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Preface

Over the last decade, government agencies, academic institutions, industry, and others have
conducted many assessments of the environmental, health, and safety (EHS) aspects of nanotechnology.
The results of those efforts have helped to direct research on the EHS aspects of engineered nanomaterials
(ENMs). However, despite the progress in assessing research needs and despite the research that has been
funded and conducted, developers, regulators, and consumers of nanotechnology-enabled products remain
uncertain about the types and quantities of nanomaterials in commerce or in development, their possible
applications, and their associated risks. To address those uncertainties, the Environmental Protection
Agency asked the National Research Council to perform an independent study to develop and monitor the
implementation of an integrated research strategy to address the EHS aspects of ENMs.

In this report, the Committee to Develop a Research Strategy for Environmental, Health, and
Safety Aspects of Engineered Nanomaterials presents a conceptual framework for the proposed research
strategy and identifies critical research gaps and tools needed to address them. The committee identifies
high-priority research that needs to be undertaken in the short and long term and the resources needed.
The report concludes with a discussion of mechanisms to ensure effective implementation of the
committee’s research strategy. In a subsequent report, the committee will evaluate research progress.

This report has been reviewed in draft form by persons chosen for their diverse perspectives and
technical expertise in accordance with procedures approved by the National Research Council Report
Review Committee. The purpose of the independent review is to provide candid and critical comments
that will assist the institution in making its published report as sound as possible and to ensure that the
report meets institutional standards of objectivity, evidence, and responsiveness to the study charge. The
review comments and draft manuscript remain confidential to protect the integrity of the deliberative
process. We thank the following for their review of this report: Nathan Baker, Pacific Northwest National
Laboratory; Michael Ellenbecker, University of Massachusetts Lowell; Richard Flagan, California
Institute of Technology; Robert Hurt, Brown University; Jacqueline Isaacs, Northeastern University;
Jennifer Kuzma, University of Minnesota; Terry Medley, E.I. duPont de Nemours & Co.; James Murday,
University of Southern California; Andre Nel, University of California, Los Angeles; Joanne Shatkin,
CLF Ventures, Inc.; Robert Tanguay, Oregon State University; David Tirrell, California Institute of
Technology; Jason Unrine, University of Kentucky; Paul Westerhoff, Arizona State University; and
Yannis Yortsos, University of Southern California.

Although the reviewers listed above have provided many constructive comments and suggestions,
they were not asked to endorse the conclusions or recommendations, nor did they see the final draft of the
report before its release. The review of the report was overseen by the review coordinator, Richard B.
Schlesinger, Pace University, and the review monitor, Julia M. Phillips, Sandia National Laboratories.
Appointed by the National Research Council, they were responsible for making certain that an
independent examination of the report was carried out in accordance with institutional procedures and that
all review comments were carefully considered. Responsibility for the final content of the report rests
entirely with the committee and the institution.

The committee gratefully acknowledges the following for making presentations to the committee:
Lynn Bergeson, Bergeson & Campbell, P.C.; P. Lee Ferguson, Duke University; Richard Judson, Jeffrey
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Preface

Morris, and James Willis, U.S. Environmental Protection Agency; Subhas Malghan, U.S. Food and Drug
Administration; Scott McNeil, Science Applications International Corporation; Giovanni Parmigiani,
Harvard University; Paul Schulte, National Institute for Occupational Safety and Health; Justin
Teeguarden, Pacific Northwest National Laboratory; Alan Tessier, National Science Foundation; Sally
Tinkle, National Nanotechnology Coordination Office, and formerly with the National Institute of
Environmental Health Sciences; and Jason Unrine, University of Kentucky.

The committee is also grateful for the assistance of National Research Council staff in preparing
this report. Staff members who contributed to the effort are Eileen Abt, project director; James Reisa,
director of the Board on Environmental Studies and Toxicology; Tina Masciangioli and Erik Svedberg,
senior program officers; Keegan Sawyer, associate program officer; Keri Schaffer, research associate;
Norman Grossblatt, senior editor; Mirsada Karalic-Loncarevic, manager, Technical Information Center;
Radiah Rose, manager, editorial projects; Orin Luke, senior program assistant; and Tamara Dawson,
program associate.

I would especially like to thank the members of the committee for their efforts throughout the
development of this report.

Jonathan M. Samet, Chair
Committee to Develop a Research Strategy for
Environmental, Health, and Safety Aspects of
Engineered Nanomaterials
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Summary

Nanotechnology relies on the ability to design, manipulate, and manufacture materials at the
nanoscale.' The emerging field of nanotechnology has the potential to lead to substantial advances in
many sectors—energy, medicine, electronics, and clean technologies, for example—while contributing to
substantial economic growth. Engineered nanomaterials (ENMs) are already in industrial and consumer
products, including drug-delivery systems, stain-resistant clothing, solar cells, cosmetics, and food
additives. It is the nanoscale-specific properties of ENMs (for example, their electronic, optical, or
chemical-reactive qualities) that are key to research and commercial applications.

The nanotechnology sector, which generated about $225 billion in product sales in 2009, is
predicted to expand rapidly over the next decade with the development of new technologies that have
new capabilities. The increasing production and use of ENMs may lead to greater exposures of workers,
consumers, and the environment, and the unique scale-specific and novel properties of the materials
raise questions about their potential effects on human health and the environment. In light of the rising
use of ENMs, this report was motivated by the need for a research strategy to address critical gaps in
knowledge related to the unique properties and environmental, health, and safety (EHS) risks of ENMs.
Major challenges in developing such a strategy include

o (reat diversity of nanomaterial types and variants.

e Lack of capabilities to monitor rapid changes in current, emerging, and potential ENM
applications and to identify and address the potential consequences for EHS risks.

e Lack of standard test materials and adequate models for investigating EHS risks, leading to
great uncertainty in describing and quantifying nanomaterial hazards and exposures.

To address these challenges, the Environmental Protection Agency (EPA) asked the National
Research Council to perform an independent study to develop and monitor the implementation of an
integrated research strategy on EHS risks of ENMs. In response to EPA’s request, the National Research
Council convened the Committee to Develop a Research Strategy for Environmental, Health, and Safety
Aspects of Engineered Nanomaterials, which prepared this report. The committee was charged to create a
conceptual framework for EHS-related research, to develop a research plan with short-term and long-term
research priorities, and to estimate resources needed to implement the research plan®. In a subsequent
report, the committee will evaluate research progress.

