align with NanoCommons'
1388 | RSC Sustainability, 2024, 2, 1378–1399
major objective of creating a “commons” for nanosafety
research. Additionally, it would contradict the EU initiatives of
open data and open science and would prohibit having any
positive impact on SDG10: reduced inequality by restricting
access to those who can pay. Getting more and more data
publicly available (and with a clear re-use licence) along with
technical infrastructure development is needed, as one TA
provider explained:

C “Downstream markets depending on (open) data, such as
markets involved in computational toxicology and Integrated
Approaches to Testing and Assessment (IATA) will benet from this
work. Commercial potential can be found by providing dedicated
application programming interfaces (APIs) to make processing this
data easy/easier for clients by integration into their platforms. With
open data more easily owing between data hosting providers, all
hosting providers have more freebies to offer to clients to show the
power of their platforms and application programming interfaces
(APIs).”

This knowledge and data have the potential to lead to many
innovations and to economic growth, but only if it is provided in
a way that others can use it, meaning in an open and FAIR way.
Therefore, it should be the goal of everyone to contribute to data
management in their specic role and this has to be acknowl-
edged by reserving meaningful funds in all publicly funded
projects for data curation and data shepherding work, as
implied by the comments above, and by providing additional
funds for the central infrastructure, especially with new chal-
lenges arising from the needs of advanced materials in
a circular economy. This will have an immense impact on many
of the UN SDGs, including some not mentioned in the analysis
above. Reducing inequality (SDG 9) was already mentioned, but
also SDG 11: sustainable cities and communities, SDG 12:
responsible consumption and production, SDG 13: Climate
action, SDG 14: Life below water, and SDG 15: life on land, are
already proting from services provided by NanoCommons,
albeit in a more indirect way. Participants of the TA evaluation
questionnaire focused mainly on the direct impact of their
technical work and/or data and their awareness of other
sustainability aspects might still be low. Thus, insufficient, and
missing knowledge about social, environmental and economic
sustainability goals might be the reason why their importance
has not been reected in the TA evaluation questionnaires,
which needs to be addressed by additional training, similar to
the one provided to the NanoCommons team (the service
providers).

All TA providers and user agreed that the NanoCommons
services provide important solutions and play a signicant role
in reaching social and environmental SDGs, either directly or
indirectly via the results achieved by the research projects the
TAs supported, and that this is the reason for the importance
to sustain the infrastructure in the future. SDG 3: good health
and well-being, SDG 6: clean water and sanitation, SDG 10:
Reduced Inequalities and/or SDG 17: Partnerships are
mentioned in almost all evaluations. Some additional (ano-
nymised) quotes from the questionnaire are provided here as
user testimonials:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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C “Some of our samples are intended for modication of
membranes for cleaning water and antibacterial, antiviral
applications.”

C “Certainly the integration of in silico modelling procedures
into experimental in vitro workows will allow us to counteract
existing data gaps in nanosafety assessment. In addition, this TA
contributed by improving data FAIRness to SDG 3. In addition, the
developed in silico techniques can be used to support product
optimization for nanomedicine.”

C “EU-nanced open access, FAIR data reect an enabling data
donation to the global community.”

C “It enables easier data sharing for research on manufactured
and incidental nanoparticles in the environment, including:
drinking water sources (SDG 6), aquatic environments (SDG 14),
and soils (SDG 15). The effects of data sharing are likely to lead to
further insights on potential harm as well as protection measures of
nanoparticles in these environments.”

C “I was very impressed with NanoPharos database's collection
of high-quality data. It made the development of in silico alterna-
tive testing strategies a lot easier and more efficient. Thanks to
NanoPharos, we were able to save time and resources while
improving the safety and efficacy of our nanomaterials.”

A few of the TA users considered the commercial options for
the provided services, even if the amount they would be willing
to pay for such services is considerably below the costs for
running the TA or they were not able to estimate acceptable
amounts at the current state. Corresponding statements20

C “Developing a new methodology is a scientic process that
cannot be directly linked to commercial activities, at least at its
early stages. However, the re-estimated cost that is related to
consulting activities around the use of the new estimation method is
reasonable.”

