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Preface

Nanotechnology will be one of the key technological drivers in building
an innovation European Union (EU) based on smart, sustainable and inclusive
growth. Nanotechnology has also been identified as the key-enabling technology
(KET) for the EU. Nanotechnology has rapidly promoted the development a
new generation of smart and innovative products and processes that are nano-
enabled, and have created a tremendous growth potential for a large number of
industry sectors. It is important that this development continues so that all the
useful properties of engineered nanomaterials (ENM) can be fully utilized in a
number of nanotechnology applications.

The marked benefits brought about by ENM and nanotechnology appli-
cations have also created some concerns of their possible effects on human health
and safety and environmental burden. A few observations on some potentially
harmful effects of ENM have in some cases overshadowed the dramatic benefits
of these materials and their nanotechnology applications. However, the real
concern, rather than observations on some hazards of exposure to ENM, is the
lack of systematic studies on hazards of or exposure to ENM. Hence, the true
importance of this document is the identification of the knowledge gaps related
to ENM safety, and directing the future research on ENM to enable the alle-
viation of the uncertainty, the real source of potential concerns associated with
ENM and nanotechnology.

This document on the strategic priorities of nanosafety research during
2015-2025 has been produced as a joint effort of the European NanoSafety
Cluster, a forum incorporating FP6 and FP7 funded nanosafety research pro-
jects. It also includes several nanosafety research projects, that have been funded
by different EU Member States It identifies four major areas of research would
greatly benefit our current understanding of ENM features, exposure to them,
hazard mechanisms of ENM, as well as their risk assessment and management.
Hence, the strategic vision on the future directions of European nanosafety re-
search presented in this document may have a major impact on the future nano-
safety research within and outside the European Union, and consequently, on
the success of nanotechnologies.

Kai Savolainen, Coordinator, NanoSafety Cluster Director,
Nanosafety Research Center,

Finnish Institute of Occupational Health, Helsinki, Finland
Helsinki, June 4, 2013







Executive
summary

Nanotechnology has been identified as one of the key enabling technolo-
gies (KET) in Horizon 2020 thus underlining the significance of this field for
Europe’s competitiveness and its ability to provide the innovative goods and
services essential for meeting global challenges. In particular, nanotechnology
offers substantial possibilities for improving the competitive position of the EU
and for responding to key societal challenges. Ensuring the safe and sustainable
development and application of the nanotechnologies is thus a key objective.

The aim of this document entitled “Nanosafety in Europe 2015-2025:
Towards Safe and Sustainable Nanomaterials and NanotechnologInnovation”
(Strategic Research Agenda; SRA) is to introduce a strategic vision for future
research on the safe use and safe applications of engineered nanomaterials
(ENM). The time horizon for this document is 2015-2025. The SRA has been
developed by members of the European NanoSafety Cluster, a forum for ongo-
ing IF'P6 and FP7 projects covering all aspects of nanosafety. The implementa-
tion of the SRA 1s expected to provide a major step forward in the development
of safe and sustainable nanomaterials.

The goals of this document are to describe the current level of knowledge
of the safety of nanomaterials and nanotechnologies, to identify knowledge
gaps, and to set out concrete goals for the research on safety of ENM within
the foreseeable future. In addition, an overview of the nanosafety landscape
is provided. Nanosafety is seen as an integral part of the development of any
novel nanotechnology or product; a multi-disciplinary and multi-stakeholder
approach is needed to promote a culture of nanosafety in Europe and beyond.

Key challenges today are that available tools for the assessment of the
safety of ENM are often inappropriate, or so laborious that adequate safety
assessment remains highly problematic. Current resources or test methods are
not likely to enable safety assessment of the numerous novel nanomaterials that
are emerging at an ever increasing pace. This means that new safety assessment
paradigms need to be developed during coming years to solve this problem.
At the same time it is important to support regulators and the nanotechnology
industry so that prosperity is maintained and current products are made safe for
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citizens in Europe and elsewhere. This situation calls for rapid identification of
research priorities and of a roadmap for nanosafety; we cannot afford to wait.

Several cross-cutting issues that need to be addressed in order to promote
growth of the nanotechnology industry are identified in this document. These
cross-cutting issues include: 1) the regulatory framework for ENM and nano-
technologies, coupled to the important issue of standardization to promote
good practice and to facilitate communication; 2) the innovation/value chain
for environmental health and safety and innovation and means to ‘unblock’ the
value chain; 3) the development of infrastructures for nanosafety to promote re-
search, education, and innovation; and 4) international collaboration and global
dialogue, with a view towards a global research area in nanosafety, along with 3)
communication and dissemination of research to key stakeholders beyond the
research community, including industry, regulatory bodies, and others.

In addition, the SRA describes the current status and the research needs
and priorities for the coming 10 years in four main thematic areas: 1) nanomate-
rial identification and classification; 2) nanomaterial exposure and transforma-
tion; 3) hazard mechanisms related to effects on human health and the environ-
ment; and 4) tools for the predictive risk assessment and management including
databases and ontologies. The SRA concludes with a set of research priorities
that are required in order to reach the goals of the roadmap. Ultimately, the suc-
cessful and timely implementation of this roadmap — which is subject to further
refinements as new research priorities emerge - will lead to the development
of a nanoEHS (Environment, Health and Safety) tool box for exposure assess-
ment, for hazard prediction, and for risk assessment and prediction as well as
management that will allow the sustainable implementation of nanotechnolo-
gies. As an “enabling technology”, nanotechnology is applied early on and is a
key element in the innovation/value chain. There is tremendous potential for
nanotechnology to provide answers to societal solutions and it is therefore of
critical importance to incorporate nanosafety into the development of novel
nanotechnologies and products — safety before design.
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Engineered nanomaterials promise
remarkable benefits but their
successful use requires resolution of
potential health concerns

The aim of this document is to provide a strategic vision for future research
to promote the safe use and applications of engineered nanomaterials (ENM).
This goal takes on ever-increasing importance of this goal in respect of the rap-
id expansion in the production of ENM and products incorporating these ma-
terials. This development will lead ultimately to mass production of a number
of engineered nanomaterials, and this will inevitably increase the exposure not
only of workers but also of consumers to these novel materials. This develop-
ment has also triggered increasing societal and public debate about the safety of
ENM and associated technologies. These emphasize the importance of setting
priorities and goals on research of safety of ENM, thereby minimizing the un-
certainties around the safety and health issues surrounding these materials and
nanotechnologies. Hence, the goal of this document is also to describe the cur-
rent level of knowledge about the safety of ENM and technologies, to identify
knowledge gaps, and set out goals for the research on safety of ENM. Identify-
ing research priorities is essential if one wishes to achieve a set of concrete goals
accompanied by time-lines and milestones with which to follow of the progress
of the research efforts. In addition, the background and the current research
landscape need to be surveyed. The time horizon set in this document is 2015
- 2025, from the start of the first research project funded by the “EU Horizon
2020” Framework funding programme for research and innovation, until the
termination of the last project funded from that same programme.
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Engineered nanomaterials and quality of life
in Europe

The European Commission has recently (2011) adopted a recommendation on
the definition of nanomaterial according to which ‘nanomaterial’ means a natural,
incidental or manyfactured material containing particles, in an unbound state or as an aggregate
or as an agglomerate and where, for 50 %o or more of the particles in the number size distribu-
tion, one or more external dimensions is in the size range I nm-100 nm. In specific cases and
where warranted by concerns for the environment, health, safety or competitiveness the number
size distribution threshold of 50 % may be replaced by a threshold between 1 and
50 %. This definition is part of the regulatory environment in which also this
document has to be operational.