In this report, the committee presents a strategic approach for developing the science and research
infrastructure needed to address uncertainties regarding the potential EHS risks of ENMs. This approach
begins with a discussion of the need for a research strategy. The committee next describes a new
conceptual framework that structures its approach, focusing on emerging materials that may pose
unanticipated risks, and on the properties of ENMs and their influence on hazards and exposure. The
committee then identifies critical research gaps reflecting the elements of the framework, and the tools

"Nanoscale refers to materials on the order of one billionth of a meter.
?See Chapter 1 for the committee’s statement of task.
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needed for addressing these gaps. Together with the conceptual framework and the identified gaps and
tools, the committee develops the research portfolio, identifying where changes in course are needed, and
where additional cross-cutting research would add value. Resources needed to implement the research
priorities are identified. Last, the committee discusses the need for mechanisms to ensure implementation
of the research strategy and evaluation of research progress that will be conducted in the subsequent
report.

WHY IS ANOTHER STRATEGY FOR ENVIRONMENTAL, HEALTH,
AND SAFTETY RESEARCH NEEDED?

As nanotechnology has burgeoned, questions about the possible risks posed by ENMs have been
raised, fueled in part by the increased production, by a growing awareness that adequate methods are not
available to detect and characterize the materials in the environment, and by recognition that the materials
are in products or environments where exposures potentially can occur. In response to those concerns,
there has been an increase over the last decade both in funding for research and in peer-reviewed
publications addressing EHS effects of ENMs, in particular from the U.S. National Nanotechnology
Initiative (NNI), “the government’s central locus for the coordination of federal agency investments in
nanoscale research and development” (NRC 2009).?

Over the last decade, many assessments of the potential EHS effects of nanotechnology have
been conducted worldwide by government agencies (including the NNI), academic institutions, and
industry (see Table 1-1). Those efforts have helped to translate and communicate information on the
potential EHS effects of nanotechnology among researchers who are generating the scientific evidence,
the businesses that use nanotechnology, the consumers who are using products with ENMs, and the
various regulators who are overseeing ENMs. In the United States, the NNI has coordinated the efforts of
regulatory and research agencies in identifying and addressing cross-agency research needs. The NNI
guidance is complemented by agency-specific research strategies. In addition, the 2009 National Research
Council review of the federal strategy highlighted the coordinating functions of the NNI and identified
elements that are integral to a research strategy, including input from various stakeholders and
mechanisms to ensure that the research strategy will be supported and funded. The 2009 report also
identified limitations of the NNI approach. The NNI’s 2011 Draft EHS Strategy addresses some of the
limitations and further develops a framework for coordination among federal agencies and mechanisms to
support the implementation of the strategy.*

Despite some progress in assessing research needs and in funding and conducting research,
developers, regulators, and consumers of nanotechnology-enabled products remain uncertain about the
variety and quantity of nanomaterials in commerce or in development, their possible applications, and any
potential risks. There is insufficient connection and integration between generation of data and analyses
on emergent risks and strategies for preventing and managing the risks.

Based on the committee’s review of the current state of research and its relation to the needs of
developers, regulators, and users of ENMs, three particular gaps are evident. First, little research progress
has been made on some key topics, such as the effects of ingested ENMs on human health. Second, there
is little research on the potential health and environmental effects of the more complex ENMs that are

*NRC (National Research Council). 2009. Review of the Federal Strategy for Nanotechnology-Related
Environmental, Health, and Safety Research. Washington, DC: National Academies Press.

*The final version of the strategy was released in October 2011. However, because this report had already gone
through peer review, the final version of the NNI EHS strategy was not reviewed or commented on by the
committee.

4 Prepublication Copy

Copyright © National Academy of Sciences. All rights reserved.



A Research Strategy for Environmental, Health, and Safety Aspects of Engineered Nanomaterials

Summary

expected to enter commerce over the next decade. Third, system-integrative approaches are needed that
can address all forms of ENMs based on their properties and an understanding of the underlying biologic
interactions that determine exposure and risk. In spite of the need to provide more certain information on
potential EHS risks, the gaps in understanding identified in many scientific workshops over the last
decade have not been aggressively addressed with needed research. Common themes identified in
workshops include the need for standardized materials, standardized methods to evaluate exposures, both
in the workplace and in the environment, and harmonized methods for in vitro to in vivo validation in
hazard assessments. In addition, rapidly evolving research approaches reflect an increasing emphasis on
high-throughput screening and predictive modeling, both essential for managing the complexity of
ENMs.

Thus, there is a need for a research strategy that is independent of any one stakeholder group, that
has human and environmental health as the primary focus, that builds on past efforts and is flexible in
anticipating and adjusting to emerging challenges, and that provides decision-makers with timely,
relevant, and accessible information.

THE COMMITTEE’S CONCEPTUAL FRAMEWORK

The diverse properties of nanomaterials make them challenging from the perspective of risk
assessment. The variety of ENM types and the variation within types make it difficult to define their
composition, structure, and properties without extensive characterization. The countless assemblages of
atoms and structures and the plethora of inorganic and organic macromolecular coatings affect ENM
surface chemistry and thus their behavior in the environment and in organisms. Depending on the
environment where a nanomaterial is present (for example, lung fluid, surface water, or air), its surface
properties may change, affecting its behavior, so that making predictions about such behavior and
potential effects is challenging. Because of the variety of ENMs with differing properties, it is difficult to
identify materials or classes of materials that may behave similarly with respect to fate, transport, toxicity,
and risk.

In developing the new conceptual framework for considering ENM-related risks and for shaping
the direction of the research portfolio (see Figure S-1), the committee considered properties that might be
identified in a new nanomaterial that could pose a new, enhanced, or ill-defined risk. There is a need for
an approach that promotes scientifically sound investigations of emerging risks and provides timely
results relevant to the rapidly developing nanomaterial industry without relying on case-by-case
evaluations of the nanomaterials.

The committee’s conceptual framework is characterized by three key features:

e A value-chain’ and life-cycle perspective that considers potential effects originating in the
production and use of nanomaterials, nanomaterial-containing products, and the wastes generated.

e A focus on determining how nanomaterial properties (for example, size, surface
characteristics, solubility, and crystallinity) affect key processes (for example, agglomeration,
aggregation, dissolution, and deposition) that are relevant to predicting both hazard and exposure.