C “The actual cost for deploying a physiologically based
pharmacokinetics (PBPK) model on Jaqpot (https://
www.jaqpot.org/)20, offered via NanoCommons, is reasonable.
The service could be requested in a commercial setting.”

C “Currently such costs for FAIR data are mostly not budgeted
into projects, but would need to be done in future, in agreement
with scientic journals [who are] more and more demanding data
FAIRness; in silico-in vitro experimental correlation and vice versa
data enrichment is in its infancy at present. If such workows
become more oen used, projects may start budgeting costs for it
that may be outsourced to e.g., a commercial NanoCommons
infrastructure.”

C “Enalos Cloud Platform allowed us to do that [develop
models] without requiring a deep understanding of the underlying
technology. The platform's pre-built models and algorithms were
incredibly useful, and we were able to quickly develop and deploy
predictive models that helped us make data-driven decisions.
Certainly cheaper than contracting modellers”.

We would argue that, because of its many benets for the
social and environmental SDGs, the core infrastructure and
services around FAIR data management and nanoinformatics
provision are not intended to become a commercial product but
rather should provide an open innovation platform to facilitate
achievement of the SDGs and be partly complemented by
commercial services.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4 Demonstration cases to accelerate transfer of technical
support to the SDGs

While the “Access” projects were successful in solving issues on
a local (institutional or project) level, they highlight the need for
further community building and knowledge exchange to
address major global challenges like (a) the current insufficient
amount of data and low data completeness for re-use in specic
contexts such as for regulatory risk assessment, (b) the high
workload involved in data sharing currently and (c) the limited
or missing regulatory acceptance of nanoinformatics
approaches currently. These challenges require concerted
community effort over a sustained period (years) to drive
changes in mindsets, develop tools for automation of data
curation and management, and to progress nanoinformatics
through model validation processes to have them recognised as
alternative test methods. The NanoCommons Demonstration
Cases (https://nanocommons.github.io/user-handbook/
demonstration-cases/) were designed to identify such long-
term developmental needs and to demonstrate how a central
infrastructure can support and accelerate these developments.
Providing support to the SDGs was one of the main selection
criteria for the Demonstration Cases. A short description of the
objectives of four of these cases is presented along with
a description of how they relate to specic SDGs.

Two of the demonstration cases relate to SDG17: Partner-
ships (collaboration) and SDG 16: Strong Institutions (sup-
porting Governance & Justice):

C NanoCommons was designed to build the community
infrastructure for nanosafety research in all its aspects and
diversity. However, many other projects e.g., nanoinformatics,
Safe-by-Design, governance, nanofabrication calls, which are
developing tools, services and even platforms and portals. To
avoid these becoming silos, developing tools in isolation that
cannot be integrated or sustained over the long term, and to
prevent fragmentation of nanosafety data and simultaneously
achieve a harmonisation of data, a demonstration case was
created to start collaboratively dening general interfaces for
interoperability, core e-infrastructure components and to solve
legal issues to preserve condentiality and IP rights. The goals
were to 1 establish a neutral approach to support harmo-
nisation, interoperability, sustainability and to foster
a community development/collaborative approach to co-
develop a robust set of complementary solutions to support
the range of stakeholders needs,2 support clusters of projects
funded under the same or related calls through networking and
brokering activities, identifying key areas where some
“bridging” resources are needed to allow cross-talk and make
the whole nanosafety ecosystemmuchmore than the sum of the
individual parts (projects), and3 collate and document all rele-
vant training activities in one place, showing the progress of the
area by giving access to the news but also older materials, and
fostering synergies between and avoiding duplication of
training activities. Strengthening the community by active
knowledge exchange and improved interoperability will clearly
have a positive effect on all SDGs but SDG 17: Partnership and
SDG 4: Quality Education, clearly stand out as the ones dening
RSC Sustainability, 2024, 2, 1378–1399 | 1389
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this demonstration case. While SDG4 was discussed in the SDG
workshop, it was not associated with a specic TA (see Fig. 5)
since it requires more than is possible to full in one TA.

