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Abstract Engineered nanomaterials have structured compo-
nents less than 100 nanometers or 0.1 μm in greatest diameter.
Products with nanomaterials as their basis are diverse, includ-
ing diagnostic and therapeutic agents, stain-resistant clothing,
solar cells, sun blocks, and cosmetics, and an expanding array
of applications is anticipated. The increasing production and
use of engineered nanomaterials may lead to greater exposures
of workers, consumers, and the environment, and raises con-
cerns about potential harms to human and ecosystem health.
This paper addresses the general topic of research on
engineered nanomaterials, health, and the environment. It
covers the history of research planning on engineered
nanomaterials, giving emphasis to the recent reports from a
committee of the US National Research Council. The two
reports from this committee offered a framework-based re-
search strategy intended to address critical uncertainties. This
paper ends with general lessons learned from experience with
engineered nanomaterials that may apply to other emerging
environmental threats.

Keywords Nanotechnology . Research strategies . Human
health . Environmental health and safety . Risk assessment

Introduction

Products incorporating engineered nanomaterials are a rapidly
growing manufacturing sector, with revenues from nano-

enabled products increasing from $110 billion in 2010 to
$318 billion in 2013 in the US, according to a market research
study commissioned by the National Science Foundation and
the National Nanotechnology Coordination Office [1]. The
word ‘nano’ means very small, but when used with reference
to size it means one billionth or 10−9. While there is an
extraordinary diversity of engineered nanomaterials, they all
incorporate building blocks that are initially at the nanoscale,
i.e. less than 100 nanometers or 0.1 μm in greatest diameter,
even if the ultimate product is far larger [2•]. Products with
nanomaterials as their basis are diverse, including diagnostic
and therapeutic agents, stain-resistant clothing, solar cells, sun
blocks, and cosmetics, and an expanding array of applications
is anticipated. These varied applications reflect the unique
properties of engineered nanomaterials. Commonly used
nanomaterials include fullerenes, quantum dots, metal oxide
nanoparticles, such as zinc oxide nanoparticles, and carbon
nanotubes [2•].

Given the potential for widespread application and the rise
of manufacturing of engineered nanomaterials, governments
have implemented initiatives to promote the growth of the
nanotechnology sector. In the US, the National Nanotechnol-
ogy Initiative (NNI) originated with a speech by President
Clinton in the year 2000 on the potential opportunities of
nanotechnology [3]. The NNI was charged with coordinating
the development and application of nanotechnology and also
with carrying out activities related to potential impacts of
nanotechnology on the environment and human health [4].
The NNI undergoes periodic review [5, 6].

The same unique properties of nanomaterials that have led
to their widespread application also raised concerns about
potential harms to human and ecosystem health. In one widely
publicized scenario, based on Michael Crichton’s science
fiction book Prey, self-replicating ‘nanobots’ threaten human-
ity with the possibility of forming a ‘grey goo’ [7]. While the
idea of a ‘grey goo’ did not originate with Crichton, the
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emergence of nanotechnology has been construed by some as
potentially posing a grave threat to the environment and to
workers in nanotechnology and even to the general popula-
tion. More rational discussion has been directed at how to
organize research to understand whether engineered
nanomaterials pose a threat to human and ecosystem health.

This paper addresses the general topic of research on
engineered nanomaterials, health, and the environment. It
covers the history of research planning on engineered
nanomaterials, giving emphasis to strategies taken to develop
multidisciplinary research strategies and the gaps in the
resulting evidence. Over more than a decade, multiple re-
search agendas on engineered nanomaterials have been elab-
orated through multidisciplinary stakeholder processes that
have engaged researchers in academia, government and in-
dustry; non-governmental organizations; public agencies; and
manufacturers. Key agendas have come from various govern-
mental agencies within the US and elsewhere, non-
governmental organizations concerned with the environment
and human health, and the US National Research Council
(NRC) [2•, 8•]. These agendas have identified critical areas
of uncertainty and the research needed to address the gaps.
Here, emphasis is given to the findings of the NRC’s Com-
mittee to Develop a Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials,
which has released two reports: the first in 2012 that set out
a research agenda [2•], and the second in 2013, which consid-
ered progress and updated the prior volume’s strategy [8•].