The potential of ENM and nanotechnologies to improve the quality of
life and to contribute to economic growth and competitiveness of industry is
now widely recognized. Nanotechnologies can enable remarkable technologi-
cal advances and innovations in many industrial sectors. However, there is an
ongoing debate about the potential risks of ENM and nanotechnologies. In this
context, it 1s important to consider that research and innovation have been iden-
tified as the key drivers of European social and economic prosperity. Nanosafety
research is in a key-position to solve any challenges related to the concerns of
ENM health or environmental effects and causing challenges to the promotion
of these technologies.

Engineered nanomaterials, nanotechnology indus-
try and safety

Competitiveness of the European industry lies at the heart of achieving these
goals, and hence the role of innovations and the accelerated pace of the com-
mercialization of innovations have been recognized as being fundamental in
this respect. The recent Communication from the Commission on Horizon
2020 - The Programme for Research and Innovation emphasizes the impor-
tance of research and innovation for society at large. These considerations infer
that there will be major changes in the future European research landscape and
funding opportunities and all interested parties will need to adapt and prepare
to meet these challenges. The new Programme for Research and Innovation,
Horizon 2020 places a major emphasis on securing a strong position on key ena-
bling technologies (KET) including nanotechnology and hence on engineered



Strategic Research Agenda compact

nanomaterials. In particular, nanotechnology offers substantial possibilities for
improving the competitive position of the EU and for responding to key societal
challenges. Ensuring the safe development and application of nanotechnologies
has been included in the broad line of activities of the Horizon 2020 proposal.
The new technology applications not only should be safe themselves but should
also offer substantial improvements to human health and environment protec-
tion while still remaining competitive. Due to the rapidly increasing production
and use of ENM and utilization of nanotechnologies, it is self-evident that safety
aspects must be fully understood and addressed.

Key-issues of a strategy document aiming at achiev-
ing an impact

The key elements of the strategy include the following:

1. Description of the current state of knowledge, the existing research
landscape and identification of the requirements of the research
environments and infrastructures essential for the promotion of
research on safe ENM and nanotechnologies.

2. Identification of societal needs for the regulation of safety of these
materials and technologies.

3. Identification of the necessary research goals for fulfilling of the societal
needs and setting a time-line with milestones for the follow-up of the
research progress.

4. Identification of the research priorities that will allow reaching the goals
within the time-limit set by the strategy.

5. Identification of the means by which the results of the research can be
disseminated, implemented and exploited to evoke a change in ways
that will industry to promote the safe use of ENM and to guarantee the
safety of workers and consumers, enabling regulators to make educated
regulatory decisions.

6. Identification of the needs for further possible regulatory actions and
possible further investments into infrastructures, educational and
funding programs to be able to fully capitalize on the technological and
economic benefits of these materials and technologies.
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Towards a new toxicology for the
21st Century

Nanotechnology is hailed as one of the enabling technologies to innovation.
Nanosafety, in turn, is concerned with the safe and sustainable development
of nanotechnology. Without nanosafety research, widespread use of nanotech-
nologies in many sectors of society may well be slowed down and could even
come to a complete stand still.

It is important to understand that we are still dealing with first generation
of nano-enabled products (i.e. passive nanostructures) but it is likely that we will
soon be confronted by the second generation products containing active nano-
structures, and then to third generation systems of integrated nano-systems and,
finally, by the year 2020 according to some predictions, to fourth generation
products or heterogenous molecular nano-systems that allow the manufacture
of molecular devices ‘by design’. This means that methods for assessment of the
safety of next generation nano-enabled products also must evolve: nanotechnol-
ogy is a moving target and researchers in the nanosafety field cannot afford to
be aiming at a target that no longer exists.

Some challenges we are facing in the science of nanosafety related to ex-
posure and hazard research have been resolved but others still remain. Those
e.g. for nanotoxicology are not unique to this sub-speciality of toxicology but
there is an urgent need for a “new” toxicology; toxicology for the 21* century.
A proposal for a new, systems biology / toxicology approach was put forward
in a 2007 report by the US National Academy of Sciences on behalf of the US
Environmental Protection Agency (EPA). The overall aim was to promote a
shift from toxicity testing primarily in animal models to i vitro assays and i vivo
assays using lower model organisms, along with computational modeling, thus
enabling the evolution of toxicology from being an observational science into a
predictive science. The central part of this novel toxicology is to describe toxic-
ity pathways which lead to understanding the molecular fundamentals. It has
also been argued that “the testing of substances for adverse effects on humans
and the environment needs a radical overhaul if we are to meet the challenges
of ensuring health and safety.” In fact, it has been provocatively stated that
“there is almost no other scientific field in which the core experimental protocols
have remained nearly unchanged for more than 40 years” and that this will re-
quire that an entirely new system be urgently developed, even to the extent that
it may need to be built from scratch, incorporating and benefitting from modern
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methods and state-of-the-art technologies. It may be worthwhile noting that an
evolving scientific discipline such as nanotoxicology is optimally positioned to
take on board these new approaches.

We still lack a fundamental understanding of how nanomaterials interact
with living systems and, thus, we are not yet in a position to assess the relevant
end-points for nanomaterial toxicity. At the same time, we are faced with a tsu-
nami of new materials for which testing or screening of toxicity is required. To
resolve this situation, innovative methods for prediction of nanomaterial toxicity
are needed.

NanoSafety Cluster — coordination of nanosafety
research in Europe

The European NanoSafety Cluster is a DG RTD NMP CSA initiative to maxi-
mize the synergies between the existing FP6 and FP7 projects addressing all
aspects of nanosafety including materials, hazard, databases, modeling and dis-
semination (see figure below). Synergy among the various FP6 and FP7 projects
on nanosafety and other national projects, collaboration for maximizing impact,
policy elaboration, planning of future actions, and international cooperation are
the main aims of the European NanoSafety Cluster. About fifty projects deal-
ing with nanosafety have either been completed or are running under FP6 and
FP7. These projects, together with a significant number of nationally supported
projects, represent valuable efforts of the scientific and industrial research com-
munity towards improving our understanding of these complex interactions.
Information on all current or recently completed projects is collected in the
NanoSafety Cluster Compendium.
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EU RESEARCH NANOSAFETY

WG7 DISSEMINATION

Standardisation Industry Workshops
Regulation NGOs Conferences
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Detection tools

WG6 MODELLING
EU-US Coordination

Organization of the European Nanosafety Cluster

The main objectives of the European NanoSafety Cluster are to:

facilitate the formation of a consensus on nanotoxicology in Europe
provide a single voice for discussions with external bodies

avoid duplicating work and to improve efficiency

improve the coherence of nanotoxicology studies and harmonize methods
provide a forum for discussion, problem solving and planning R&D
activities in Europe

provide industrial stakeholders and the general public knowledge on
the risks of nanomaterials for human health and the environment

Synergy among the projects, collaboration for maximizing impact, and inter-

national cooperation are the main aims of the European NanoSafety Cluster.

10
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Nanosafety research requires good governance

The International Risk Governance Council (IRGC) is an independent or-
ganization based in Switzerland that is focused on developing the concept and
practice of risk governance. IRGC recently (2010) published a report on “The
Emergence of Risks: Contributing Factors” in which it is postulated that emerg-
ing risks arise from a “fertile ground” that is cultivated by twelve contributing
factors of which “scientific unknowns” is one factor (see figure below). It is noted
that “communication” has a particularly key role, as it can influence all the
other factors.

Communication Temporal complications

/ Technological advances
Social dynamics

\ Varying susceptibilities to risk

Information
asymmetries

Perverse incentives A

Malicious motives and acts

Conflicts about interests,
values and science

Scientific unknowns

Loss os safety margins\ Positive feedback

Twelve common factors contributing to emerging risks.

The twelve factors should not be interpreted as discrete units but as complex, in-
terdependent factors. Moreover, the document proposes that the attribution of
cause(s) to the emergence of risks should be examined via by both reductionist and
holistic approaches. The latter “systems perspective” approach focuses on describ-
ing the system as a whole and not as the sum of its parts.

