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Preface

Over the last decade, there has been an increase in funding for research on
and a rising number of publications that address the environmental, health, and
safety (EHS) aspects of engineered nanomaterials (ENMs). Those efforts have led
to progress in understanding some aspects of potential EHS risks posed by ENMs.
However, research on the potential EHS implications of ENMs still lacks context,
particularly with regard to future risks, because uses of materials are changing
rapidly. EHS research efforts are not keeping pace with the evolving applications
of nanotechnology, and uncertainty persists about the potential implications of the
materials for consumers, workers, and ecosystems. 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 response to
that request, the Committee to Develop a Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials was formed and released
a report in January 2012, 4 Research Strategy for the Environmental, Health, and
Safety Aspects of Engineered Nanomaterials. That report developed a research
plan with short-term and long-term priorities and estimated resources needed to
implement the research plan.

In this second report, the committee assesses the trajectory of research pro-
gress on the basis of indicators identified in its first report. The committee sug-
gests pathways for advancing the research and considers a vision for optimizing
the research efforts of the nanotechnology EHS community.

This report has been reviewed in draft form by persons chosen for their di-
verse perspectives and technical expertise in accordance with procedures approved
by the National Research Council Report Review Committee. The purposes of the
independent review are 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 responsive-
ness to the study charge. The review comments and draft manuscript remain con-
fidential to protect the integrity of the deliberative process. We thank the following
for their review of this report: Nathan Baker, Pacific Northwest National Labora-
tory; Diana Bowman, University of Michigan; Barbara Boyan, Virginia Com-
monwealth University; Elsa Garmire, Dartmouth College; Timothy Killeen, State

Xiii
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State University.
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singer, 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 presenta-
tions to the committee during its November 7, 2012 workshop in Washington, DC
(see Appendix C for a summary of the workshop): James Alwood and Tina Ba-
hadori, US Environmental Protection Agency; Nathan Baker, Pacific Northwest
National Laboratory; Carolyn Cairns, Consumers Union; Teresa Croce, US Food
and Drug Administration; Anna Fendley, United Steel Workers; Charles Geraci
and Paul Schulte, National Institute for Occupational Safety and Health; Vincent
Hackley, National Institute of Standards and Technology; Michael Holman, Lux
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European Commission; Jamie Lead, University of South Carolina; Scott McNeil,
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and Microtechnologies Institute; Maxine Savitz, Honeywell Corporation (retired);
Robert Tanguay, Oregon State University; and Sally Tinkle, Science Technology
and Policy Institute (formerly with the National Nanotechnology Coordination
Office).

The committee is also grateful for the assistance of National Research
Council staff in preparing this report: Eileen Abt, project director; James Reisa,
director of the Board on Environmental Studies and Toxicology; Keri Stoever,
research associate; Norman Grossblatt, senior editor; Mirsada Karalic-Loncarevic,
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Summary

Nanotechnology relies on the ability to design, manipulate, and manufacture
materials at the nanoscale.' Investments in nanotechnology and in the production
of engineered nanomaterials (ENMs) continue to grow; the global market for nan-
otechnology is expected to exceed $3 trillion by 2015. The novel physical and
chemical characteristics of ENMs are being exploited in new applications and
have motivated research on the potential human health and environmental risks
associated with these materials because of concerns about their behavior in biolog-
ic systems. Given the global use of ENMs, research on their environmental, health,
and safety (EHS) aspects necessarily extends globally and involves a multidisci-
plinary and international group of stakeholders, including academic researchers,
the industrial sector, nongovernment organizations (NGOs), and the public.

Over the last decade, there has been more funding for research and a corre-
sponding increase in peer-reviewed publications on EHS aspects of ENMs. How-
ever, in spite of progress in understanding some aspects of risks posed by ENMs,
uncertainty persists about the potential implications of the materials for consum-
ers, workers, and ecosystems. In that context, the US Environmental Protection
Agency (EPA) asked the National Research Council to perform an independent
study to develop and monitor an integrated research strategy on EHS risks posed
by 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 produced its first report in 2012, 4
Research Strategy for Environmental, Health, and Safety Aspects of Engineered
Nanomaterials. In this second report, the committee evaluates the trajectory of
research progress on the basis of indicators or criteria established in its first report.
(See Appendix B for complete statement of task.) This report expands on the need
for a strategic approach for developing the research infrastructure for addressing
uncertainties regarding the potential EHS risks associated with ENMs that was
begun in the first report. The approach hinges on the vision put forth in Figure S-1,
which describes the nanotechnology EHS research enterprise and shows the inter-
related and interdependent research activities that are driven by the production of

"Nanoscale refers to materials on the order of one billionth of a meter.