The issues involved in developing a research agenda for
potential health and environmental impacts of engineered
nanomaterials are both specific and general. Substantial effort is
expended on developing research agendas on various topics by
such entities as the National Academy of Sciences, the National
Institutes of Health, and professional organizations, as well as
individual scientists. This paper ends with general lessons
learned from research experience with engineered nanomaterials.

Background

With regard to potential general exposures in the environment
and to people, the production, use, and disposal of engineered
nanomaterials follow a complicated and variable lifecycle
(Fig. 1). Figure 1 provides a generic overview of the lifecycle
of an engineered nanomaterial. As depicted in the figure,
production of engineered nanomaterials involves initial steps
at which nanoscale precursors are used to develop primary
and possibly secondary products. Across this generic
lifecycle, there are various points at which release is possible
and exposures to humans and the environment could take
place. Early in the lifecycle, there is the potential for exposures
to workers, which are likely to be at higher levels than further
downstream in the lifecycle.

The initial concerns about the human health and environ-
mental impacts of engineered nanomaterials reflected the
properties of nanoscale materials and long-standing evidence
indicating that inhaled nanoscale materials, so-called ‘ultra-
fine’ particles, not only cause lung injury but can translocate
and undergo systemic distribution [9, 10•]. The sites of parti-
cle deposition within the respiratory tract, which extends from
the nose and upper airway to the alveoli, depend on the
aerodynamic diameter of the particles. Those under 100 nano-
meters in aerodynamic diameter, the ultrafine fraction, are
filtered in the upper airway, but alveolar deposition is high
for those particles reaching the peripheral lung. In results
potentially relevant to humans, experiments involving ro-
dents and fish show that inhaled and deposited nanoparti-
cles can move through the alveolar epithelium and reach
the general circulation or travel along the olfactory nerve
and reach the brain [11, 12]. There are other pathways for
exposure of humans as well, including transdermal migra-
tion of nanoparticles in products that are placed on the skin
and ingestion of contaminated liquids or foods.

There is a growing literature on how nanoparticles could
cause harm to human health and the environment. A literature
search on PubMed using the keywords ‘nanomaterials’ and
‘toxicology’, ‘human health’, or ‘environmental impact’
shows an exponential growth in the number of publications
on these topics over the past decade, but with significantly
more studies on environmental outcomes (Fig. 2). These
studies draw on a variety of experimental methods, including
bioassays and in vitro toxicological assays; to date, epidemi-
ological studies have been limited to several worker popula-
tions, and epidemiological studies have yet to be carried out
on the general population [13•, 14–17]. The two reports of the
NRC committee provide summaries of the most informative
studies across research domains relevant to human and eco-
logical health [2•, 8].

Research Agendas for Engineered Nanomaterials

As the promise of nanotechnology drove product innova-
tion and rapid commercialization, concerns about the po-
tential risks of engineered nanomaterials followed. While
some of the concern reflected the unknown and seemingly
menacing possibilities raised in alarmist scenarios, such as
that of Prey, there was already an understanding of the
risks of fibers and of ultrafine particles that provided an a
priori basis for concern about engineered nanomaterials
and nanotechnology. Beginning more than a decade ago, a
series of research agendas were elaborated to address the
numerous unce r t a in t i e s r e l a t ed to eng inee red
nanomaterials (Table 1).

Table 1 provides a compendium of some of the most
significant of these agendas, as compiled by a committee of
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the NRC [2•]. The table is notable for the number of research
agendas that have been proposed and the diverse entities that
have produced them. Concern first originated in Europe. The
2004 document by the Royal Society and Royal Academy of
Engineering in the UK developed one of the first notable
agendas [18]. In the US, the NNI published the first interagen-
cy compilation of research needs, and further US reports came
from the NNI and other agencies as well as from multi-
stakeholder processes (Table 1) [2•]. Viewed over time, these
research agendas show a growing understanding of the com-
plexities of carrying out research on health and environmental
risks of engineered nanomaterials and the need for highly
multidisciplinary and integrated research strategies. The dis-
cussions underlying these agendas also led to an understand-
ing of the overarching objective of research on engineered
nanomaterials—to support the development of credible
models to predict potential risks of materials to human and
environmental health.