Three independent scientific committees provide the European Commis-
sion with the scientific advice it needs when preparing policy and proposals
relating to consumer safety, public health and the environment. The committees
also draw the European Commission’s attention to the new or emerging prob-

11



Strategic Research Agenda compact

lems which may pose an actual or potential threat. The three committees are:
the Scientific Committee on Consumer Products (SCCP), the Scientific Com-
mittee on Health and Environmental Risks (SCHER) and the Scientific Com-
mittee on Emerging and Newly-Identified Health Risks (SCENIHR) and all are
made up of external experts. In addition, the European Commission relies on
the work of the European Food Safety Authority (EFSA), the European Medi-
cines Evaluation Agency (EMEA), the European Centre for Disease prevention
and Control (ECDC) and the European Chemicals Agency (ECHA). SCENI-
HR published a report in 2007 on the appropriateness of the current risk as-
sessment methodology for new and existing substances for assessing the risks of
nanomaterials. The aim was to assess the “fitness for use” of the risk assessment
methodologies described in the chemicals legislation for the risk assessment of
nanomaterials, and to provide proposals for improvements. EFSA published a
guidance document for the risk assessment of engineered nanomaterial applica-
tions in food and feed in 201 1. That report is the first to give practical guidance
for addressing potential risks arising from applications of nanotechnologies in
the food and feed chain. In addition, the European Chemicals Agency (ECHA)
published extensive guidance on regulatory risk assessment of nanomaterials
under the European Community Regulation on chemicals and their safe use
(REACH) in April 2012. This guidance documents are additional to the general
guidance of Information Requirement and Chemical Safety Assessment under
REACH.

Nanotechnology is a multi-disciplinary field involving the skills of scientists
in disciplines such as material science, physics, chemistry, biology, engineering,
toxicology, clinical medicine, and social science. Similarly, nanosafety research
also depends on close cooperation between material science, biology, and toxi-
cology and risk assessment. This should be taken into account in the education
of the next generation of nanosafety experts.

Positive environment for nanosafety
research is crucial

If one wishes that the industries producing ENM and products incorporating
these materials, as well as industry sectors utilizing nanotechnologies are going
to flourish, then we need to provide a favorable environment to allow these com-

12
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mercial entities to be able to take the necessary risks to bring these new innova-
tions into successful marketable products. Hence, if one wants to promote the
success of these key-enabling technologies (KET) as identified by the European
Union communication on the new Programme for Research and Innovation -
Horizon 2020, favorable environments for this research have to be created to
lay a foundation for such goals. One needs to address which are the major suc-
cess factors that enable flourishing nanotechnology industry. This document has
identified several cross-cutting issues that are absolutely necessary for ensuring
success.

Impact of chemicals and occupational
safety regulations

Chemical safety regulation in the EU is a structure based on two pillars. The
first pillar is the legal framework for placing chemicals on the market, and the
second is created from specific provisions for health, consumer, occupational
safety and environmental protection. The regulatory framework can strongly
support safe use of ENM provided that such goal will become a clear regulatory
target.

1) According to the information given in the Communication “Regulatory
Aspects of Nanomaterials” all nanoparticles in chemical substances
must meet the requirements of the REACH (Registration, Evaluation
and Authorization of Chemicals) (Regulation (EC).

11) General requirements in relation to occupational safety and health of
workers at workplaces are presented in the Council Directive 89/391/EC.
The aim of this framework directive is to ensure a high level of protection
of workers at work. The Council Directive 98/24/EC on the protection
of the health and safety of workers from the risks related to chemical
agents at work describes the minimum requirements for the protection
of workers from risks to their safety and health arising, or likely to arise,
from the effects of chemical agents, including ENM, that are present at
the workplace.

13
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Infrastructure for nanosafety research is
highly important

Promoting those infrastructures that support nanosafety research within the
European Union is a prerequisite for the competitiveness of European nano-
technology research, innovations and industries. This will require institutional
support for organizations with permanent financial funding from their own gov-
ernments, i.e. to research institutes, universities or industrial research laborato-
ries.

According to the European Commission Capacities Programme, the term
‘research infrastructures’ (RI) refers to facilities, resources and related services
used by the scientific community to conduct state-of-the-art research in their re-
spective fields. Examples include singular large-scale research installations, col-
lections, special habitats, libraries, databases, biological archives, clean rooms,
integrated arrays of small research installations, high speed communication
networks, data infrastructure, networks of computing facilities, as well as infra-
structural competence centres which provide a service for the wider research
community based on an assembly of techniques and know-how. In short, the
term research infrastructure means building, required research facilities and
equipment, management structures of such infrastructures, and competences
which are required for successful implementation of research — in this case of
nanosafety research. The EU should provide opportunities to support these in-
frastructures and that may require adapting the current rules for funding.

Options for EU nanosafety infrastructure — a proposal for the future

Considering the options that would most effectively enable setting up of infra-
structures to conduct European Union-wide nanosafety research, one possibility
would be a single-site highly equipped facility with capacities to serve other EU
nanosafety research facilities in strategic research areas. These types of invest-
ments could be situated in a stable organization with guaranteed fundamental
resources into the foreseeable future, meaning that a long-range planning would
be important.

Another possibility would involve networking of high-quality nanosafety
research organizations, i.e. organizations with suitable space and laboratories,
research equipment, human resources and competences, national stable 1 fund-
ing and existing administrative support in research organizations within Euro-

14
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pean Union Member States.

This latter option, which would be potentially realistic at the European
Union level, could be executed in collaboration with the European Commis-
sion and the European Union Member States, and their existing nanosafety
research organizations. All the parties should have a vested interest in support-
ing this activity. This endeavour could lead to the identification of a network of
competence centres, i.e. research centres capable of meeting a series of relevant
quality requirements.

The establishment a European Union wide Virtual Competence Centre
Network on nanosafety would allow a better integration of European compe-
tences targeting nanosafety research. This type of Virtual Centre based on a
network of separate organizations would also mean that one could envisage
the establishment of an EU NanoSafety Research Centre which would have a
relatively light administrative structure e.g. One important benefit of such an
approach would be that the associated organizations would benefit from long-
term basic governmental funding from their own EU Member State that could
be supplemented by EU research funding to promote the efficacy of this kind
of joint undertaking,

Innovation, value chain, and nanosafety research

The EU Flagship Initiative ”Innovation Union” aims to improve framework
conditions and access to finance for research and innovation in order to ensure
that innovative ideas can be turned into products and services that create growth
and jobs. The Flagship “An industrial policy for the globalisation era” aims to
improve the business environment, notably for SMEs, and to support the devel-
opment of a strong and sustainable industrial base able to compete globally. At
the heart of these activities is the concept that Europe will undergo an industrial
transformation based on scientific and technological leadership and excellence.

Deployment of nanotechnology is a major driver for the trend to improve
existing products by creating smaller components and better (in both functional
and environmentally-friendly terms) performance materials. Engineered nano-
materials (ENM) and the technologies which utilise ENM represent one critical
pathway to achieve these goals.

15
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Environmental Health and Safety (EHS): a barrier to innovation?

The current debate, including the lack of regulatory clarity and, in particular,
the uncertainty surrounding the potential risks of ENM have had a negative
effect on the development, uptake and exploitation of ENM in the European
domain and have been identified as a major barrier to innovation based on these
technologies. This has limited the extent to which these materials have been
exploited through the value chain. The result of this phenomenon has been a
failure to fully exploit the potential benefits associated with ENM throughout
innovation chain in Europe. One shall, therefore, to overcome these barriers
since this will make it possible to open up these value chains and realise their full
economic potential. This goal can only be achieved through the development of
a sound science-based foundation from which one can build a trustworthy and
affordable safety framework.