C Regulatory agencies encourage the use of alternatives to
animal testing and specically the use of in silico methods.
However, very few such methods that are accepted/endorsed by
regulatory agencies, and none are for nanomaterials – no
nanoinformatics workows have been accepted for use in
regulatory assessment as yet. To support researchers in building
regulatory acceptance for models and tools, a short- and long-
term roadmap is needed. Although the demonstration case
was only able to work on reporting standards, it was the start to
establish the process(es) for gaining regulatory acceptance of
nanoinformatics models (both data-driven such as quantitative
structure–activity relationships (QSAR), PBPK models, etc.) and
physics-basedmodels (e.g.,materials models, binding affinities,
and corona formation). This will be continued in subsequent
projects by working through the various processes such as
submitting models to ECVAM (established for QSAR models
and some initial ECVAM activity around PBPK models),
submitting selected models to the OECD Approaches to Testing
and Assessment (IATA) case study project (as part of Nano-
SolveIT) and/or establishing a CEN Workshop Agreement. In
the long run, we envisage that this will lead to regulatory-
accepted, high-quality models and in silico tools allowing
high-condence assessments of many more materials. More
informed policy decisions can then be made supporting SDG
16: Peace and Justice Strong Institutions.

Two other demonstration cases were started to support open
science by improved documentation and knowledge sharing.

C Laboratories have a lot of inherent knowledge on how to
design and implement a study, which is transferred from one
generation of co-workers to the next or from the principal
investigators to their co-workers. However, since this knowledge
is oen not documented on paper or electronically, it cannot be
used outside the one laboratory to train researchers as early as
at the undergraduate level. Nor can these in-house practices be
evaluated to check if the process complies with state-of-the-art
quality criteria and check how it compares to processes estab-
lished in other laboratories. Therefore, one demonstration case
dened a way to document the study design process in specic
laboratories with respect to the decision-making process
applied. This was combined with approaches to use the study
design as the basis for organising the data collection and
management processes, the integration of quality assurance
and control measures and their documentation, and to pack all
of this into a publicly shareable information resource.

C Performing experiments following standard operating
procedures (SOPs) is essential in industrial settings to guar-
antee reproducibility and in regulatory settings for validation of
the method and acceptance of the result and conclusions. SOPs
are now also more and more implemented in basic- and early-
research academic and industrial laboratories. Developing
these SOPs is a complex and time-consuming process, but it is
rarely documented with respect to the thought processes, which
went into the SOP, and quality assurance measures adopted
during the development. Additionally, SOPs are in most cases
1390 | RSC Sustainability, 2024, 2, 1378–1399
only shared if absolutely needed e.g., for regulatory validation
and even if they are, the free-text format makes independent
quality control and comparison of different SOPs almost
impossible. Therefore, another demonstration case was created
to provide standard ways of documenting the SOP development
process and derive a checklist for assessment of SOP quality and
completeness. Similar to the previous case, all this information
can then publicly be shared giving others the chance to perform
experiments to these high-quality standards or apply the
learnings to their own methods for quality improvement and
assurance.

This ongoing effort to support open knowledge and expertise
sharing will allow the global community, including areas not
able to perform expensive developments and long validation
studies, to build upon the FAIR nanoEHS datasets and models.
This will strengthen SDG9: Industry, Innovation and Infra-
structure, and SDG10: Reduced Inequality and others, and the
training materials and workows can support SDG4: Quality
Education.
3.5 A call for long-term investment in community-led
research infrastructures as drivers of data FAIRication and
provision/democratization of access

Sustainability of tools and models developed within research
projects, which have by nature a limited lifetime of funding, is
not easy to achieve and needs to be considered from the start of
every project. One suggestion that arises from the analysis
performed herein is that part of the sustainability approach
could include consideration, as part of the early design stage, of
which SDG(s) the tool and or its results addresses either directly
or indirectly, as a basis then for considering how best to ensure
accessibility and impact, including via emerging publishers
platforms for SDG tools, as well as (for more established
models, via the EU MIDAS (https://ec.europa.eu/
knowledge4policy/modelling/topic/corporate-modelling-
inventory-knowledge-management_en) (the Modelling
Inventory and Knowledge Management System of the
European Commission), which is currently run and
maintained at the Joint Research Centre of the European
Commission (JRC-EC), and which has mapped the EU institu-
tionally implemented models against the SDGs.