Viewed from the perspective of the NRC committee, these
agendas represented a useful starting point, offering a com-
pendium of overlapping research targets that came from dif-
fering approaches to establishing an agenda. There was also
overlapping membership across the groups assembling these
agendas, and these overlaps extended to members of the NRC
committee.

Approach of the National Research Council’s Committee
to Develop a Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials

At the request of the Congress, the NRC appointed its ‘Com-
mittee to Develop a Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials’
(referred to here as the ‘NRC committee’) in 2010 with the
charge of developing a strategic research agenda on potential
harms to human and ecosystem health from exposures to

Fig. 1 The lifecycle and value
chain of engineered nanomaterial
production, use, and disposal, and
potential human and ecosystem
exposures (reprinted with
permission from National
Academies Press [2•]).

Fig. 2 The number of peer-
reviewed publications in PubMed
related to nanomaterials
toxicology, human health, or
environmental impact from 2000
to 2013.
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engineered nanomaterials. This committee was formed in
response to a 2009 NRC report that was critical of the scope
and strategy of the NNI’s strategy for research on human
health and the environment [19]. The committee’s charge
was based on a model that had been successfully applied to
airborne particulate matter (PM) by the NRC’s Committee on
Research Priorities for Airborne Particulate Matter (NRC PM
committee).

The NRC PM committee released four reports between
1998 and 2004 [20–23], the first setting out a research strategy
that targeted key uncertainties and the last addressing progress
towards reducing uncertainties. The agenda proposed by the
PM committee was based in a toxicological paradigm that
extended from sources of PM to the health consequences of
PM exposure. That framework was used to identify ten critical
evidence gaps with attendant uncertainties that hindered pol-
icy development and decisionmaking. For example, a key gap
was a very limited understanding of the physical and chemical
characteristics of particles that determine their toxicity; that
gap hindered the targeting of sources producing the particles
leading to the greatest risk. The PM committee elaborated a
13-year timeline for research, estimated the associated costs
on an annual basis, and offered metrics for evaluation on the
short-term and long-term.

In approaching its task, the NRC committee on engineered
nanomaterials first considered prior agendas (Table 1), the
lifecycle and value chain of engineered nanomaterials
(Fig. 1), and also developed a conceptual model for consider-
ing health and environmental impacts of nanomaterials
(Fig. 3). This model, embedded in a toxicological exposure-
to-risk paradigm, captures the critical determinants of adverse
outcomes in the central row. These determinants are not to be

construed as sequential as all are critical. The circle with
‘Critical Elements of Nanomaterial Interactions’ refers to the
biological events that result from contact of nanomaterials
with biological tissues at the cellular and molecular levels.
These events are considered generically as the same general
interactions may be relevant to injurious responses in humans
and in ecosystems.

The conceptual model also captures tools needed for re-
search, the four pillars at the bottom of the figure. Each of the
four sets of tools is indispensable: (1) standardized and char-
acterized materials for investigation; (2) accepted and harmo-
nized research methods; (3) models for testing hypotheses
related to characteristics of engineered nanomaterials and risk,
and for predicting risks of new materials; and (4) informatics
for classifying materials, assays, and research results across
studies to assure that data can be combined across studies.

After completing literature reviews, the committee used
this model to identify critical uncertainties and the correspond-
ing research needs, and to specify the resources required to
address them. The research categories were organized around
the central row of the conceptual model (Fig. 3), as follows:

& Identification, characterization and quantification of the
origins of nanomaterial releases: This topic is a necessary
starting point, involving ongoing inventory of engineered
nanomaterials, examining the points for release, and
assessing potential exposures to people and environments.