3
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ENMs. The diagram presents an integrated and strategic system for developing
data that will provide for characterization of ENMs, for refinement of experi-
mental methods, for support of model development, and for storage and retrieval
of information through the “knowledge commons”. The potential success of the
enterprise rests on involvement of the global community of stakeholders, includ-
ing researchers, manufacturers of ENMs, regulators, and components of civil soci-
ety that are invested in addressing potential health and environmental risks posed
by ENMs. Many of the elements of this enterprise are in place, but the committee
concludes that their further development and integration are essential for advanc-
ing progress.

The committee’s second report considers findings that were presented in
its first report and other recently released US and European Union efforts that
provide global perspectives for advancing nanotechnology EHS research. It ex-
amines trajectories of research and implementation progress and identifies barri-
ers to progress and steps to ensure progress. To advance the concepts described
in the research enterprise (Figure S-1), the committee envisions a time beyond
its current research recommendations to consider how questions about risk can
be best approached in an adaptive fashion with the goal of generating infor-
mation needed to design materials and processes so as to avoid and control po-
tential risks.

ASSESSMENT OF PROGRESS

This report is released a short time after of the committee’s first report.
Using indicators developed based on priorities from that report (see Boxes S-1
and S-2 for indicators of research and implementation progress, respectively),
the committee evaluated progress in this second report.

For its evaluation, the committee developed a color scheme to categorize
progress qualitatively by considering new activities since preparation of its first
report and the trajectory of research progress. Because of the many concomitant
nanotechnology EHS reviews and planning efforts, the committee did not attempt
to attribute progress to any particular effort. Rather, it classified progress on the
basis of committee consensus whereby green implies substantial progress (there
are new activities, and sustained progress is expected), implies moderate or
mixed progress, and red implies little progress (there is minimal activity, and little
change is expected). (The committee’s assessment of progress is indicated in the
color circles in Boxes S-1 and S-2.)

In the following sections, the committee provides a brief evaluation of the
research and implementation indicators, together with the steps needed to speed
progress to a pace at which “getting to green™ is achievable. (Additional details
regarding the evaluation of progress are described in Chapters 3 and 4.)

%“Getting to green” is the title of Chapter 4, and indicates the steps needed to achieve
progress in the research and implementation indicators identified in Boxes S-1 and S-2.
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FIGURE S-1 Nanotechnology environmental, health, and safety research enterprise. The
diagram shows the integrated and interdependent research activities that are driven by the
production of ENMs. The production of ENMs is captured by the orange oval, labeled
“materials”, which includes reference materials, ENM releases, and inventories. (An
inventory is a quantitative estimate of the location and amounts of nanomaterials pro-
duced, including the properties of the nanomaterial.) The knowledge commons (red box)
is the locus for collaborative development of methods, models, and materials, and for
archiving and sharing data. The “laboratory world” and “real world” (green boxes) feed
into the knowledge commons. The laboratory world comprises process-based and mech-
anism-based research that is directed at understanding the physical, chemical, and biolog-
ic properties or processes that are most critical for assessing exposures and hazards and
hence risk (NRC 2012, p. 55). The “real world” includes complex systems research in-
volving observational studies that examine the effects of ENMs on people and ecosys-
tems. The purple boxes capture the range of methods, tools, models, and instruments that
support generation of research in the laboratory world, the real world, and the knowledge
commons.