The EHS programme of NMP research is not currently well integrated
into the mnovation-led FP7 work. Although many of the NMP projects have
industrial partners, these projects are more fundamental in their nature and
are concerned with achieving an underlying knowledge, models and tools for
subsequent application in risk assessment and management. This activity is not
only critical as a way to underpin the knowledge base, but it is also important
that EHS research should be organized to make it more directly linked to the
development of new materials, processes or products. Appropriate solutions will
help to alleviate public concerns that that neither their health nor their envi-
ronment will be harmed; this will be best achieved by clearly identifying those
materials and applications for which there are absolutely no safety issues. This
will dramatically open up the possibility of widening the range of ENM and
applications, free from concerns about potential safety issues.

Communication and dissemination widely are
required to assure impact of nanosafety research

Targeted, neutral and reliable communication by the different stakeholders as-
sociated with nanosafety can markedly enhance the acceptability of safe and
trustworthy ENM and associated technologies and to promote a new safety cul-
ture in nanotechnologies. Key-stakeholders include regulators, industry, various
interests groups, representatives of media and the public at large. Public confi-
dence in nanotechnology is crucially important if these products are to achieve

16
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commercial success. Successful dialogue, dissemination of reliable information
on nanosafety, and outreach to various stakeholder groups will all help in assur-
ing the general public and decision-makers that health and environment aspects
are being taken into account. This will dramatically open up the possibilities of
widening the range of ENM and applications while still maintaining consumer
confidence. Hence, these activities will support safe and confident exploitation
of ENMs in a wide range of products and processes for the benefit of Europe
and its citizens, and being able to have a global impact. One of the key stake-
holders could also be the Virtual European Nanosafety Research Centre, whose
Coordinator could act as a hub of wide-reaching and global efforts to distribute
neutral and balanced and trustworthy information on ENM and nanotechnolo-
gies within the European setting and globally.

International Collaboration — nanosafety research
is a global issue

International collaboration may provide a fruitful platform for having a larger
impact and obtaining benefits in research as well as in aspects related to gov-
ernance and safety issues of nanotechnology. In fact, large projects involving
a set of demanding multidisciplinary, hypothesis driven research endeavours
require international collaboration because in most cases the required expertise
or resources may not be available in any one single country. Furthermore, inter-
national collaboration has its merits also because ground-breaking innovations
often take place in the interface or cross-roads of different scientific disciplines
and research environments.

The globalization of research is proceeding rapidly and this is having sig-
nificant implications for the European nanosafety research landscape. The fo-
rums of the production of new scientific knowledge are shifting from national
to international arenas and comparisons of certain indicators across countries
point to a positive relationship between measures of research collaboration and
overall scientific impact.

International partnerships create unique opportunities for enhancing sci-
entific excellence, physical and intellectual research environments and innova-
tive training of young scientists. It The European Commission’s Nanosciences
and nanotechnologies Action plan for Europe 2005-2009 has called for atten-
tion to and action on issues of mutual benefit at a global level such as nomencla-
ture, metrology, common approaches to risk assessment and the establishment
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of a dedicated database to share toxicological and ecotoxicological as well as
epidemiological data. Progress has been achieved in many respects to identify
the areas requiring joint efforts and the ways forward.

However, EU or global level coordination is far from achieving the goals
of adopting international standards, nomenclature and databases, though im-
portant steps have been taken in that direction. Many obstacles or disincentives
still exist, hampering collaboration across national borders and hindering the
senior researchers or young talented investigators from working together. There
is still a critical need to share knowledge in the health, safety and environmental
aspects of nanotechnology.

Common nanosafety research needs

This document identifies four major research areas briefly introduced below,
and they include: 1) material identification and classification; 2) exposure and
transformation; 3) hazard mechanisms including both human toxicology and
ecotoxicology; and 4) risk prediction tools including databases and ontologies.

Nanomaterial identification and classification

Most of the definitions of a nanomaterial concentrate solely on the size aspect
(1-100nm), which misses the fact that nanomaterials are a very diverse group of
materials with greatly varying properties. In order to enable prediction of im-
pacts, a classification based on key parameters or biological interactions should
be adopted.
The following approaches to group nanomaterials have been identified:
1. Classification by dimensionality / shape / morphology:
Shape-based classification is related to defining nanomaterials, and has
been synopsized in the ISO terminology.
2. Classification by composition / chemistry:
This approach groups nanomaterials based on their chemical properties.
3. Classification by complexity / functionality:
The nanomaterials that are in routine use in products currently are
likely to be displaced by nanomaterials designed to have multiple
functionalities, so called 2"-4™ generation nanomaterials.
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4. Classification by biointerface:
A proposal related to the hypothesis that nanomaterials acquire a
biological identity upon contact with biofluids and living entities.
Systems biology approaches will help to identify the key impacts and
nanoparticle interaction networks

Approach for classification of engineered nanomaterials

Sets of physico-chemical parameters that should be reported for nanomaterials
have been identified. However, not all properties are relevant for all nanomate-
rials, many are not easily measured on a routine basis, and many are context-
specific. Therefore, it is suggested that a distinction should be made between
the synthetic and biological identity of nanomaterials. The synthetic identity describes
the chemical, structural and compositional nature of the nanoparticles, and the
biological identity describes the biomolecules that are absorbed onto the nanopar-
ticles under specific conditions and the impact of these on the dispersion prop-
erties.

The required research priorities on material characteristics
tnclude:

1. Develop systematic sets of ENMs with properties varied in a stepwise
manner that will allow assessment of the significance of each property
for the toxicity of that ENM.

2. Describe “reference” states and agreed media compositions to enable
identification of significant biomarkers and enable a move towards a
predictive toxicity assessment.

3. Develop analytical methods that enable studying the longer term fate of
particles following their interaction with living systems, i.e. complex
matrices.

4. Developing risk assessment procedures that include the changes of
ENM during their life cycle in a targeted manner.

It is essential that there are nanomaterial identification and classification
approaches to determine the key descriptors that can be used to reveal correla-
tions associated with impacts. The inter-relationship between the nanomateri-
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als’ identification and classification is a cross-cutting topic in this whole docu-
ment which feeds into the other nanosafety research themes.

Exposure, Transformation and the Life Cycle

Exposure of humans and the environment is a result of many sequential or
concurrent processes. These facts have emerged from research related to ENM
production, ENM characterization, aging of products containing ENM, human
and environmental induced release of ENM into the environment, transport,
transformation, degradation and possibly accumulation of ENM in the environ-
ment or along the food chain. The fundamental questions related to the existing
frameworks have relevance to the now rapidly developing nanotechnologies, in
particular those associated with the use of ENM, are:
- Is this existing framework appropriate to ensure the safe production,
handling and use of ENM?
- Are the existing regulations and test guidelines applicable for testing
and detecting the presence of nanomaterials, do they have to be
adapted and/or do additions need to be made?

The current view is that the general existing regulatory frameworks are
applicable but have to be adapted and extended for some ENM specific issues.
It has been emphasized that ENMs are the subject of some special properties,
especially those related to the transformation of materials during their life-cycle
(LCA) or after their release into the environmental compartments which are
known to alter their relevant substance characteristics e.g. size, shape, charge,
state of agglomeration etc.

General processes and areas of possible release and exposure:

1. Production
Possible release during production may occur through leaks into water
and air in closed systems or open production processes.

2. Handling and use
Handling and use covers several process-related stages e.g. handling of
powders, diffuse emission from production plants, mechanical
treatment of nanomaterials
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3. Aging
Aging encompasses all processes taking place in the environment such
as selective degradation, wash-out, increased brittleness of the material.
4. End of Life (EoL)
End of Life activities refer to activities related to
1) re-use or recycling;
1i) waste treatment, and
iii) disposal. In particular, during high energy processes, the release of
nano-objects may not be excluded.

The required research priorities on exposure, transportation and
life cycle include:

- Mechanistic understanding of processes determining the release of ENM.
- Understanding the transformation and transport of ENM.
- Understanding workplace, consumer and environmental exposure.