& Processes that affect both potential hazards and
exposures: This broad area considers processes and mac-
romolecular interactions that take place at scales ranging
from molecular to the whole human and to ecosystems.
The items included relate to bioavailability and transport

Fig. 3 Conceptual framework for
informing research agenda of the
National Research Council
committee on engineered
nanomaterials (reprinted with
permission from National
Academies Press [2•]).
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and fate, and they have the potential to affect both expo-
sure and risk, e.g. through changes in characteristics of the
material.

& Nanomaterial interactions in complex systems ranging
from subcellular systems to ecosystems: This unifying
topic refers to interactions of particles in a range of com-
plex systems. It acknowledges the complexity of the pro-
cesses that determine outcomes and the need for a tiered
understanding that will support model development. The
characteristics of the materials that determine responses
are a critical focus of investigation in order to generate
data for predictive models.

& Adaptive research and knowledge infrastructure for ac-
celerating research progress and providing rapid feed-
back to advance research: This broad area acknowledges
the need for a foundation of infrastructure to support
research. Its elements correspond to the pillars of Fig. 3,
which figuratively support the entire research enterprise.

The committee was also charged with considering imple-
mentation of the research agenda, the resources needed to
execute it, and the metrics for evaluation of progress. These
are also critical components of a research plan. With regard to
the financial support needed, the NRC committee made rec-
ommendations that were constrained by the magnitude of
existing funding for research on health and environmental
consequences of engineered nanomaterials. The committee
recognized that unrealistic suggestions would not be useful,
but it did propose modestly increased funding and reallocation
of resources to emphasize support of infrastructure develop-
ment early in the course of its research agenda.

The NRC committee was charged with preparing a follow-
up report that would assess progress since the first report and
further refine the research agenda. Because only a short inter-
val had elapsed since the first report, the second report largely
focused on process indicators to assess the impact of the first
report. To evaluate progress, the committee used a qualitative,
‘traffic-light’ classification of advances for each of the re-
search topics specified in the first report. Colors were
assigned, based on committee consensus, with green indicat-
ing substantial progress, yellow indicating moderate or mixed
progress, and red indicating little progress. Unfortunately,
progress scored poorly with 1 green, 15 yellow, and 4 red.
The process of classifying progress proved to be lengthy as
consensus across the committee was sought for each research
priority.

Importantly, in the second report, the committee refined its
vision of the fundamental approach to research on the human
health and environmental risks of engineered nanomaterials
(Fig. 4). This figure proposes the ideal, an integrated ‘big
science’ research enterprise directed at potential risks of
engineered nanomaterials to health and the environment.
The figure diagrams the research enterprise, offering a

simplistic stratification into ‘laboratory world’ and ‘real
world’, referring to experimental exposures and exposures of
the consequences of actual exposures for people and ecosys-
tems. The data from these two lines of research are housed in
the ‘knowledge commons’ which serves as a general resource
for investigators and as the data foundation for modeling. The
diagram also shows the path to evidence-based decision
modeling. While idealized, the diagram provides a framework
for how research findings from diverse lines of investigation
can be brought together so that models can be developed to
estimate risk and support decision making. The diagram also
makes clear the central role of research infrastructure.

Conclusions and Lessons Learned

Research agendas on risks of nanomaterials have ad-
vanced for more than a decade. Their overall impact on
research directions cannot be readily assessed, but there
has been substantial growth of research in this area, be-
ginning in 2004 when the first agenda was proposed
(Fig. 2). In the US, the first report of the NRC committee
was used by the NNI as it revised its research strategy.
The NRC committee’s general recommendations were
echoed by the 2010 report of the President’s Council of
Advisors on Science and Technology (PCAST) [5].

This concluding section addresses the following ‘lessons
learned’:

& The development of research agendas on the potential
health and environmental nanomaterials was appropriately

Fig. 4 Nanotechnology environmental, health, and safety research en-
terprise (reprinted with permission from National Academies Press [8•]).
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motivated by concerns about the uncertainties associated
with this emerging technology. The research agendas were
proposed on a timely basis (Table 1) and continued to
evolve as questions became more specific and critical
uncertainties for decision making were identified. The
research agendas were proposed by a variety of groups,
including governments, research agencies, and multi-
stakeholder groups. Thus, some had ‘official pathways’
for reaching key decision makers around research support,
while others did not.