Research Progress

Adaptive Research and Knowledge Infrastructure for Accelerating
Research Progress and Providing Rapid Feedback to Advance Research

In the first report, the committee identified a need for an adaptive infra-
structure for research and knowledge generation to accelerate and advance nano-
technology EHS research. The components of the infrastructure include charac-
terized materials for reference and research purposes; nanomaterial libraries;
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instruments and methods for measuring nanomaterials and their transformations;
methods or assays for quantifying the effects of nanomaterials; databases, ontol-
ogies’, and tools for sharing research results; and models for uncovering rela-
tionships among the data. In this second report, the committee determined that
research progress ranges from green for detecting and characterizing ENMs in
relatively well-characterized media to yellow for development of libraries of
well-characterized ENMs, development of methods for quantifying effects of
ENMs in experimental systems, and the extent of joining existing databases and
advancing systems for sharing research results.

BOX S-1 Status of Indicators of Progress in Research*

Adaptive Research and Knowledge Infrastructure for Accelerating Research
Progress and Providing Rapid Feedback to Advance the Research

Extent of development of libraries of well-characterized nanomaterials,
including those prevalent in commerce and reference and standard materials

® Development of methods for detecting, characterizing, tracking, and
monitoring nanomaterials and their transformations in simple, well-
characterized media

Development of methods to quantify effects of nanomaterials in experimental
systems.

Extent of joining of existing databases, including development of common
informatics ontologies

Advancement of systems for sharing the results of research and fostering
development of predictive models of nanomaterial behaviors

Quantifying and Characterizing the Origins of Nanomaterial Releases

Developing inventories of current and near-term production of nanomaterials

Developing inventories of intended uses of nanomaterials and value-chain
transfers

Identifying critical release points along the value chain

Identifying critical populations or systems exposed

Characterizing released materials in complex environments
® Modeling nanomaterial releases along the value chain

(Continued)

*Ontologies—specifications of the terms and their logical relationships used in a par-
ticular field—are used to improve search capabilities and allow mapping of relationships
among databases and informatics systems.

*The wording and ordering of some indicators have been modified from NRC (2012,
pp. 181-182). Details of the modifications are noted in the descriptions of the indicators
in Chapter 3.
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BOX S-1 Continued

Processes That Affect Both Exposure and Hazard

Steps taken toward development of a knowledge infrastructure able to
describe the diversity and dynamics of nanomaterials and their
transformations in complex biologic and environmental media

® Progress in developing instrumentation to measure key nanomaterial
properties and changes in them in complex biologic and environmental media

Initiation of interdisciplinary research that can relate native nanomaterial
structures to transformations that occur in organisms and as a result of
biologic processes

® Extent of use of experimental research results in initial models for predicting
nanomaterial behavior in complex biologic and environmental settings

Nanomaterial Interactions in Complex Systems Ranging from Subcellular
Systems to Ecosystems

Extent of initiation of studies that address the impacts of nanomaterials on a
variety of end points in complex systems, such as studies that link in vitro to in
vivo observations, that examine effects on important biologic pathways, and
that investigate ecosystem effects

Extent of adaptation of existing system-level tools (such as individual
species tests, microcosms, and organ-system models) to support studies of
nanomaterials in such systems

® Development of a set of screening tools that reflect important characteristics
or toxicity pathways of the complex systems described above

Steps toward development of models for exposure and potential ecologic
effects

Identification of benchmark (positive and negative) and reference materials
for use in such studies and measurement tools and methods to estimate
exposure and dose in complex systems

Quantifying and Characterizing the Origins of Material Releases

Knowledge of human and ecosystem exposures requires detailed infor-
mation on the quantities and characteristics of ENMs produced and the products
in which they are used, on how they are introduced into the environment, on
how they are transported and transformed in humans and ecosystems, and on the
populations exposed.

Progress in this research priority ranged from yellow to red. Yellow was
assigned for the extent of progress in developing inventories of ENMs, in identi-
fying critical release points along the value chain, in identifying critical popula-
tions or systems exposed, and in characterizing released materials in complex
environments. Because those are prerequisites for model development, the abil-
ity to model releases along the value chain was denoted as red.
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BOX S-2 Status of Indicators of Progress
in Implementation (NRC 2012, p. 183)

Enhancing Interagency Coordination

® Progress toward establishing a mechanism to ensure sufficient
management and budgetary authority to develop and implement an EHS-
research strategy among NNI agencies

Extent to which the NNCO is annually identifying funding needs for
interagency collaboration on critical high-priority research