>A value chain is a chain of activities that extends from the generation of nanomaterials to the production of
primary and secondary products that are based on them. Activities along the value chain imply inputs of energy and
materials at each stage and the creation of waste streams. For example, such ENMs as quantum dots (QDs) and
single-walled carbon nanotubes (SWCNTSs) might be combined as QD-SWCNT composites in primary products,
such as thin films. Thin films might then be incorporated into solar cells (secondary products), which are then used
in housing materials (tertiary products). All the products that form the value chain have their own life cycles
associated with their manufacture, transport, processing, use, and end of life.
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e The application of three principles that help guide our understanding of ENMs and research
gaps when addressing ENM risks. The three principles address the emergent nature of ENM risks, the
plausibility or likelihood of significant risks, and the potential severity of an effect.’

Figure S-1, which is not intended to show a linear process, depicts sources of nanomaterials
originating throughout their value chains and life cycles and considers the environmental or physiologic
context of these materials and the processes that they affect. The circle, identified as “critical elements of
nanomaterial interactions,” represents the physical, chemical, and biologic properties or processes that are
considered most critical for assessing exposure, hazard, and hence risk. Those elements exist on many
levels of biologic organization, including molecules, cells, tissues, organisms, populations, and
ecosystems. The committee asks, What are the most important elements to examine to determine whether
a nanomaterial is harmful? It has placed these elements at the center of the proposed research framework.
The lower half of the figure depicts tools that can support a research agenda on the critical elements of
nanomaterial interactions. The tools include materials (standardized ENMs that represent a variety of
characteristics of interest), methods (standardized approaches for characterizing, measuring, and testing
ENMs), models (for example, for assessing availability, concentration, exposure, and dose), and
informatics’ (methods and systems for systematically capturing, archiving, and sharing research results).
The vertical arrows between the tools and the circle containing the critical elements represent the
interplay between what is learned about the processes that influence exposure and hazard and the
continuing evolution of the tools for carrying out research.

Exposure
Source L > Risk

Hazard

@)

Critical
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Nanomaterial
Interactions

O

@)
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Value Chain Materials
& Life Cycle Properties

Response Outcomes
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FIGURE S-1 Conceptual framework for informing the committee’s research strategy.

%The principles help in identifying nanomaterials that require closer scrutiny regarding risk, irrespective of
whether they are established, emerging, or experimental ENMs. The principles also help to avoid a reliance on rigid
definitions of ENMs.

"Informatics is defined here as the infrastructure and information science and technology needed to integrate
data, information, and knowledge. An overall purpose of informatics in the context of EHS aspects of
nanotechnology is to organize data so that they can be mined to determine how nanomaterial properties affect their
exposure and hazard potential and overall risks to the environment and human health.
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The committee’s framework assumes that EHS research priorities can be determined on the basis
of judgments regarding the relationships between nanomaterial properties and the processes that govern
their interactions with organisms and ecosystems. These interactions will ultimately shed light on the
emergent and plausible risks posed by the materials. Addressing gaps in our knowledge of these processes
requires the recognition that many of the key research questions are systems issues—that is, they can be
addressed only by considering the interactions of the various components along the life cycle of
nanomaterials. For example, this framework considers the evaluation of hazard and the evaluation of
exposure as occurring in concert, rather than sequentially.

The conceptual framework supports a strategic approach to nanotechnology-EHS research.
Critical gaps in knowledge (Chapter 3) and the need for improved tools—including materials, methods,
models, and informatics—to explore them (Chapter 4) figure prominently in identifying priorities for
research (Chapter 5).

CRITICAL RESEARCH GAPS

Despite the substantial research already done on potential EHS risks posed by ENMs, critical
gaps remain. The committee, using its collective judgment and informed by the research literature,
identified the most pressing research gaps that need to be addressed to understand the potential
environmental and human health effects of nanotechnology. The gaps, identified below, are discussed in
the context of the source-to-outcome paradigm reflected in the committee’s framework (Figure S-1);
tracking the lifecycle of an ENM as it is incorporated into a product during manufacturing, transported
and transformed by processes that may facilitate exposure to humans and organisms, made biologically
available to organisms or ecosystems, and finally, assessing its potential effects on organisms and
ecosystems.

The types of ENMs in products, the sources of exposure, and the expected magnitudes of the
exposures typically are not known. Therefore, there is considerable uncertainty about potential exposures
of populations—workers, consumers, and ecosystems. Because the nanotechnology market is projected to
change rapidly, today’s exposure scenarios may not resemble those of the future.

After identification of sources, exposures need to be assessed. Exposure assessment should
include evaluation of modifications of ENMs across their lifecycle, as materials may undergo both subtle
and extreme changes as they move through biologic and environmental systems that affect their size,
surface chemistry, and reactivity.

Human exposures potentially occur through inhalation, oral, and dermal routes. Research gaps in
understanding both general and occupational exposures persist.

e More is known about inhalation exposures because of past research on particles than about
other routes of exposure. It is not clear, however, under what conditions airborne exposure to ENMs
occur and what the exposure levels are likely to be, although application-specific processes could result in
inhalation exposure.

e Little is known about dermal and ingestion exposures relevant to expected exposures of
consumers to personal-care products and through food.

Little is known about the transport and distribution of ENMs in the human body and in the
environment. When ENMs enter the human body, their surfaces may be modified by native biomolecules.
Similarly, ENMs in the environment undergo transformations—for example, dissolution, aggregation,
disaggregation, and chemical transformation.

e Research is needed to understand these biomolecular modifications in the human body.

e There is also a need to understand environmental transformation processes and their variation
with ENM structure as these environmental modifications of ENMs can affect transport, fate, exposure,
and toxicity.
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After release throughout the life cycle, ENMs may enter the environment and reach organisms.
The connection between the amount of an ENM at the interface with an organism and its relevant
bioavailability is largely unknown. There are considerable uncertainties in understanding dose,
biodistribution, and bioaccumulation of ENMs in humans and organisms.

e Doses used in biokinetic animal studies and for extrapolating from in vivo to in vitro studies
need to be informed by relevant data on human exposures, whether in the workplace, in a laboratory, or in
consumer use.

In the environment ENMs will persist or accumulate mainly in the solid and aqueous phases.
Such environmental media may act as diluting agents, but only if the ENMs do not distribute into
particular compartments (for example, sediment or organisms).

e There is a need to understand the potential for ENMs to distribute into particular
environments. This requires an ability to measure and characterize ENMs in different environmental
media. Relative to human health exposure assessment, monitoring for environmental exposure to ENMs
is in its infancy.