& The groups developing the research agendas have been
highly diverse, reflecting the range of scientific methods
involved and the diverse stakeholders concerned with
engineered nanomaterials. The NRC committee, for ex-
ample, included toxicologists, ecologists, epidemiologists,
public health professionals, chemical engineers, aerosol
scientists, and stakeholder representatives (business and
manufacturing and non-governmental organizations) [2•,
8•]. This diversity was critical for addressing the commit-
tee’s task, but brings the challenges of scientific multidis-
ciplinary and differing stakeholder views.

& The NRC PM committee proved to be remarkably effec-
tive. Its approach provided a valuable framework for the
US Environmental Protection Agency and its funding
recommendations were adhered to, in part because they
drove the allocation of funds for research on PM by the
Agency. By contrast, the NRC committee on engineered
nanomaterials did not have a direct path for affecting the
quantity or allocation of funding. In offering funding
guidance, the NRC committee felt obligated to begin with
the level of funding in place at NNI at the time it was
making recommendations. A relatively modest increment
was proposed, along with a reallocation of funds across
topics. The committee recognized that the general area of
research on environmental and human health risks of
nanotechnology was under-funded, but thought that a call
for a major shift in funding from development and appli-
cation to research on environmental health and safety
would not be met with a response.

& The NRC committee’s conceptual model (Fig. 3) offers a
framework for organizing and focusing research across
multiple disciplines. The NRC PM committee’s risk par-
adigm, proposed in 1998, was widely adopted and pro-
vided a common platform for considering research on the
topic of airborne PM and health. Its list of research prior-
ities, based on reducing uncertainties, was also widely
used. In the future, the NRC report on engineered
nanomaterials may also become a template for guiding
research in this area. More generally, experience of the
reports of the two committees suggest that thoughtful
elaboration of conceptual models can prove useful in
guiding research planning to support decision making on
environmental hazards.

& The NRC committee’s depiction of the ideal ‘big
science’ research enterprise clarifies the need for in-
frastructure, including informatics (now referred to in
this context as ‘nanoinformatics’), and networks. This
area has been under-funded, in spite of its central role
in creating a cohesive research enterprise. Typically,
such infrastructure does not receive sufficient support,
in spite of having a critical role in maximizing the
impact of research.

& The development of credible and validated models is a
critical outcome; this goal cannot be achieved without a
common nomenclature and platforms for data sharing. For
example, the findings from different studies addressing
potential determinants of toxicity of nanomaterials need to
be pooled to test models on robust data sets. For that
purpose, a common ontology for describing the test ma-
terials is needed, as well as harmonized data structures for
capturing findings. The figure also shows how data from
‘the laboratory world’ and ‘the real world’ can be brought
together for model refinement and cross-validation.

& In general, metrics are needed for evaluating progress;
they should be directed at initial process indicators
and longer-range outcomes. The approaches elaborat-
ed by the NRC PM committee proved valuable in that
instance and were adapted by the NRC committee on
engineered nanomaterials. Criteria were established in
its first report for setting priorities—scientific value,
decision-making value, and timing and feasibility
[20]. In its second report, it set out criteria for ad-
dressing implementation, including interaction, inte-
gration, and accessibility [21]. Its fourth report shows
how these guiding criteria were applied [23]. For the
longer run, it is not clear if the NNI will monitor
progress using the NRC committee’s approach; a strat-
egy for research management has been proposed with-
out assuring long-run accountability.

This case study documents a relatively unique epi-
sode; the emergence of a sweeping new technology and
efforts to prospectively assess potential hazards of that
technology. Multiple research strategies have been pro-
posed, the most recent coming from the NRC’s Com-
mittee to Develop a Research Strategy for Environmen-
tal, Health, and Safety Aspects of Engineered
Nanomaterials. This committee’s strategy captures the
elements of a ‘big science’ initiative and could usefully
serve as a model in other domains.
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