One requirement essential for being able to support the
high-level goals of the SDGs is that the projects achieve their full
impact, which will be the case only aer the end of the project
and, thus, depends on exploitation and reaching sustainability
of the results and solutions provided by the project. Compiling
examples of successful and failed sustainability efforts and
experiences was identied as a rst step to guide ourselves and
other projects.

As normal practice for all EU projects, the tools/services
offered by the NanoCommons Knowledge Infrastructure are
developed and owned by NanoCommons project partners. They
encompass multiple technologies and multiple programming
languages. Establishing a single standard approach for soware
development would be impractical for the project partners and
the wider community since it would be very limiting, not be able
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to keep up with the developments distributed across many
organisations and projects globally, and incompatible, at least
in parts, to most existing and emerging tools and platforms.
Nevertheless, interoperability is essential for avoiding
constantly reinventing the wheel and keeping pace with the
need for new advanced materials. Integration of these
numerous and diverse services into an interoperable environ-
ment requires some form of standardisation. Instead of
standardising the underlying technologies, one possible solu-
tion is using a service-based architecture and standardising
interfacing and data exchange as well as deployment of tools
and services by using containerization. Delivery of soware
components in the form of containers gives the tool developer
the freedom to select his/her preferred means for implementing
the services (free choice of programming language/
implementation in multiple environments etc.) with limita-
tions only on the provided application programming interface
(API). NanoCommons did not propose a one-size-ts all solu-
tion, but rather designed itself to be adaptive and responsive to
the breadth of semantics, APIs and communication approaches
already available in the nanoinformatics and chemoinformatics
elds. In NanoCommons, this was achieved by dening and
constantly rening guidelines for the development and adap-
tation of exchange formats, metadata standards and APIs,
through which the data transfer, parametrization and execution
of the services are performed, and which allowed for the
combination of the services into workows or the development
of graphical user interfaces on top of the services to provide
user-friendly access to the tools or models. However, such
a exible approach only works if maintenance and further
developments can be guaranteed in the long run, through
continued investment.

An example of the need for ongoing infrastructure invest-
ment is the Nanosafety Data Interface (https://
search.data.enanomapper.net/) data management concept,21

which started its development in the eNanoMapper project,
continued to be extended by project-specic databases built
on different database systems (e.g., RiskGONE (https://
cordis.europa.eu/project/id/814425), NanoFASE (https://
cordis.europa.eu/project/id/646002)), and nally came
together by the semantic integration model developed within,
and provided by, the NanoCommons KnowledgeBase (https://
ssl.biomax.de/nanocommons/cgi/login_bioxm_portal.cgi)22

which indexes metadata from many of these databases and
provides a common access interface. While the semantic
integration framework of the NanoCommons KnowledgeBase
was developed from private funding its extension towards
nano-specic applications and its integration with the
eNanoMapper/AMBIT (https://search.data.enanomapper.net/
datamodel/) framework of individual data warehouses
required funding from several nano-specic projects such as
nanoMILE (http://nanomile.eu-vri.eu/) and NanoCommons.
Maintenance of the NanoCommons KnowledgeBase
infrastructure can be continued on low resource requirements
from public funding, any data management support service,
such as the data shepherding services, or further development
of the data schema and services will require new public
© 2024 The Author(s). Published by the Royal Society of Chemistry
project funding as long as there is no commercial interest in
these services. This is a symptomatic dilemma for sustainable
data management tools for public data. Firstly, they require
service and further development in addition to maintenance.
Secondly, it takes an extremely long time to move new
infrastructures such as nanoinformatics into long-term
infrastructure funding schemes. Just as an example,
molecular biology databases and bioinformatics tools were
only made sustainable by large institutions such as the
European Molecular Biology Laboratory and the National
Center for Biotechnology Information taking them under their
umbrella. Only decades later did actual infrastructure
funding, for example the European Bioinformatics Institute
(EMBL-EBI (http://www.ebi.ac.uk/)), arose to take over their
management and maintenance. Quality evaluation of human
and environmental toxicity studies performed with
nanomaterials – the GUIDEnano approach.