Providing for Stakeholder Engagement in the Research Strategy

Progress toward actively engaging diverse stakeholders in a continuing
manner in all aspects of strategy development, implementation, and
revision

Conducting and Communicating the results of research funded through
public-private partnerships

Progress toward establishment of effective public-private partnerships,
as measured by such steps as completion of partnership agreements,
issuance of requests for proposal, and establishment of a sound
governance structure

Managing Potential Conflicts of Interest

Progress toward achieving a clear separation in management and
budgetary authority and accountability between the functions of
developing and promoting applications of nanotechnology and
understanding and assessing its potential health and environmental
implications

Continued separate tracking and reporting of EHS research activities
and funding distinct from those for other, more basic or application-
oriented research

Processes that Affect Both Exposure and Hazard

In its first report, the committee highlighted the need to identify the criti-
cal nanomaterial interactions that affect ENM behaviors and recommended iden-
tifying cross-cutting processes common to assessing exposure and hazard. This
topic includes cataloging the types of ENM transformations in complex matri-
ces, developing instrumentation for monitoring transformations in vivo or in
complex environmental media, and developing models for predicting ENM be-
haviors. There is a need for an infrastructure for archiving data on ENM behav-
ior for model development. Progress ranged from yellow for initiation of studies
to characterize ENM transformations and for studies that relate ENM properties
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to observed effects in more complex systems to red for development of new
instrumentation for measuring transformations in situ, in vivo, or in single parti-
cles.

Nanomaterial Interactions in Complex Systems Ranging from Subcellular
Systems to Ecosystems

In its first report, the committee recognized the need to improve under-
standing of interactions of ENMs in a variety of complex systems—from single
cells to subcellular organelles to individual organisms to ecosystems. A first step
is to identify relevant exposure sources, concentrations, and cellular, organismal,
and ecologic targets so that potential effects on complex systems can be ad-
dressed. Research progress indicators for this category ranged from yellow to
red with none denoted as green. Indicators were yellow for initiation of studies
that address effects of ENMs in complex systems, adaptation of system-level
tools to support studies of these systems, and steps toward development of mod-
els for assessing ecologic exposures and effects. Indicators were red for develop-
ing screening tools that reflect important toxicity pathways and for identifying
benchmark and reference ENMs for use in studies to characterize exposure or
dose.

Research Progress Indicators: Getting to Green

The research enterprise (Figure S-1) provides a means of capturing the
flow of activities and examining the pathways needed to advance research pro-
gress to get to green. As such the figure provides a means of illustrating barriers
to research progress. The discussion focuses on six major categories: nano-
material sources and development of reference materials, processes that affect
nanomaterial exposure and hazard, the knowledge commons, model develop-
ment, methods and instrumentation, and nanomaterial interactions in complex
systems.

Nanomaterial Sources and Development of Reference Materials

Relevant ENMs include reference materials, materials from inventories,
and materials released and modified across their value chain and life cycle.
ENMs form the central element of research studies in the knowledge commons,
the laboratory world, and the real world. The appropriate design and characteri-
zation of ENMs are needed for developing libraries, informing the design of
future ENMs, developing the data to populate the knowledge commons, devel-
oping new methods and instrumentation, and conducting mechanistic studies
and studies in complex media.

The nanotechnology EHS research community has relied on commonly
available ENMs to conduct most studies. There is no process for determining
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which nanomaterials should have high priority for development on the basis of
research needs. Elements for advancing the development and distribution of
reference nanomaterials for research and analytic purposes to get to green in-
clude the following:

¢ A mechanism for identifying and setting priorities among nanomateri-
als and libraries for development.

e Adoption and use of appropriate and standardized material descriptors
for the design, development, and sharing of ENMs.

e Improved synthesis and purification methods for ENMs.

e Collaboration among the scientists who are studying mechanisms and
complex systems to optimize materials for study.

e New methods and approaches for rapid characterization of reference
materials.

¢ Instrumentation for characterizing complex nanoscale species (materi-
als of unknown origin, mixtures, and released materials).

¢ Information-management plans and appropriate research infrastructure
for collecting information on nanomaterial production and uses along the value
chain.