Hazard mechanisms, biokinetics, and vulnerable
people

Hazard assessment of ENMs has made good progress during recent years, but
knowledge is still lacking in many areas including modes of action and mecha-
nisms leading to toxicity, identification of susceptible populations and vulnera-
ble conditions, and aspects of biokinetics and its impact on toxicity. Mechanistic
knowledge should be included in technology development, to help in the safe
design of new ENMs in a bottom-up approach, and will feed directly into the
development of a rational testing approach.
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The key factors in developing knowledge and understanding the
toxicity of ENMs are:

1. identification of the main modes of actions of toxicity for ENMs

2. understanding the transformation of ENMs during their life cycle and
how this may influence their hazard potential

3. identification of the key physicochemical determinants that modulate
ENM interactions and toxicity in biological systems

The required research priorities on hazard assessment include:

Hazard assessment enabling grouping of ENMs

1) Scientifically established grouping criteria

2) Understanding the association between material characteristics and
the subsequent cellular events

3) Utilizing systems biology approaches in the prediction of ENM safety

Biokinetics including translocation and clearance

1) mechanistic knowledge resulting in groups of ENMs with marked
similarities

2) bioaccumulative properties of ENMs and biokinetics

Susceptible populations and vulnerable conditions

1) Systematic research of ENM effects on susceptible populations

2) Systematic research of the effects of ENM on individuals with
vulnerable conditions

Environment

1) Fate of ENMs in complex media and life cycle

2) Improved prediction of the (bio)degradation rate of organic
nanomaterials

3) Development of standardized test methods for water environments and soil
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Risk prediction and management tools

As the scientific basis of risk assessment (RA) for ENMs suffers from substantial
limitations, both communication and dialogue are urgently needed with respect
to risk management (RM) driven desired or approved actions. Databases and
epidemiological or health studies can be considered as enabling ‘tools’, sup-
porting the processes of RA and RM. Traditional risk assessment frameworks
follow the four-step paradigm: 1) hazard identification; 2) hazard assessment; 3)
exposure assessment; and 4) risk assessment.

The required research priorities on risk assessment include:

Development of ‘grouping’ strategies and nano-QSARSs to predict relevant

endpoints of toxicity and ecotoxicity

1. In vitro and in vivo (animals and man) risk assessment.

2. Development of standard test methods and validation of relevant
in vivo/ in vitro models.

3. Characterization of the hazard in terms of quantitative dose-response
relationships, relevant for threshold limit values.

4. Characterization of the hazard in terms of quantitative time-response
relationships, relevant for the development of a reaction.

5. Globally harmonized epidemiological studies to validate biomarkers
and to prevent/assess health effects in a longer perspective, and
relevant field study approaches to assess potential effects of ENM at
the population level of different environmental organisms.

To support the guidance in areas like risk management and decision-mak-
ing, additional research will be needed in the fields of risk perception among
many different targeted stakeholder groups and the main factors causing con-
cerns.

The main achievement will be the development of integrated risk assess-
ment and decision frameworks to enable forecasting the potential impacts of na-
nomaterials on human health and the environment and adequate risk manage-
ment; this undertaking may require the development of novel risk assessment
strategies that will replace the current version, being equally reliable, affordable
but faster.
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The research priorities on the risk management include:

1. Environmental impact on the basis of in vivo/n vitro toxicological
studies and of physical/chemical properties of nanomaterials released
into the environment.

2. Models for release, fate and exposure to nanomaterials.

Sl

Integration of LCA into risk assessment.
4. Integration of risk assessment into decision framework of

risk management.
5. Integration of safe-by-design, closed production-to-product and green
nanotechnology approaches into the development stages of new
nanomaterials and their applications.

Research Priorities and Roadmap

The roadmap for nanosafety research 2015-2025 aims to provide an under-
standing of where the European nanosafety should be at the end of Horizon
2020. The roadmap also identifies the steps and achievements needed to achieve
this aim within this time frame. This time horizon has been chosen based on the
timing of the “Horizon 2020” Framework Programme for Innovation and Re-
search; its first calls will open in 2014.

The milestones in the roadmap indicate the expected achievements of na-
nosafety research at different time points, at 5-year intervals, during 2015-2025.
These milestones are presented for the four thematic priority areas separately
in four tables below, and have been described in detail in the previous chapters.
In each table, the research priorities have been grouped under larger heading,
topics, that cover several defined research priorities.

The table on next page presents the roadmap, i.e. milestones 2015-2025,
topics and research priorities in different topics at different time points under
the thematic chapter on material characterization and grouping.
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Nanomaterial identification and classification

Material
classification

Measurement
principles

Bio-nano-
interactions

ENM
engineering

ENM metrics
for hazard
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Definition
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Validation

Versatile
methods

Biomolecules
for uptake,
transport etc.

NM impacts
on protein
function

Safety by
design
concepts

Key descriptors

Classification
systems in
place

Ontologies in
place

Robust me-
thods for ENM
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of test ENMs
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in reference
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labelled versions
of test ENMs

Versatile refe-
rence methods
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Reference bio-
interactions

Reference
interactomes

Non-sperical
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Methods for
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tion
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on test ENMs
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ties leading
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Full datasets
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rical reference
ENMs

Methods for
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riazation

Correlation of
uptake, form
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The table below depicts the roadmap related to the thematic chapter on
exposure and transformation of engineered nanomaterials, and presents the dif-
ferent topics areas covering a range of specific priorities which compass the

more detailed list of the priorities in this thematic area during 2015-2025.

Exposure and transformation

Process know-
ledge to allow

Database on
emission

Release and Mechanistic the set-up of (per time) and
exposure understanding  realistic labo- release
ratory simula- (per material
tion unit) factors
Gain know-
| n .
edge ° Understanding
Process Transform- environmental
. e .0 effects of
dependent ation, mobility/ mobility and .
. . ageing on
transformation transport transformation .
nano-objects
for computer
simulation
Exposure data
Compre-
- and models
hensive, Exposure mo-
. . evaluated
harmonized dels available
Workplace,
exposure .
Exposure consumer and . . . Models avai-
. . inventories Evaluation of
scenarios environmental lable for use of
exposure sce-
exposure product cycle
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Within the topics, the subheadings then provide the separate research pri-
orities in the four thematic areas separately. All the topic areas and research pri-
orities have been drawn from the topic areas and research priorities presented
in the four chapters presented above 1) material characterization; 2) Exposure
assessment and release during the life cycle; 3) Hazards, biokinetics, and vulner-
able populations; and 4) Risk prediction and management tools.

The milestones for 2015, 2020, and 2025, related, topics, and related re-
search priorities under different topic separately are presented in a set of four
tables.

The table below introduces the roadmap of the thematic chapter on Haz-
ard mechanisms, biokinetics and toxicity testing, i.e. the roadmap for 2015-
2025, the topics revealing several associated research priorities under this topic,

and then the actual research priorities for the different time-frame separately.

Hazard

Biokinetics Prerequisites Nanomaterial-  Biokinetics
and for research on specific analyti- integrated into
ranslocation ENM kinetics cal equipment  toxicological
available testing
New app- Developing Development A computatio-
roaches for systems biology of appropriate nal tool that
Hazard ENM hazard approaches QSAR models  can assess in
assessment assessment using omics the predicting
technologies of ENM safety
ENM and Systematicre-  Validated in Validated in
susceptible search of ENM  vitro models vivo and ex
Vulngr.able populations with known of appropriate  vivo models
conditions disorders ENM for different
diseases
Choice of test  Improved Intelligent te-  Regulation
methods strategies for sting strategies
Science-based testing available
regulatory
approaches
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The table below introduces the thematic chapter on Risk prediction and
management tools, and the relevant milestones to be achieved during 2015-
2025, the wider topic areas under this thematic area, and the specific research
priorities at different time points during 2015-2025.