The responses of humans, other organisms, and ecosystems to ENMs are central to an
understanding of risks. Most toxicity studies test a single material; however, there is incomplete
information on effects of the array of ENMs used in products. Toxicologic studies usually focus on
effects of acute exposures, and there is a lack of information on effects of chronic exposures.

Additional research is needed to understand potential human health risks from ENMs.

e Most ENM hazard assessments have relied on in vitro testing with doses that are often orders
of magnitude higher than realistic exposures. It is important to understand what biologic effects occur at
realistic ENM doses and dose rates and how ENM properties (for example surface coating) and exposure
methods (for example, inhalation vs instillation) influence the magnitude of these effects.

e There is a need to develop data that addresses correlation between in vitro and in vivo
responses. These data are vital for developing high-throughput screening strategies for ENMs.

There are considerable gaps in our understanding of the potential risks of ENMs to ecologic
receptors. There are a large number of exposure routes and receptors, and the relationship among
organism effects, population effects, and ecosystem responses are complex.

e Research is needed to guide identification of appropriate ecologic receptors, to develop
appropriate ENM assays, and to conduct model ecosystem studies that address potential effects on a
larger scale, such as a population, a community, or an ecosystem.

e Although numerous standard screening-level toxicity tests for specific aquatic and terrestrial
organisms have been proposed for evaluating effects of ENMs, data are needed to assess whether standard
tests can predict ecosystem effects of ENMs.

TOOLS AND APPROACHES NEEDED TO ADDRESS RESEARCH GAPS

To address these research gaps, the committee identified tools needed for characterizing how the
properties of ENMs influence their biologic and environmental interactions (Figure S-1). Primary
research needs related to tools include access to well-characterized nanomaterials; methods for
characterizing, measuring, and testing materials in environmental and biologic samples and for assessing
exposure and toxicity; exposure and effects modeling; and informatics.
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Identifying ENM properties relevant to biologic and environmental interactions will require well-
characterized libraries of materials for hypothesis-testing, as well as reference or standard test materials
that may be used as benchmarks for making comparisons among studies, for validating protocols or
measurements, or for testing specific hypotheses related to material properties and specific outcomes.
Research or commercial materials are needed to study their biologic or ecologic effects, as these materials
have the greatest potential to be released into the environment.

e The lack of widespread access to such materials and the lack of agreement as to which
materials to consider as standards impede progress toward correlating ENM properties with their effects,
make comparisons among studies difficult, and limit the utility of data gathered through informatics.

o The types of materials needed and used will depend on the purpose of the research. Each type
of material needs to be characterized sufficiently for test results to be reproducible and for relationships
between observed effects and material structure and composition to be defined.

Chemical and physical information on ENMs in environmental and biologic matrices is needed.
Many existing analytic techniques in material sciences and other disciplines are applicable to ENMs, but
their use in measuring and characterizing low concentrations and heterogeneous matrices will require
additional development or, in some cases, development of new approaches.

e Tools and processes are needed for detecting, tracking, and characterizing ENMs in situ or in
vivo at low concentrations; methods also are needed for assessing ENM transformations.

Protocols and techniques are needed for assessing the toxicity of ENMs.

o Existing toxicity-testing protocols for chemicals will need to be adapted or new methods will
need to be developed and validated to include relevant cell types and organisms, appropriate dosimetry,
and toxicity end points.

e  Mechanistic data are needed for understanding the relevance of short-term high-dose effects
to longer-term risks. Therefore, protocols should be developed and validated for extrapolating from short-
term effects to long-term low-dose risks.

e In vitro and ultimately in silico toxicity-testing protocols need to be developed and applied to
yield toxicity information that correlates with in vivo responses. This will require standardized and
validated in vitro methods (for example, standardized cell types and exposure protocols) that represent
specific exposure routes and validation of results from in vitro studies against responses in relevant in
vivo studies.

e Additional protocols are needed for predicting population or ecosystem effects of chronic
ENM exposures of specific organisms and for assessing the indirect effects of ENMs, for example, their
effects on carbon and nitrogen cycling.

To understand exposures to ENMs, standard testing protocols are needed to assess the properties
that influence the transport, transformation, persistence, accumulation, and bioavailability of ENMs.

o  These protocols need to be assessed and validated among various ENM types and classes
and under various environmental conditions (for example, freshwater, seawater, and groundwater
environments).

. Standard protocols and analytic methods that measure particle number, surface area, and
mass concentration also are needed to assess airborne exposure to ENMs in epidemiologic and
occupational studies.
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The variety of ENM types and properties will require the development and use of models to
predict exposure to ENMs and the effects of exposure; that is, models of exposure, bioavailability,
mechanistic toxicity, biodistribution, and dosimetry.

Because of the paucity of data on the behavior of ENMs in organisms and in the environment and
on the quantities of ENMs in environmental media, the development of more useful exposure models
requires information regarding ENM sources, transport, transformations, fate, and bioavailability.

e Developing models for predicting releases of ENMs into the environment throughout their
life cycle and value chain will require information on the types of materials being produced and used,
types of applications, and intended uses.

e To understand the transport of the ENMs into the environment, existing exposure models
need to be modified to include processes most relevant to ENM distribution in the environment and
human exposure.

e Appropriate metrics for incorporating transformations and persistence into exposure models
(for example, half-life time, size, or change in number concentration) need to be determined.

If in vitro assays are to be used as a predictive tool, mechanisms of toxicity of ENMs need to be a
major research focus to assess whether mechanisms operative in vitro also apply in vivo.

e Models of effects should consider at least each of the four generally recognized mechanisms
of toxicity: inflammation and oxidative stress, immunologic mechanisms, protein aggregation and
misfolding, and DNA-damage mechanisms. However, there may be other mechanisms that have yet to be
identified.

e For modeling ecologic effects, more data need to be collected on sublethal end points of
toxicity, including effects on organism growth, behavior, reproduction, development, and metabolism.

e Data at the cellular or organism scale cannot predict effects at the community and ecosystem
levels. Data should be collected on these effects (for example, on community structure and nutrient
cycling) to determine potential model assays that can be used to improve prediction of chronic effects in a
broad array of representative organisms and changes in ecosystem function.

With regard to dosimetric models for using exposure concentrations to predict dose, models are
needed to determine biodistribution—including uptake, translocation, and elimination pathways and
mechanisms, and to predict bioavailability of ENMs.