An ongoing sustainability challenge is the GUIDEnano tool
(https://tool.guidenano.eu/)23 for risk assessment of
nanomaterials across their life cycle, that began its
development as a project internal tool, was publicly released
and attracted interest from many projects to be the basis for
further developments. Although the GUIDEnano project
ended in 2017, the tool developers and the coordinator
managed to further develop the tool and ensure its onward
development via inclusion in subsequent European projects
(caLIBRAte (https://cordis.europa.eu/project/id/686239),
NanoCommons (http://www.nanocommons.eu/), GRACIOUS
(https://cordis.europa.eu/project/id/760840), SAbyNA (https://
cordis.europa.eu/project/id/862419)), and with some internal
resources. NanoCommons, as one of the projects supporting
the onward development of the tool, intended to offer access
to an open-source version of the GUIDEnano tool to any user.
However, signicant intellectual property challenges and
soware access issues were thrown-up by the efforts to
integrate GUIDEnano into the NanoCommons integrated
modelling platform, which required development of work-
around solutions by NanoCommons partners including
establishment of a dedicated NanoCommons GUIDEnano
version, with a limited set of exposure scenarios, which does
not include recent developments due to the multi-project
ownership model (SAbyNA, GRACIOUS), NanoCommons
supported the development of training materials, a helpdesk
for users and bug resolution support to ensure user friendly
access. A key lesson from this scenario is the need for clear
management of intellectual property rights such that open-
source code versions of tools are provided to facilitate
community development and prevent onward development,
adaptation and reuse being restricted due to intellectual
property constraints.

We recognise and commend the signicant investments in
the European Open Science Cloud (https://eosc-portal.eu/)
(EOSC) to develop a Web of FAIR Data and services for science
in Europe upon which a wide range of value-added services
can be built, but identify a gap between such large scale highly
technical top-down initiatives and the community-driven
bottom-up approaches such as those such as NanoCommons,
RSC Sustainability, 2024, 2, 1378–1399 | 1391
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a “starting community” that has yet to reach the critical mass
needed to fully inter-operate with EOSC. We thus call for addi-
tional and follow-on funding for such bottom-up and bridging
funding to help scale-up these communities and bridge the
gaps. Such follow-on funding could facilitate the establishment
of natural hubs or non-prot organisations dedicated to the
mission of the SDGs, representing the community and the
greater good, rather than being prot oriented, with the goal of
democratising access to tools and models. Such an approach
would also address the concerns of users/project developers
about handing their intellectual property to another company/
SME.
3.6 Summary of the role of FAIR nanosafety data and
nanoinformatics as a means to address the SDGs

As noted earlier in this paper, the United Nations Task Force on
Science, Technology and Innovation evaluated the potential of
nanotechnology for sustainable development based on the UN
Millennium Development Goals.24 Table 1 shows part of the
original mapping of the 10 major application areas for nano-
technologies,25 and provides an extension of this, based on
research performed herein, to map these areas of nanotech-
nology, nanoinformatics and FAIR nanosafety data to the SDGs.
The table demonstrates explicitly the role of easily accessible
FAIR nanomaterials environmental health and safety (nano-
EHS) data and nanoinformatics tools as drivers of progress
towards the SDGs, focussing on just some of the ways ontol-
ogies, predictive models for cytotoxicity, exposure, bio-
distribution (PBPK models), drug repurposing, allergen
exposure, risk assessment and more can support progress in
achieving all 17 of the SDGs.