The risk prediction and management tools

Pro-active risk  Risk banding High through-
management  tools/ effec- put screening
tive control approaches
measures deve- validated
Risk assess- lopment
ment
Tools Quantification  Testing and RA-enabled
of exposure development LCA/ inte-
reduction of risk prioriti- gration in
effectiveness zation tools decision tools
Health effect Markers for Markers for Implemen-
short term long term tation of the
effect identified effect identified markers
Register Health survei-  Using registries Implementa-
llance registries for research tion of results
Epidemiology developed for regulations
& health
surveillance Exposure
registries deve-
loped
Study design Pilot panel stu- Case-control Longitudinal
dies completed studies comple- studies started
ted
Infrastructure  Federated Format & data IT procedures
databases quality stan- for automatic
available dards set uploading
Databases
Ontologies Ontologies in Automatisati-
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The risk prediction and management tools (continued)

Risk perception Development Guidance on Guidance on
and guidance  of risk com- stakeholder risk evaluation
munication concern
strategies assessment
Prevention Integration of
Risk through design safe-by-design
management  approach approaches
into the

development
stages of new
nanomaterials
and their appli-
cations

Implementation of the roadmap

Within the last 10-15 years, a number of novel basic methods to explore ENM-
induced environmental health and safety (EHS) effects have been developed
and validated. The implementation strategy proposed here is based on this ex-
isting knowledge. To facilitate and to enhance the advancement of nanotech-
nology, it is of utmost importance that we develop a successful implementation
of a comprehensive and implementable scientific research agenda.

The most important key for a successful implementation is the excellence
of the research proposed; this is aimed at meeting well identified and relevant
priorities of the Strategic Research Agenda (SRA). The SRA shall be realistic
in terms of goals and contents. Additional key elements of a successful imple-
mentation of such SRA for nanosafety research have been summarised in the
key topics identified in the report of the National Research Council (2012).

Key steps for implementing the strategy:

- Infrastructure for implementation and accountability

- Evaluation of research progress and revision of the strategy
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It is important to understand that all of the elements listed above are im-
portant prerequisites for the implementation of the research priorities and road-
map introduced in this document. In additions to those, also cross-cutting is-
sues including a favourable regulatory framework, appropriate European Union
wide infrastructure — preferentially a network of established competence centres
working together in concert in the whole European arena should be established.
Other crucial issues include a strong commitment from regulators to promote
standardization, and the involvement of industrial partners that are willing to
adopt the safety by design approach in their business thinking. Encouraging an
awareness of the benefits of nanosafety is important because this makes it pos-
sible to clearly highlight the benefits of these new technologies and to commu-
nicate them in a tailored fashion to very varied and wide audiences i.e. ranging
from the industrial representatives and regulators to academia and then to the
general public. Finally it is important to remember that engineered nanomate-
rials, nanotechnologies and especially nanosafety are global issues that require
global collaborations.

We have identified four clear priorities: 1) material characterization; 2) ex-
posure, transport and life-cycle; 3) hazard mechanisms; and 4) risk assessment
and management tools, but nonetheless there must be a continuous follow-up,
review and evaluation to ensure the implementation of this proposed strategy.

In summary, this research roadmap aims at providing directions towards
a sustainable development of nanotechnology based tools and products. It is
based on the premises that a level of generalised knowledge in the different areas
mentioned and dealt with above shall be achieved within the next 10-15 years
and this will mean that the new materials coming onto the market will be safer
by design and this philosophy will be beneficial not only for Europe, its citizens
but for the whole world.
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1 Introduction
and background

The aim of this document is to introduce a strategic vision for future
research to promote the safe use and application of engineered nanomaterials
(ENM). The importance of this goal continues to increase due to the rapid
expansion in the production of ENM and products incorporating them. This
development will lead ultimately to mass production of a number of engineered
nanomaterials, and thereby to increased exposure of workers and consumers
to these novel materials. This development has also evoked increasing societal
and public concerns on the safety of ENM and associated technologies. This
evolution emphasizes the importance of setting priorities and goals on research
of safety of ENM, thereby minimizing the uncertainties around the safety and
health issues around these materials and nanotechnologies. Hence, the goal of
the document in this context is also to describe the current level of knowledge
of the safety of these materials and technologies, to identify knowledge gaps,
and set out defined goals for the research on safety of ENM within the fore-
seeable future. Identifying research priorities assure that the set goals will also be
reached. This will require the adoption of the aforementioned concreted goals
with time-lines and milestones that enable the follow-up of the achievements of
the proposed research priorities and goals to be identified later in this document.
In this context, also the background and the current research environment and
landscape need to be described. Key scientific observations and regulatory
documents will also be referred to. The time horizon set in context will be set
between 2015 and 2025, from the start of the first research project funded by
the “EU Horizon 2020 Framework funding programme for research and inno-
vation, until the end of the last project funded from that programme.

The European Commission has recently adopted a recommendation
on the definition of nanomaterial (COM (2011) 696), according to which
‘nanomaterial’ means a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50 % or more of the particles in the number
size distribution, one or more external dimensions is in the size range
I nm-100 nm. In specific cases and where warranted by concerns for the
environment, health, safety or competitiveness the number size distribution

31




1 Introduction and background

threshold of 50 % may be replaced by a threshold between 1 and 50 %. Even
though this definition has been currently incorporated into some pieces of EU
legislation, it has also recently been challenged because it has been considered to
be an obstacle for research in addition to being a reflection of relatively a static,
not a dynamic, understanding of the nature of nanosized materials for the pur-
pose of regulations (Maynard, 2011). The definition has indeed been defended
by the regulatory requirements of engineered nanomaterials (Stamm, 2011).

The potential of ENM and nanotechnologies to improve the quality of life
and to contribute to economic growth and competitiveness of industry has been
widely recognized, not only in Europe, but globally. Nanotechnologies can en-
able remarkable technological advances and innovations in many industry sec-
tors. However, there is an ongoing scientific and political debate about potential
risks of ENM and nanotechnologies (EU NAP, 2006-2009; NNE, Sep 2012;
NNE Feb, 2013).

The EU 2020 strategy (COM(2010)2020 defines smart, sustainable and
inclusive growth as the main European 2020 objective. Research and innovation
have been identified as the key drivers of European social and economic pros-
perity, capable of promoting the achievement of environmental sustainability
(EU Green Paper, 2011).

Competitiveness of the European industry is understood to be a priority in
achieving these goals, and hence the role of innovations and an accelerated pace
of the commercialization of innovations have been recognized as being funda-
mental in this respect. The recent Communication from the Commission on
Horizon 2020 - The Programme for Research and Innovation (COM(2011)808)
emphasizes the importance of research and innovation for society at large. The
same issues have been stressed in the EU Nanotechnology Action Plan 2005-
2009 (COM(2005)243). These strategic considerations all mean that there
will be major changes in the future European research landscape and funding
opportunities and all interested parties will need to adapt and prepare to meet
these challenges. The proposal for establishing the new Programme for Research
and Innovation - Horizon 2020 (COM(2011) 809) places a major emphasis on
securing a strong position on key enabling technologies (KET) such as infor-
mation and communication technologies (IC'T), nanotechnology, advanced
materials, space technology or biotechnology, and underlines their significance
for Europe’s competitiveness and its ability to provide the innovative goods and
services essential for meeting global challenges. In particular, nanotechnology
offers substantial possibilities for improving the competitive position of the EU
and for responding to key societal challenges. Ensuring the safe development
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and application of nanotechnologies has been included in the broad line of
activities of Horizon 2020 proposal.

The new technology applications not only should be safe themselves but
should also offer substantial improvements to human health and environment
protection still remaining competitive. Due to the rapidly increasing produc-
tion and use of ENM and utilization of nanotechnologies, safety aspects must
be fully understood and addressed. In figure 1.1. a well protected reseacher is
performing carbon nanotube aerosol experiments.