Informatics are needed to collect, analyze, and share the highly diverse set of data types and
formats being generated to predict the potential exposure and effects of ENMs on the basis of their
properties. Given the rapidity at which nanomaterials and their products are being introduced into
commerce, an informatics infrastructure is needed to address the identified data gaps and support more
efficient approaches for methods and model development and for data-sharing among the broad
disciplines involved in nanotechnology research, development, translation, and regulation. However,
optimal use of informatics requires collaboration among academe, industry, regulatory bodies, and others.
The benefits of collaboration are numerous and include the sharing of data and models, the use of Web-
based tools for rapid dissemination and communication between disciplines, and ultimately acceleration
of research. However, there are scientific and technical barriers to the use of informatics, as well as
organizational and cultural challenges that need to be overcome.

RESEARCH PRIORITIES AND RESOURCE NEEDS

Having considered the research gaps and the needed tools, the committee identified four broad,
cross-cutting high-priority categories that form the backbone of its recommended research strategy.
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Because of the diversity of nanomaterials and the breadth of their potential applications, the committee
considered that a prescriptive approach to addressing the EHS aspects of nanomaterials would be short-
sighted and would probably fail to anticipate the rapid evolution of this field and its potential effects.
Rather, in selecting the four broad categories, the committee envisions a risk-based system that is
iteratively informed and shaped by research outcomes and that supports approaches to environmental and
human-health protection even as our knowledge of ENMs is expanding and the research strategy is
evolving.

The committee considers the four categories to be of equal priority and interrelated. This report
describes aspects of these categories that need to be addressed in the short term (within 5 years)—on the
grounds that these activities can be readily organized, resourced, and accomplished with available
knowledge and tools—and others that will evolve over longer terms, which indicate the iterative nature of
the research agenda.

The research categories are the following:

o [Identification, characterization, and quantification of the origins of nanomaterial releases.
Research in this category would develop inventories on ENMs being produced and used, identify and
characterize the ENMs being released and the populations and environments being exposed, and assess
exposures to measure the quantity and characteristics of materials being released and to model releases
throughout their life cycle. Industry involvement will be needed for understanding trends in nanomaterial
markets.

e Processes that affect both potential hazards and exposure. Research topics in this necessarily
broad category would include the role of nanoparticle-macromolecular interactions in regulating and
modifying nanoparticle behavior on scales ranging from genes to ecosystems; the effects of particle-
surface modification on aggregation and nanoparticle bioavailability, reactivity, and toxicity potential;
processes that affect nanomaterial transport across biologic or synthetic membranes; and the development
of relationships between the structure of nanomaterials and their transport, fate, and effects. As an
element of this research category, instrumentation and standard methods will need to be developed to
relate ENM properties to their hazard and exposure potential and to determine the types and extent of
ENM transformations in environmental and biologic systems.

e  Nanomaterial interactions in complex systems ranging from subcellular systems to
ecosystems. Research is unified by the need to understand how ENMs interact with complex systems,
whether subcellular components, single cells, organisms, or ecosystems. Each level of these systems is
complex with many embedded, interrelated processes that may interact in different ways (for example,
synergistically or antagonistically) in response to ENMs. Examples of research in this category include
efforts to understand the relationship between in vitro and in vivo responses; prediction of system-level
effects, such as ecosystem functions (for example, nutrient cycling), in response to ENMs; and
assessment of the effects of ENMs on the endocrine and developmental systems of organisms.

o Adaptive research and knowledge infrastructure for accelerating research progress and
providing rapid feedback to advance research. This category of activities will help to integrate the
research agenda and provide support for work in the other categories. Activities would include making
characterized nanomaterials widely available, refining analytic methods continuously to define the
structures of the materials throughout their lifespan, defining methods and protocols to assess effects, and
increasing the availability and quality of the data and models. Informatics would be fostered by the
joining of existing databases, the encouraged and sustained curation and annotation of data, and the
assignment of credit to those who share datasets and models.

The committee surveyed the status of existing resources needed to implement a strategic research
plan within the context of these research-priority categories, and concluded that there is a gap between the

research and associated activities funded and the level of activity that would foster greater progress
toward providing information and tools to support the committee’s research strategy. In considering how
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to address this gap, the committee took a pragmatic approach that was informed by its expert judgment
based on the research priorities identified and knowledge of the cost of research activities, balanced with
understanding of the current funding constraints. On the basis of this approach, the committee concludes
that its strategy affords an opportunity for realignment of the substantial federal resources being dedicated
to nanotechnology-related EHS research—$123.5 million in the president’s FY 2012 budget request
(5.8% of the total nanotechnology R&D budget). Such realignment will require federal-agency
cooperation and resource leveraging.

However, infusion of modest additional resources could have a substantial effect on infrastructure
that is critical for supporting an effective R&D program to advance the strategy. These additional
resources will need to be garnered through a coordinated effort on the part of those involved with ENMs
to leverage additional resources from public, private, and international initiatives to support critical cross-
cutting research. Cross-cutting activities are encompassed in the high-priority research categories and will
need to be supported by greater coordinated investment in five areas: nanotechnology-related EHS
informatics; investment in translating advanced nanomaterial measurement and characterization
approaches to EHS-relevant applications; investment in developing and providing benchmark
nanomaterials; investment in identifying and characterizing nanomaterial sources throughout the value
chain and life cycle of products; and investment in developing and maintaining research networks that
provide human infrastructure for collaborative research, information-sharing, and translation of
knowledge to effective use. Without budgetary increases in each of these areas, the committee anticipates
that the federal government’s ability to derive strategic value from investments in nanotechnology-related
EHS research will remain insufficient.

Specifically, to ensure the development and implementation of the strategy,

e Itis assumed that core EHS R&D funding by federal agencies should remain at about $120
million® per year over the next 5 years. Any reduction in this total would be a setback to EHS research
and would slow progress in addressing the committee’s priorities.

e Over time, funded research should be aligned with the strategic priorities identified by the
committee and in the NNI strategy.

e Additional multiagency funding should be made available for five cross-cutting endeavors
that are critical for providing needed infrastructure and materials to support a strategic R&D program and
for ensuring that research findings can be readily translated into practical action by stakeholders. The five
are informatics ($5 million per year), instrumentation ($10 million per year), materials ($3-5 million per
year), sources ($2 million per year), and networking ($2 million per year).”

¢ Funding in each of those five endeavors is critically needed in the short term and should be
sustained for 5 years.