Fundamental Processes That Affect Nanomaterial Exposure and Hazard

Research in this category occurs both in the laboratory world and the real
world (Figure S-1) and involves experimental approaches to understand the
physical, chemical, and biologic processes that affect exposure and hazard. Hy-
pothesized ENM properties are scrutinized in well-defined laboratory experi-
ments and in observations of ENM behavior in complex systems, from in vivo
experiments to models of ecosystem interactions. The research is informed by
development of methods and instrumentation that are needed for understanding
ENM transformations, distribution, and effects.

Continued efforts to elucidate mechanisms of ENM interactions with or-
ganisms and ecosystems are critical for achieving the long-term goal of predict-
ing ENM effects. The ability to make such predictions will allow evaluation of
risks posed by ENMs at the design stage, in model predictions, and in validated
screening assays. Continued progress in understanding mechanisms of ENM
behavior will require advances in instrument development and an improved da-
ta-integration infrastructure.

Informatics: The Knowledge Commons

The knowledge commons, the focal point of Figure S-1, is the locus for
collaborative development of methods, models, and materials, and its success
requires increased integration with research in the laboratory world and the real
world and with development of materials. The knowledge commons serves three
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functions: a collaborative environment for the development and validation of
predictive models, a collaborative environment for methods development, and a
collaborative environment for the design of ENMs with the objective of improv-
ing manufacturing processes to reduce risks.

The strength of the knowledge commons is its ability to knit existing and
new capabilities together in an overarching framework that provides a means of
linking the various components of nanotechnology EHS research; such integra-
tion has not yet occurred. In addition, such new initiatives as the National Nano-
technology Initiative (NNI) Nanotechnology Knowledge Infrastructure (NKI)
and the Materials Genome Initiative could augment the knowledge commons by
providing additional linkages and informatics expertise. The knowledge com-
mons would also have a key role in integrating participation of all sectors—
including government and academic researchers, NGOs, regulators, and indus-
try—to generate the data and knowledge that are required as inputs.

Model Development

An important outcome of the knowledge commons will be the develop-
ment of a suite of models for predicting physical characteristics of ENMs, out-
comes of toxicity testing, and exposures. There has been some progress in de-
velopment of some types of models, but there is a lack of consistency in
approaches and interoperability of data to support effective model development.
Development of integrated models is needed to link behavior of ENMs to their
characteristics and to properties of systems into which they are released.

Getting to green in the development of predictive models will require sub-
stantial data development from mechanistic and complex-system studies and
characterization of physical properties of a variety of ENMs in different envi-
ronments. Initial models will need to be developed iteratively using emerging
data. Early outputs of the models can inform data needs and influence decisions
about experimental approaches and instrumentation needs.

Methods and Instrumentation

Methods and instrumentation are defined as tools required for detecting
and characterizing ENMs and their properties in relevant media. Progress in
development of methods and instrumentation has varied because of the different
applications of the tools; there has been some progress in characterizing newly
manufactured ENMs in well-understood, simple media but little in detecting and
characterizing ENMs in complex environments.

Progress in developing methods and instrumentation will require charac-
terization and quantification of the properties of ENMs in complex biologic and
environmental media and measurement of the properties of single particles so
that specific ENM properties can be associated with observed behaviors and
effects.
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Nanomaterial Interactions in Complex Systems Ranging from Subcellular
Systems to Ecosystems

Research on nanomaterial interactions in complex systems cuts across the
laboratory world and the real world (Figure S-1). A critical barrier to advancing
understanding of ENM interactions in complex systems is the lack of mechanis-
tic data: an increasing volume of toxicity data is being produced, but the ability
to use the data to predict ENM risks with any certainty is constrained because of
the types of studies conducted. To provide more useful information on potential
human and environmental risk, studies need to focus on more complex experi-
mental-design issues—such as relevant dose and dosimetry; dose—response rela-
tionships and time-course characteristics; appropriate target cells, tissues, and
organisms; and examination of more biologic pathways—concomitantly with
better characterization of ENM test substances and incorporation of standardized
reference materials as controls.

The data, in a common format, should be shared among investigators, and
results of in vivo studies (at relevant concentrations) should be compared with
results of in situ and in vitro screening assays to foster development of these
more expedient testing strategies. Validated screening tools also need to be de-
veloped so that information can be compared across experiments and used in
modeling efforts to predict potential effects on humans and ecosystems.