Based on the analysis presented in Table 1, and the survey
feedback from the provision of access to nanoEHS data and in
silicomodels, it is clear that FAIRication of nanomaterials data
and democratisation of access to nanoinformatics models and
data will facilitate progress in all 17 SDGs. While all 10 areas
identied in the 2005 mapping are still relevant, there is
considerable overlap in their mapping to the SGDs as shown in
Table 1, and this we have merged these into 5 overarching areas
where FAIR nanosafety data and nanoinformatics can drive the
SDGs as shown in Fig. 6: in nano-enabled sustainable agricul-
ture and aquaculture e.g., ref. 28 and 29 which also covered
vector and pest detection and control, in materials for energy
capture e.g., 30, in nanomedicine which covers diagnosis,
health monitoring and drug delivery systems e.g., ref. 25 and 31,
in pollution remediation which includes air pollution and
remediation,32 and in terms of wider social implications and
impacts. Several SDGs fall under more than one of these broad
categories, highlighting the interdependence between the SDGs
also. We note also that the recent Roadmap from the Advanced
Materials Initiative 2030 (AMI2030 (https://www.ami2030.eu/
roadmap/)) prioritises advanced materials for use in 9
categories: Health Care, Sustainable Construction, Sustainable
Transport, Home & Personal Care, Sustainable Packaging,
Sustainable Agriculture, Sustainable Textiles, Electronics
Appliances and New Energies.
1392 | RSC Sustainability, 2024, 2, 1378–1399
A key aspect of NanoCommons' effort has been to reduce the
barriers to the use of nanoinformatics approaches by devel-
oping and providing user-friendly graphical user interfaces for
complex and advanced models, such that they can be utilised by
those who are not trained or procient in coding and
programming. Such democratisation of access to nano-
informatics will play an important role in facilitating the uptake
and use of in silico approaches for nanoEHS in developing
countries, and indeed the more agile regulatory environments
in these countries may even facilitate more rapid adoption of so-
called New and Emerging methods (new approach methodolo-
gies, NAMs) as in silico tools become more available and user-
friendly. But to achieve this, several collective advances are
needed, including (i) integration of in silicomethods and NAMs
into the OECD's Mutual Acceptance of Data (MAD) process and
(ii) agreement on governance approaches related to the demo-
cratisation of articial intelligence (AI) approaches more
generally, including in the context of medicine and healthcare.
Here we are focussed on democratising access to AI tools and
datasets via open or easy access to code libraries, developer
tools, and data sets, whereby access to these tools allows
materials experts/regulators without soware development
skills to contribute to wider use of AI in nanosafety assessment
and safe by design of materials. However, the use of the term
democratisation of AI is also positioned in a wider context of
different understandings of the role of AI as a transformative
agent that can democratise medicine and healthcare. Rubeis
et al. (2022) conclude that democratisation in the context of AI
in healthcare requires dening and envisioning a set of social
goods (benets) as well as deliberative processes and modes of
participation to ensure that those affected by AI in healthcare
have a say in its development and use.33 Similar considerations
apply for nanoEHS and nanoinformatics, especially in the
context of their use in driving progress towards the SDGs.

In silico tools have a bright future in toxicology. More
specically, they assist a critical assessment of our toolbox, and
they help to combine various approaches in more intelligent
ways than a battery of tests. At the same time, their use value is
determined by the underlying science as “no model can over-
come a series of bad assumptions”.34 More than 10 years ago it
was noted that “the in silico/QSAR eld is facing more resistance
in traditional toxicology than it deserves, though some is
appropriate and necessary” and that it has been suggested that
this can arise both due to inappropriate use of QSAR for
chemicals that elicit different mechanisms and from the
intentional and unintentional over-selling of the predictive
capabilities of QSAR.35 A key feature of data sharing in chem-
icals (and materials) safety assessment is the Mutual Accep-
tance of Data (MAD), a multilateral agreement where national
approaches to regulation of nonclinical safety studies are
harmonised so that data generated in an OECD member
country can be accepted in other member states provided the
test methods are in acquiescence with the OECD Principles of
Good Laboratory Practice (GLP) and the OECD Test guidelines.36

The MAD system aims to avoid contradictory or duplicative
national requirements, reduce non-tariff barriers to trade and
offers a common platform for cooperation amongst national
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mapping of the NanoCommons TA projects on FAIRification of nanoEHS data and nanoinformatics tools to the 10 grand challenges to
be addressed by nanotechnologies as identified in ref. 25, mapped to the SDGs. While themodels and data management workflows developed in
NanoCommons focussed primarily on exposure, toxicity and risk aspects of the nanoscale materials, they can be loosely allocated to the 10
different application areas identified in the original mapping as shown here, and to clusters of the SDGs. Note that these are examples only. The
full list of TA project titles (and the TA provider and user organisations) is provided in ESI 2. A searchable version of the table is presented in the ESI
as Supporting Material 4
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authorities. It has been estimated to save industry and govern-
ments around V309 million every year. In this vein, a recent
impact analysis study on the Indian National GLP Program in
2019–2020 assessed the impact of the rst decade of India
having full-adherent status to MAD in the OECD36 and found
that by 2019–2020, Indian test facilities had conducted more
than 60 000 nonclinical safety studies, valued at INR 7800 crores
(USD 1.3 billion), representing a major step toward self-reliance
in the development of New Chemical Entities. To date, in silico
approaches to toxicology have not been widely accepted in
regulation, and a signicant roadblock to this is that there is no
Fig. 6 Mapping of the main application areas of nanomaterials and FAIR