IMPLEMENTATION AND EVALUATION

To advance the research strategy, mechanisms will be needed to ensure its effective
implementation, to evaluate research progress, and to refine the strategy as the base of evidence
evolves—elements that the committee considered integral to its charge. Implementation will also require
the integration of the various participants, both domestically and internationally, involved in
nanotechnology-related EHS, including the NNI and the federal agencies; the private sector, such as
nanomaterial developers and users; and the broader scientific and stakeholder communities, such as
academic researchers.

Successful implementation will require mechanisms that improve coordination and modify
institutional arrangements. Such modifications have been articulated by stakeholder groups involved in

®This figure is an estimate from the president’s FY2012 budget request of $123.5 million.
’The specified amounts are the minimums that should be available for each endeavor.

12 Prepublication Copy

Copyright © National Academy of Sciences. All rights reserved.



A Research Strategy for Environmental, Health, and Safety Aspects of Engineered Nanomaterials

Summary

the nanotechnology-related EHS research enterprise. The committee concludes that attention to these
implementation mechanisms are as integral to the success of the research strategy as the research
priorities themselves, a key finding of the 2009 NRC review of the federal strategy. Active engagement of
stakeholders is needed at all stages of strategy development, implementation, and revision to ensure that
the research strategy is responsive to those who have a stake in its outcomes. Development of public-
private partnerships can help to leverage resources to advance the research needed and to foster
independent governance and operational transparency in the process. The committee considers that the
current structure of the NNI, which serves primarily coordinating and information-sharing roles, hinders
its accountability for effective implementation of the research strategy. Because the NNI has only
coordinating functions, it has no “top-down’ budgetary or management authority to direct
nanotechnology-related EHS research. The committee finds that effective implementation of its strategy
will require an entity that has sufficient management and budgetary authority to direct development and
implementation of a federal EHS strategy across NNI agencies and to ensure integration of federally
supported EHS research with research undertaken by the private sector, the academic community, and
international organizations.

There is a concern that the dual and potentially conflicting roles of the NNI—developing and
promoting nanotechnology and its applications while identifying and mitigating risks that arise from such
applications—impede implementation and evaluation of the EHS risk research. That duality is reflected in
the diverse missions of the agencies and departments that make up the NNI. Numerous stakeholders have
called for a separation of the two roles in the NNI, and such separation has historical precedent. To
implement the research strategy effectively, a clear separation of management and budgetary authority
and accountability is needed between the functions of developing and promoting applications of
nanotechnology and of understanding and assessing potential health and environmental implications.
Such a separation is needed to ensure that progress in implementing an effective nanotechnology-related
EHS research strategy is not hampered. The separation of management of applications-targeted from
management of implications-targeted research needs to be achieved through means that do not impede the
free flow of ideas and results between the two lines of research.

In its second report, the committee will assess progress in understanding the EHS aspects of
nanotechnology and the extent to which high-priority research has been initiated or implemented. The
timeframe for the completion of the second report is too short to have substantial new research programs,
let alone research outcomes, in place. But the committee considers that it is sufficient to see progress in
initiating research in each of the four high-priority categories and progress in developing the
infrastructure, accountability, and coordination mechanisms needed for implementation of the strategy.
Progress in addressing those foundational elements will go a long way toward ensuring effective support
and management of the research needed to provide information for identifying, assessing, and managing
the potential EHS consequences of ENMs.

CONCLUDING REMARKS

Despite the promise of nanotechnology, without strategic research into emergent risks associated
with it—and a clear understanding of how to manage and avoid potential risks—the future of safe and
sustainable nanotechnology-based materials, products, and processes is uncertain. In today’s fast-paced
and interconnected world, a worthwhile economic and social return on government and industry
investment in nanotechnology is unlikely to be fully realized without research on risk, including research
on translation of knowledge into evidence-informed and socially responsible decision-making.
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OVERVIEW

On January 21, 2000, President Clinton announced a new U.S. initiative to explore and exploit
the science and technology of matter on the nanometer scale (often referred to as the nanoscale). In an
address at the California Institute of Technology on science and technology, President Clinton asked his
audience to imagine “materials with 10 times the strength of steel and only a fraction of the weight;
shrinking all the information at the Library of Congress into a device the size of a sugar cube; detecting
cancerous tumors that are only a few cells in size.” The speech laid the foundation for the National
Nanotechnology Initiative (NNI) (The White House 2000). The NNI—"“the government’s central locus
for the coordination of federal agency investments in nanoscale research and development” (NRC 2009,
p. 3)—has set the pace for national and international research and development in nanoscale science and
engineering and has led the world in the development and use of knowledge at the nanoscale with the
potential to improve quality of life, stimulate economic growth, and address many of society’s most
pressing challenges.

With our understanding of the role that nanoscale science and engineering can play in the
development of innovative materials, processes, and products has also come the knowledge that
nanotechnology may lead to new mechanisms by which people and the environment may be harmed. In
today’s complex, interconnected, and resource-constrained world, it is important that products resulting
from novel and emerging technologies that have uncertain risks, such as nanotechnology, be developed
responsibly; that all stakeholders have an active role in socially responsible development; and that
potential risks are identified and avoided as early as possible during research, innovation, and
commercialization. This report maps out a research strategy that is intended to promote the responsible
development of nanotechnology-enabled materials, processes, and products; and it offers an approach for
helping to ensure that researchers, manufacturers, regulators, and others have the necessary information
on potential risks and how to prevent, avoid, or mitigate them.

OPPORTUNITIES AND CHALLENGES

Increasing our understanding of how matter on the nanoscale behaves and interacts with humans
and ecologic systems is socially and economically important. In a world where the needs of a growing
population threaten to outstrip increasingly limited resources and many global challenges remain
unresolved—from disease to hunger to renewable energy—nanotechnology, along with other fields of
technologic innovation, can contribute to a sustainable future (Maynard 2010). Nanoscale science and
technology are leading to new ideas and tools that can enhance existing technologies and create new ones,
help to support new jobs, revitalize economies, and contribute to solutions to some of society’s most
pressing problems. But investing in research and development is just one step toward ensuring socially
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responsible, relevant, and successful technologic innovation. Realizing the economic and societal benefits
of nanotechnology also requires educating the workforce, lowering barriers to technology transfer, and
engaging with diverse stakeholders. And success with nanotechnology will also depend on developing
and implementing new approaches to risk prevention and risk management that avoid past mistakes, that
address issues in the innovation process, and that develop materials responsibly without impeding
innovation unduly.