Implementation Progress and Steps Needed to Get to Green

In the committee’s first report, it identified mechanisms to ensure imple-
mentation of the EHS research strategy: enhancing interagency coordination;
providing for stakeholder engagement in the research strategy; conducting and
communicating results of research funded through public—private partnerships;
and managing conflicts of interest. Collectively, those mechanisms represent
support needed for the nanotechnology EHS research enterprise (Figure S-1),
given the broad potential reach of nanotechnology in our society and economy
and the EHS issues that span the missions of many stakeholders. Progress in
addressing implementation indicators ranged from yellow to red; no indicators
were denoted as green (see Box S-2).

Enhancing Interagency Coordination

In its first report, the committee acknowledged the value of the coordinat-
ing role played by NNI and pointed to changes that have enhanced interagency
coordination, including the naming of an EHS coordinator to the National Nano-
technology Coordination Office (NNCO) and the NNI’s release of its 2011 EHS
research strategy. However, the committee concluded that accountability for
implementation of the NNI’s EHS research strategy is hampered by the absence
of an entity that has sufficient management and budgetary authority to direct
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implementation among NNI agencies and to ensure integration of the strategy
with EHS research being undertaken nationally and abroad. Ensuring implemen-
tation of the strategy and gauging progress in high-priority research also require
an assessment of the effectiveness of available mechanisms for interagency col-
laboration and frequent review of funding needs.

The committee determined that some progress had been made by the NNI
in increasing collaborations in EHS research and in tracking how research aligns
with its broader goals and strategy. In spite of increased collaboration among
federal agencies, the committee did not discern substantial progress toward es-
tablishing a mechanism to ensure sufficient management and budgetary authori-
ty to develop and implement an EHS research strategy among NNI agencies,
and it designated this indicator red. The need for a stronger, convening authority
to direct EHS research efforts conducted under the NNI has been similarly
raised in several independent reviews of the NNI and its strategy (for example,
by the President’s Council of Advisors on Science and Technology and the
Government Accountability Office).

The committee gave a yellow rating to the extent to which the NNCO is
identifying funding needs for collaborative efforts between agencies to acceler-
ate high-priority research progress. To move this indicator toward green will
require processes to estimate funding needs periodically and to track and report
progress toward meeting the needs.

Providing for Stakeholder Engagement in the Research Strategy

The committee determined that some progress had been made toward ac-
tively engaging diverse stakeholders in a continuing manner in all aspects of
strategy development, implementation, and revision (indicator yellow). The
committee notes recent examples, including the NIOSH-sponsored Safe Nano
by Design Conference in Albany, NY, in 2012.

To advance progress in this indicator, the committee considers that addi-
tional effort is needed to foster engagement with stakeholders, including sup-
porting the NIOSH forum as an annual event. Similar forums should be created,
perhaps around other EHS themes, including consumers, the environment, or the
value chain. Such forums could be expanded to standing bodies to ensure con-
tinued engagement. In addition, the committee recommends creation of a Stake-
holder Advisory Council by NNCO to help to assess the effectiveness of and
opportunities for stakeholder engagement.

Conducting and Communicating the Results of Research Funded Through
Public—Private Partnerships

Public—private partnerships are needed to expand and enrich EHS research

through focused collaborations with stakeholders (for example, ENM manufac-
turers) and to expand and leverage federal funding. The committee determined
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that little or no progress had been made in creating well-defined effective part-
nerships, as measured by execution of partnership agreements, issuance of re-
quests for proposals, and the establishment of a governance structure; it desig-
nated this indicator red. NIOSH provides the closest current example: exposure
surveys conducted at nanomaterial-manufacturing facilities.

Other examples of public—private partnerships are the European-based
Nanotechnology Capacity Building NGOs (NanoCap) that addressed nanotech-
nology EHS risks and the NNI’s signature initiatives’. Another blueprint outside
the realm of nanotechnology is the Health Effects Institute (HEI); a nonprofit
organization chartered to provide science on the health effects of air pollution
and funded 50:50 by EPA and the motor-vehicle industry.