Figure 1.1.

Aerosol studies with carbon
nanotubes at Nanosafety
research Centre in FIOH.
Particle aerosolization occurs
in a closed system which is
capsulated by ventilated hoods
(photo by Joonas Koivisto,
FIOH)

According to a recent evaluation by the European Commission (2 nd Reg-
ulatory Review of REACH (EC(2012) 572) it is unlikely that the size of nano-
materials per se causes hazards or harm to the human health or the environ-
ment. Small size does enable easy access to living organisms and hence may
lead to increased risks to various living systems. This leads directly to scientific
uncertainty about the general safety of these materials, stressing the need for
safety assessment the nanosized substances. In fact, safety of ENM and nan-
otechnologies have been emphasized, not only by the European Commission
and several EU Member States, but also outside Europe, e.g. in the US 2011
National Nanotechnology Initiative’s Environmental, Health, and Safety (EHS)
Research Strategy (NNI, 2011) and in the recent report by US National Re-
search Council,(NRC, 2012). It has been envisioned that the safety of processes
as well as the technologies and products utilizing ENM, will be crucial in secur-
ing the success. Successful promotion and expansion of research on safety of
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ENM need to be able to timely predict with accuracy and reliability the chal-
lenges and opportunities of novel ENM and nanotechnologies for the next 10
to 20 years, i.e. we need to aim at the year 2025. In a recent communication Nel
et al. (2012) called for a totally novel testing strategies for ENM to enable the
available human and other resources in order to cope with this ever increasing
challenge. Earlier, Hartung (2009) has called for such an approach as well.

EU-level research funding from the framework programmes for research
and the upcoming Horizon 2020 especially emphasizes the European added
value, results which cannot be achieved by the actions or resources of a given
EU Member State alone. The goal of this document is not only to provide a
strategic level vision on research priorities on the safety of ENM, but also to il-
lustrate how advances emanating from this research can be of benefit to the EU,
its Member States, EU citizens, and globally. The time horizon of the document
at hand - extended until 2025 - also allows the implementation and exploita-
tion of results of nanosafety research projects funded from the Horizon 2020
- European Programme for Research and Innovation.

Towards this commitment, the European community of scientists address-
ing the safety of ENM and nanotechnologies in their research endeavour will
establish coordination with EU and national authorities, industry and stake-
holders. It will assist the collaboration between stakeholders and projects, par-
ticularly with national platforms and other industry platforms. The EU scien-
tists dealing with research on safety of ENM are in many ways integrated in the
European Technology Platforms such as NANO{utures European Technology
Platform for Industrial Safety (ETPIS), maintaining, however, their integrity and
independence. The ultimate goal of the scientists addressing the safety of ENM
in their research is to assure the safety of nanotechnologies from the handling
of the nanomaterials, the manufacture of products incorporating, these mater-
ials to their safe use by the final user and their disposal i.e. safety throughout
their entire life cycle. This will require establishing a new safety culture which
should involve developing and implementing a complete system of methods,
techniques and equipment and competent scientific and technical community,
and to inform the general public about the safety management and governance
of the technologies utilizing ENM.
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Consequences for the vision for
2015-2025

Based on the achievements described above, the assessment of risks and
their management will become routine among regulators. Industry will have
adopted a way of working which will guarantee the incorporation of safety of
the novel ENMs and nano-based products and processes, thereby markedly and
positively contributing to the nanosafety in society within European Union and
globally. This will require widespread adoption of the safe-by-design principle
in the planning of ENM and in the creation of industrial processes utilizing
these novel materials. The knowledge and awareness related to ENM and nano-
technologies among European citizens will have markedly improved 1.e. citi-
zens will be able to understand the fundamental issues surrounding nano-based
products and issues important for ENM. This will have been due to neutral and
reliable dissemination of information on ENM by regulators, academia, as well
as the industry

One of the key drivers of this positive development would be the creation
of a positive industrial attitude towards nanosafety. It will have become self-
evident to the different parties involved in the nanosciences associated with na-
nosafety that knowledge and trustworthiness are essential elements of success of
nanotechnologies. Safety enables the creativity and new innovations and hence
the ability of nanotechnologies to support wellbeing and social services. This
positive development will allow regulators and decision makers to interact with
other parties, academic community, industrial stakeholder, society at large, and
various interest groups in the society. This is needed to carry out effective regula-
tion of the safe use of ENM thus guaranteeing the safety of nanotechnologies
and the products emerging from these processes.

PR—
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EU and international strategy
documents

The importance of nanosafety has been emphasized in several documents
and comments issued by the European Commission, several European Union
Member States or other countries. The safety of ENM and nanotechnologies
has been identified as one of the key drivers of the success of nanotechnologies
in all of these documents. The European Union Green Paper (EU Green Paper,
2011) launched a public debate on the important issues to be taken into account
for future EU research and innovation funding programmes. The document
also emphasizes the importance of an empowering rather than a risk-driven ap-
proach in research on nanomaterials and nanotechnologies. In this context, the
Green Paper consultation document notes the importance of strengthening of
the European competitiveness, and it identifies key enabling technologies (KET)
as means which would allow smart, sustainable and inclusive growth within the
EU and beyond. Among the KETs, nanomaterials and nanotechnologies and
their applications have a central position.

In its communication on Regulatory Aspects of Nanomaterials (COM
(2008) 366) the Commission emphasizes that the current legislation in principle
covers the potential health, safety and environmental risks in relation to ENM.
However, the communication also notes the lack of knowledge of these issues
on engineered nanomaterials and calls for more research and knowledge. Based
on these goals and needs, later, in 2011, the Commission devised a definition for
nanomaterials (COM (2011) 696). The importance of the safety of ENM and
nanotechnologies had also been put forward in the Commission Communica-
tion on Nanosciences and Nanotechnologies: An Action Plan for Europe 2005-
2009 (COM(2005)243) and subsequently in the Commission Communication
on Nanosciences and Nanotechnologies: An Action Plan for Europe, Second
Implementation Report 2007-2009 (COM(2009)697). This Implementation Re-
port calls for European creativity, industrial innovations from knowledge to mar-
ket, but it also addresses the societal dimension, i.e. expectations and concerns.
It especially highlights health, safety, environment and consumer protection as
well as bridging the knowledge gap between material sciences and applications
of ENM to overcome the need of knowledge in areas like the characterization
of ENM, toxicity, ecotoxicity, safety and exposure assessment. The implemen-
tation report also emphasizes the importance of international collaboration in
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relation to nanotechnologies, ENM, nanosciences and nanosafety in the context
of OECD, ISO and CEN.

The Commission has also aimed at promoting the implementation of
safety of ENM and nanotechnologies in a number of Reach Implementation
Projects. These include the Report of the European Commission’s Public On-
line Consultation: Towards a Strategic Nanotechnology Action Plan (SNAP)
2010-2015. Some of the key conclusions of the report were that more than
80 % of the respondents have positive expectations toward nanotechnologies.
ICT, energy, and the health care sector are seen especially promising areas of
nanotechnology applications. There were also major concerns identified by the
respondents. A key concern expressed by the industry was the rate of innovation
in Europe and the risk that Europe may fall behind in the exploitation of its
scientific base in nanotechnology. And finally, a concern shared by a number of
parties was related to the safety of ENM and their regulation. Further details
related to ENM were identified in several Reach Implementation Projects for
example on substance identification (RIP-oN1) which included aspects about
the applicability of REACH to ENM. The conclusion of this report, as that
of many other reports, was that there are no specific definitions of ENM in
REACH but that the general substance definition covers also ENM. As stat-
ed earlier, Commission Definition was launched by the Commission in 2011
(COM (2011) 696).