As nanotechnology research and development have led to new materials—nanomaterials—
questions about the safety of these materials have prompted concerns that they are likely to be attended by
new risks. Specifically, concerns have been raised that materials behaving in unconventional ways might
lead to unanticipated risks to human health and the environment. Those concerns were underpinned and to
an extent driven by research in the 1990s that showed that inhaled fine particles have the potential to
cause more serious health effects than those estimated in studies of larger particles (for example,
Oberdorster et al. 2007). The research signaled the beginning of a paradigm shift away from an
understanding that risk stems from chemical composition alone to a recognition that physical form and
chemical properties are both important for understanding, predicting, and preventing harm.

The concerns were exacerbated by the increase in production of materials that behaved in unique
ways because of their physical form on the nanoscale and by growing awareness that methods for
detecting, characterizing, monitoring, or controlling these materials in the environment were not available
and that the materials were in products or in environments in which human exposures could occur (for
example, see Maynard et al. 2006). Consequently, there is uncertainty about the potential human health
and environmental effects of products emerging from nanotechnology and recognition that the safe and
successful development of nanotechnology depends on early, strategic action to address potential risks.

In response to the concerns, there has been an increase in funding for research and in peer-
reviewed publications addressing the environmental, health, and safety (EHS) effects of engineered
nanomaterials (ENMs) (PCAST 2010). In FY 2005, the combined investment by U.S. federal agencies in
research on and development of EHS implications of nanotechnology was $34.8 million (NSET 2006). In
FY 2012, the President’s budget request proposes $123.5 million—more than a threefold increase (NSET
2010). Worldwide publications addressing the EHS effects of ENMs have increased similarly, with 791
papers published in 2009 compared with 179 publications in 2005 (PCAST 2010).

In 2006, the NNI published the first U.S. interagency assessment of EHS research needs
associated with ENMs, identifying 75 research needs in five broad categories (NEHI 2006). The needs
were assigned priorities by the Nanotechnology Environmental Health Implications Working Group
(NEHI 2007) and were incorporated into an interagency research strategy by NEHI in 2008 (NEHI 2008).
Recently, NEHI published a draft update (NEHI 2010) of the interagency research strategy that responds
to input from the President’s Council of Advisors on Science and Technology, a National Research
Council review of the 2008 NEHI report (NRC 2008), and various stakeholder groups, including
members of the public.' Those documents and many similar and complementary assessments by
government agencies, academic institutions, industry, and other stakeholders (see Table 1-1) have helped
to direct where EHS research should be focused if ENMs are to be developed and used safely. Yet despite
progress in the development of research needs and in the amount of research that is funded and
conducted, developers, regulators, and consumers of nanotechnology-enabled products remain uncertain
about the types and quantity of nanomaterials in commerce or in development, their possible applications,
and the potential risks associated with them.

It is the disconnect between risk research and its relevance to and use in informed decision-
making that prompts the question, How can research best be guided and conducted to ensure that the
products of nanotechnology are developed as safely, responsibly, and beneficially as possible? That
question is central to the charge to this committee.

'A final version of the strategy was published in October 2011 (NEHI 2011). Because the committee’s report
had already gone to peer review, NEHI 2011 was not reviewed by this committee.
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TABLE 1-1 Key Reports That Assess or Provide Information on Research Needs and Strategies for Addressing the Environmental, Health, and
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Safety Implications of Engineered Nanomaterials”

Year Report Source Relevance
2004 Nanoscience and Nanotechnologies: Opportunities and Uncertainties RS/RAE 2004 Identifies strategic-research gaps
2004 Technological Analysis: Industrial Application of Nanomaterials - Chances Luther 2004 Identifies strategic-research gaps
and Risks
2004 Nanotechnology: Small Matter, Many Unknowns SwissRe 2004 Identifies strategic-research gaps
2005 Characterizing the Potential Risks Posed by Engineered Nanoparticles: DEFRA 2005 Identifies strategic-research gaps
A First UK Government Research Report
2005 Communication from the Commission to the Council, the European Parliament =~ EC 2005 Identifies strategic-research gaps
and the Economic and Social Committee. Nanoscience and Nanotechnologies:
An Action Plan for Europe 2005 - 20009.
2005 A Proposal to Increase Federal Funding of Nanotechnology Risk Research to Denison 2005 Identifies strategic-research gaps
at least $100 Million Annually
2005 Joint NNI-ChI CBAN and SRC CWGS5 Nanotechnology Research Needs Vision 2020/SRC 2005 Identifies strategic-research gaps
Recommendations
2005 Small Sizes that Matter: Opportunities and Risks of Nanotechnologies Allianz/OECD 2005 Provides contextual information on strategic
risk research
2006 Opinion on the Appropriateness of Existing Methodologies to Assess the SCENIHR 2006 Provides contextual information on strategic
Potential Risks Associated with Engineered and Adventitious Products of risk research
Nanotechnologies
2006 Nanotechnology: A Research Strategy for Addressing Risk Maynard 2006 Outlines a research strategy
2006 Safe handling of nanotechnology Maynard et al. 2006 Identifies strategic-research gaps
2006 Characterizing the Environmental, Health and Safety Implications of ICFI 2006 Provides contextual information on strategic
Nanotechnology: Where Should the Federal Government Go From Here? risk research
2006 White paper on Nanotechnology Risk Governance Renn and Roco 2006 Provides contextual information on strategic
risk research
2006 Environmental, Health and Safety Research Needs for Engineered NEHI 2006 Identifies strategic-research gaps
Nanoscale Materials
2007 Opinion on the Appropriateness of the Risk Assessment Methodology in SCENIHR 2007 Identifies strategic-research gaps
Accordance with the Technical Guidance Documents for New and Existing
Substances for Assessing the Risks of Nanomaterials
2007 Opinion on Safety of Nanomaterials in Cosmetic Products SCCP 2007 Provides contextual information on strategic
risk research
2007 Nano Risk Framework EDF/DuPont 2007 Provides contextual information on strategic
risk research
2007 Nanotechnology White Paper EPA 2007 Identifies strategic-research gaps
2007 Nanotechnology: A Report of the U.S. Food and Drug Administration FDA 2007 Provides contextual information on strategic

Nanotechnology Task Force
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Nanotechnology Recent Development, Risks and Opportunities

Prioritization of Environmental, Safety and Health Research Needs for
Engineered Nanoscale Materials: An Interim Document for Public Comment

Characterizing the Potential Risks Posed by Engineered Nanoparticles:
A Second UK Government Research Report.