1396 | RSC Sustainability, 2024, 2, 1378–1399
equivalent of GLP for modelling and simulation. To overcome
this gap, the In Silico World (https://insilico.world/community/
good-simulation-practice/) community of practice is hosting the
consensus process to develop the so-called Good Simulation
Practice. The Task Force denes In Silico Trials as the use of
computer simulation to assess the safety and/or efficacy of new
health care, whether medical devices or medicinal products,
and this could also be extended to safety assessment of chem-
icals andmaterials as well as MAD in due course. The impact for
the SDGs, especially SDG3 (Good health and wellbeing for all),
would be signicant.
nanoSafety data and informatics tools to the SDGs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As part of the social implications pillar in Fig. 6, we note
especially the need for researchers and practitioners to ensure
that interventions are well thought-through and embedded in
local practice. An important lesson from past adaptation
interventions is that within current adaptation cum develop-
ment paradigms, inequitable terms of engagement with
‘vulnerable’ populations are reproduced and the multi-scalar
processes driving vulnerability remain largely ignored. In
particular, instead of designing projects to change the practices
of marginalised populations, learning processes within orga-
nisations and with marginalised populations must be placed at
the centre of adaptation objectives.37 Here, in addition to the
FAIR principles, the CARE Principles (of Collective benet,
Authority to control, Responsibility, and Ethics, and their
respective sub-principles) for Indigenous Data Governance
should also be applied, as these address concerns related to
people and the purpose of data.7 The CARE Principles detail
that the use of Indigenous data should result in tangible
benets for Indigenous collectives through inclusive develop-
ment and innovation, improved governance and citizen
engagement, and result in equitable outcomes.7

4 Conclusion

As a research infrastructure focussed on building a community
of practice around digital and in silico approaches for assess-
ment of the safety of nanoscale materials, including the
implementation of best practice in data management across the
data life cycle, and increased FAIRness of nanoEHS data, an
assessment of the effectiveness of our services and tools was
a critical component. In parallel with the transition throughout
the period of Horizon 2020 from safe-by-design materials to
safe-and-sustainable-by-design materials, the NanoCommons
consortium focussed increasingly on the sustainability aspects
of our work, including an assessment of the ability of our
research infrastructure to support the achievement of the UN
SDGs.

In total 12 SDGs were identied as relevant from the evalu-
ation of the NanoCommons tools and services as provided via
the “access” programme. Further analysis as part of the prep-
aration of our sustainability deliverables and our demonstra-
tion case studies led to the recognition that nanotechnology
coupled with FAIR nanosafety data and user-friendly access to
advanced modelling tools without the need for programming
skills, will support progress towards all 17 SDGs, with the SDGs
grouped around 5 key nano-enabling areas: nano-enabled
sustainable agriculture and aquaculture, materials for energy
capture, nanomedicine, pollution remediation and wider social
implications and impacts. Democratisation of access to tech-
nology, AI and in silico materials safety tools and data will
facilitate the transition to safe and sustainable nanotechnology-
enabled solutions addressing the breadth of the SDGs.

Key challenges remain though, including the need to sustain
and fund research infrastructures, the need to develop
approaches to support uptake of nanoinformatics approaches
into regulatory frameworks, such as through the Good Simulation
Practice initiative, and development of a governance framework to
© 2024 The Author(s). Published by the Royal Society of Chemistry
advance democratisation of access to, and benets from, in silico
approaches and articial intelligence for materials safety assess-
ment. We are condent that the way forward for achievement of
the SDGs is through a “commons” approach, in which cultural,
natural or knowledge (in this case) resources are collectively
owned and accessible to all members of a society. As highlighted
by this paper, community ownership and collective responsibility
is based on the provision of free to access services for FAIR data
management and nanoinformatics tools. Training and awareness
building remain a high priority to ensure that researchers
understand the value of their research beyond their own imme-
diate needs and include aspects for sustaining and strengthening
the commons and the benets resulting from it already from the
design phase for new developments and investigations.
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