After the creation of the Commission definition on nanomaterials, little
progress has taken place. The definition of nanomaterials will be utilized in
the Cosmetics Legislation which will require labelling the presence of nano-
materials in cosmetics products which have been produced after July 1, 2013.
Since there have been concerns about the slow development in the implementa-
tion of the definition in EU legislation, the Governments of Austria, Belgium,
Czech Republic, Denmark, France, Italy, Luxembourg, Spain, Sweden, Croatia
and the Netherlands have called for action from the Commission and urged
that it to undertake actions to guarantee the health of European citizens and
the protection of the environment by ensuring that EU legislation takes pos-
sible risks associated with nanomaterials into account. A note from the Dutch
Government, supported by the Governments of the other aforementioned EU
Member States urged that the European Commission should take the following
measures without delay ”:
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1. Provide for adaptations to existing legislation (e.g. on chemicals,
biocides, cosmetics, additives and labelling) to improve the application
of nanomaterials;

2) Propose legislation on registration or market surveillance of
nanomaterials or products containing nanomaterials;

3) Either through an amendment of REACH or through supplementary
legislation, whatever is most appropriate given the urgency, publish a
proposal or an appropriate mix of effective measure that should include:
- a solution to the current lack of definitions within REACH,;

- areview of the current tonnage levels for nanomaterials within REACH;

- shortening the period within which information must be obtained;

- introducing specific requirements for nanomaterials such as
characterization and testing”.

Two recent and important United States Strategy documents have dis-
cussed issues related to the safety of ENM and societal needs associated with
them. The report by Roco et al. (2012) “Nanotechnology Research Directions
for Societal Needs in 2020” discusses four major topics:

1) methods and tools of nanotechnology for investigation, synthesis, and

manufacturing;

2) safe and sustainable development of nanotechnology for responsible
and effective management of its potential including EHS aspects and
support for a sustainable environment in terms of energy, water, food,
raw materials and climate;

3) nanotechnology applications for advances of bio-systems and
medicines, information technology and other technology areas;

4) societal dimensions including elucidation, investing in physical
infrastructure, and governance of nanotechnology for societal benefit.

The report describes in a great detail progress in these areas since 2000.
The report constantly emphasizes the importance of the safe and sustainable
development of nanomaterials and nanotechnology applications. The main
conclusions of the report can be summarized as follows:

1) continuous support for basic nanotechnology research;

2) promoting focused R & D programs;

3) advancing partnerships between industry, academia, NGOs, multiple

agencies and international organizations;
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4) support of precompetitive R & D platforms; 5) global coordination of
nanosciences;

6) develop experimental and predictive methods for exposure and toxicity
to multiple nanostructured compounds. In addition, the report emphasizes

7) horizontal, vertical, and system integration nanotechnology education
to create or expand regional centres for learning and research; and

8) exploring new strategies for mass dissemination, public awareness, and
participation related to nanotechnology R & D breaking through

numerous barriers.

The take- home message of the report is that a wide perspective
on nanotechnologies including safety and societal needs is an absolute
necessity for the future success of nanotechnologies.

The National Nanotechnology Initiative has published recently
(NNI, 2011) a strategy document with a focus on human health, safety
and the environment. This provides the US Federal Government’s view
on key strategy issues of EHS in the US. It also sets strategic goals
for nanotechnology related EHS research and identifies the means to
reach the goals set for 2020.

Elements of the strategy

Governmental funding agencies globally, European Union, and private
funding agencies have recently invested remarkable amount of resources to
support the research on safety of nanomaterials. For example, this is clearly
reflected in the numbers of scientific publications during last decade which
have increased in an exponential fashion. There has been a rapid increase in
the publications on human health since 2000, less rapid on ecotoxicology since
2005, but the number of papers on exposure and assessment of exposure has
remained low throughout this period (Figure 1.2.).
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Figure 1.2. depicts the total number of papers published during years 2001-2009 in
the open literature on EHS of engineered nanomaterials, and separates papers on
exposure assessment, ecotoxicology and human toxicology.

In addition, the number of breakthroughs and remarkable innovations has
been much smaller than expected in spite of the markedly increased volume of
nanosafety research and its funding. This has prompted the funding agencies,
governments and the academic community to search for ways to improve the
cost benefit ratio of the research undertakings, and to emphasize the social di-
mension and societal needs of this research.

From the societal point, research serving risk assessment, management and
governance has been modest in terms of usefulness, timeliness and its systematic
nature. Much of the research has focused on mechanistic issues which may have
remarkable merits but do not serve well the urgent societal needs. At the same
one has to appreciate the concept that mechanistic innovations may well be of
immense importance in the future also from regulatory perspective, since the
regulations need to be based on scientific research.

The number of strategy documents aiming at providing direction of re-
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search on the safety of ENM and nanotechnologies EU Action Plan 2006-2009
(NAP 2006-2009), NNI Strategy document (NNI, 2011) and EU Green paper
(2011) as well as the NAS EHS Strategy (2012) document seeking to find ways
to identify a set of priorities has rapidly increased. They all aim at finding ways
to serve societal needs to assure the safety of ENM. In these documents, also
the concept has been made that the limited resources need to be considered and
that duplication of research efforts needs to be avoided.

The key elements of the strategies usually include the following important
items: 1. Description of the current state of knowledge, the existing research
landscape and identification of the requirements of the research environments
and infrastructures essential for the promotion of research on safe ENM and
nanotechnologies. 2. Identification of societal needs for the regulation of safety
of these materials and technologies. 3. Identification of the necessary research
goals for fulfilling of the societal needs and setting a time-line with milestones
for the follow-up of the progress of the research endeavors. 4. Identification of
the research priorities that allow reaching the goals within the time-limit set by
the strategy. 5. Identification of the means by which the results of the research
can be disseminated, implemented and exploited to evoke a change in the ways
industry can promote safe use of ENM and assure the safety of workers and
consumers, enabling regulators to make educated regulatory decisions. 6. Iden-
tification of the needs for further possible regulatory actions and possible further
investments into infrastructures, educational and funding programs to be able
to fully utilize the technological and economic benefits of these materials and
technologies. Many of these elements are general for any given research strate-
gies, but when dealing with new and emerging technologies, public perception is
always at the heart of the strategic activities and has to be carefully considered.
All these considerations highlight the importance of understanding of the as-
sociated research landscape.

Towards understanding of
nanomaterials

ENM are characterized by their complexity. This complexity is evident in not
only in their physico-chemical characteristics and behaviour but also in their
interactions with living systems. In some respects, they can be viewed as mater-
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ials physically embodying the concept of the 21 st century. Nanotechnologies
and nanomaterials, in addition to being a new material paradigm, are at the
same time positioned at the interface of many scientific disciplines. Hence,
nanotechnologies utilizing nanomaterials are in a unique position to nurture
novel innovations. Due to the diverse nature of nanomaterials, they have con-
tributed to the birth of several subfields of nanosciences such as optoelectronics
and printed electronics, innovative construction materials, novel surfaces and
packaging. They have been the impetus for the creation of the discipline of
safety-related nanotoxicology which is the foundation of the safety assessment
of ENM, the focus of this document.

Nanosciences and -technologies deal with the manipulation of matter in a
size-range from 1 to 100 nm in at least one dimension. Some of the recognized
engineered nanomaterials have dimensions even smaller than 1 nm (e.g fuller-
enes). In figure 1.4. some familiar objects are shown in a nanometer scale for
comparision. This and the more narrow EU definition do not, however, reveal
the truly innovative nature of nanotechnology and the nanosciences, a criticism
leveled by Maynard (2011). Indeed, the study of nanotechnologies and nano-
sciences demands creativity because at the nano-scale particles have the poten-
tial to interact with living organisms at the cellular even at the molecular levels
(see Monopoli et al., 2012). In essence, cells are a biological micro-cosmos, the
elements of which are expressed at a nanoscale thereby bringing a qualitatively
novel dimension to the material-biology interplay (Shvedova et al., 2010).
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