Meeting Report: Hazard Assessment for Nanoparticles—Report from an
Interdisciplinary Workshop

Proceedings of the Workshop on Research Projects on the Safety of
Nanomaterials: Reviewing the Knowledge Gaps

Small is Different: A Science Perspective on the Regulatory Challenges of
the Nanoscale

Engineered Nanoscale Materials and Derivative Products: Regulatory
Challenges

Nanotechnology: Better Guidance is Needed to Ensure Accurate Reporting
of Federal Research Focused on Environmental, Health and Safety Risks

Responsible Production and Use of Nanomaterials

Towards Predicting Nano-Biointeractions: An International Assessment of
Nanotechnology Environment, Health, and Safety Research Needs

Strategic Plan for NIOSH Nanotechnology Research and Guidance: Filling
the Knowledge Gaps. Draft Report

Strategy for Nanotechnology-Related Environmental, Health and Safety
Research.

Novel Materials in the Environment: The Case of Nanotechnology
Risk Assessment of Products of Nanotechnologies

Scientific Opinion: The Potential Risks Arising from Nanoscience and
Nanotechnologies on Food and Feed Safety.

Workplace Exposure to Nanoparticles

Nanomaterial Research Strategy

Securing the Promise of Nanotechnologies: Towards Transatlantic Regulatory
Cooperation

Review of the Federal Strategy for Nanotechnology-Related Environmental,
Health, and Safety Research

EMERGNANO: A Review of Completed and Near Completed Environment,
Health and Safety Research on Nanomaterials and Nanotechnology

FAO/WHO Expert Meeting on the Application of Nanotechnologies in the
Food and Agriculture Sectors: Potential Food Safety Implications
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Lloyds 2007
NEHI 2007
DEFRA 2007
Balbus et al. 2007

Hock 2008

Council of Canadian Academies 2008

Schierow 2008
GAO 2008

VCI 2008
ICON 2008

NIOSH 2008
NEHI 2008

RCEP 2008
SCENIHR 2009
EFSA 2009

Kaluza et al. 2009

EPA 2009
Breggin et al. 2009

NRC 2009
Aitken et al. 2009

FAO/WHO 2009

Provides contextual information on strategic
risk research
Identifies strategic-research gaps

Identifies strategic-research gaps

Identifies strategic-research gaps
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Identifies strategic-research gaps
Identifies strategic-research gaps

Provides contextual information on strategic
risk research

Provides contextual information on strategic
risk research

Identifies strategic-research gaps
Identifies strategic-research gaps

Outlines a research strategy
Outlines a research strategy

Identifies strategic-research gaps
Identifies strategic-research gaps

Provides contextual information on strategic
risk research

Provides contextual information on strategic
risk research

Outlines a research strategy

Provides contextual information on strategic
risk research

Identifies strategic-research gaps
Identifies strategic-research gaps

Provides contextual information on strategic
risk research
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TABLE 1-1 Continued

~
o
Year Report Source Relevance
2010 ENRHES Engineered Nanoparticles: Review of Health and Environmental Stone et al. 2010 Identifies strategic-research gaps
Safety
2010 Nanotechnology: Nanomaterials Are Widely Used in Commerce, but EPA GAO 2010 Provides contextual information on strategic
Faces Challenges in Regulating Risk risk research
2010 Nanotechnologies and Food UKHL 2010 Identifies strategic-research gaps
2010 UK Nanotechnologies Strategy: Small Technologies, Great Opportunities HM Government 2010 Outlines a research strategy
2010 Report to the President and Congress on the Third Assessment of the PCAST 2010 Provides contextual information on strategic
National Nanotechnology Initiative risk research
2010 Nanotechnology Research Directions for Societal Needs in 2020: Nel et al. 2010 Outlines a research strategy
Retrospective and Outlook, Chapter 4
2010 National Nanotechnology Initiative NEHI 2010 Outlines a research strategy
2011 Environmental, Health, and Safety Strategy”
“Reports are classified as either providing contextual information on strategic-risk research, identifying strategic-research gaps, or outlining a research strategy. With few
exceptions (included for historical significance), these reports represent the assessments, opinions, and recommendations of panels of experts.
PA final version of the strategy was published in October 2011 (NEHI 2011).
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COMMERCIALIZATION OF ENGINEERED NANOMATERIALS

The development and use of new materials cannot be separated from questions of potential risk.
Understanding and addressing the EHS implications of ENMs is intricately entwined with their
development.

Over the last few years, industries—ranging from electronics to energy, materials to medicine,
and chemicals to clean technologies—have been using nanotechnology to develop breakthrough
innovations for products. To respond to the many opportunities, a global network of large corporations,
academic laboratories, government-funded research centers, technology incubators, and startup
companies has emerged to facilitate collaboration in technologic development. Those developers play
unique roles in the three-stage nanotechnology value chain: production of ENMs, raw materials that make
up the first stage of the value chain; primary products (also termed intermediate or nanointermediate
products) that either contain ENMs or have been constructed from other materials to possess nanoscale
features and that comprise the second stage; and secondary products, finished goods that incorporate
ENMs or intermediate products—the third stage.

In 2009, developers generated $1 billion from the sale of nanomaterials, which constitute the
initial stage of the nanotechnology value chain (Lux Research in Wray 2010). In that year, the top 11
classes of nanomaterials (based on production volume) were ceramic nanoparticles, carbon nanotubes,
nanoporous materials, graphene, metal nanoparticles, nanoscale encapsulation, fullerenes, dendrimers,
nanostructured metals, nanowires, and quantum dots (Bradley 2010). Of these classes of nanomaterials,
ceramic nanoparticles (50%), carbon nanotubes (20%), and nanoporous materials (20%) accounted for
90% of the total production volume (about 3,500 tons) (Bradley 2010). The market for products that rely
on nanomaterials is expected to grow to $3 trillion by 2015 (Lux Research 2008a,b).> Although the
relative percentages (based on production volume) are not expected to change drastically through 2015,
the more exotic materials, such as nanowires and quantum dots, are likely to experience the biggest jump
in production because they are starting from a much lower baseline than older classes of materials, such
as ceramic nanoparticles (Bradley 2010).

The nanomaterials that make up the first stage of the value chain are used in the development of
primary products or nanointermediates. In 2009, developers generated $29 billion for this stage of the
value chain (Lux Research in Wray 2010). The top 10 nanointermediate classes developed were coatings,
composites, catalysts, drug-delivery systems, energy storage, sensors, displays