Getting to green on the establishment of public—private partnerships may
require an approach similar to the model of HEI but with a focus on nanotech-
nology EHS issues. Critical elements of such a public—private partnership would
need to include an independent and accountable governance structure, adequate
and shared funding, specific and agreed-on goals, transparent sharing of results
and information, and appropriate confidentiality agreements that balance the
proprietary needs of industry participants with the public need to share infor-
mation and make decision-making processes transparent.

Managing Potential Conflicts of Interest

In its first report, the committee noted that the NNI’s dual functions—
developing and promoting nanotechnology and its applications and mitigating
risks arising from such applications—pose tension or even actual conflict be-
tween its respective goals. The clearest manifestation of the tension is the dis-
parate allocation of resources between the two functions and the inadequacy of
EHS risk research funding. The risks of early-stage technology development are
intrinsically riddled with uncertainties; the science needed to provide definitive
answers is highly complex and integrative and takes many years to develop.
When faced with those nuances, an organization that is evaluated largely accord-
ing to its success in technology development may not be perceived as able to set
EHS research priorities among either resources or study topics effectively.

The committee determined that little progress had been made in establish-
ing a clear separation in management and budgetary authority and accountability
between the functions of developing and promoting applications of nanotech-
nology and understanding and assessing its potential health and environmental
implications, and this indicator was designated red. Some progress was made in
continued separate tracking and reporting of EHS research activities and funding
as evidenced in the research-project funding data in the NNI’s EHS research

>The signature initiatives, although not focused on EHS issues, are collaborations that
are intended to spur the advancement of nanotechnology. The NKI is one of the signature
initiatives.
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strategy and in the NNI’s supplement to the president’s 2013 budget. This indi-
cator was designated yellow.

The committee maintains that the NNI would benefit from a clearer sepa-
ration of authority and accountability for its EHS research enterprise in relation
to its mandate to promote nanotechnology development and commercialization.
But it acknowledges that absent a change in the NNI’s statutory mandate, estab-
lishment of wholly separate management and budgetary structures and authori-
ties for the dual functions may not be realistic. Nonetheless, other steps could be
taken at both the agency level and across the NNI as a whole to address this
concern. Agencies should create and adhere to strong scientific-integrity policies
governing both intramural and extramural research and should consider creating
an ombudsman position to receive, investigate, and resolve complaints or con-
cerns about bias and conflicts of interest related to nanotechnology research. The
NNCO should develop and disseminate best practices for identifying, managing,
and preventing conflicts of interest and bias in the planning, conduct, and report-
ing of research.

GOING BEYOND GREEN

Beyond advancing progress on the indicators, the committee projects to a
time beyond the domain of its current research recommendations to consider
how questions about risk can be best approached in an adaptive and continuing
manner so as to update priorities for research and identify concerns.

The committee has repeatedly concluded that more engaged and broadly
reaching governance is needed for nanotechnology EHS research. Unlike other
“big science” initiatives, such as the Human Genome Project, the applications of
nanotechnology permeate every sector of our society and economy; this means
that the research spans the missions and jurisdictions of many diverse govern-
ment agencies and intersects with activities and interests of many stakeholders.
Also unlike some initiatives that focus principally or exclusively on technology
development and applications, the NNI and its associated agencies are involved
in research touching on both applications and implications. Governance process-
es must actively engage all relevant groups in the process of managing nano-
technology EHS research while addressing perceived or actual conflicts of inter-
est. An integrated and well-coordinated program on both national and global
scales would help to ensure that research findings provide the evidence needed
to inform EHS decisions so that risks can be effectively managed and, ideally,
prevented. Such governance requires empowered leadership: if all agencies are
responsible, to some degree, for nanotechnology EHS research, no single agency
can be held clearly accountable for its management and progress. The gap in
empowered nanotechnology EHS research leadership at the federal level has
made coordination and communication challenging and left the enterprise open
to perceptions of conflicts between technology development and risk-related
research. The committee considers that progress could be accelerated if one of
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the NNI agencies that has EHS in its mission were designated as the lead agency
for directing EHS research throughout the federal government. Alternatively, a
new entity could serve that function.

Whatever organization oversees the nanotechnology EHS research strate-
gy, among its most important functions will be to secure and maintain adequate
funding for the program, inasmuch as the research strategies outlined by the
NNI and the present committee cannot be accomplished without a sustained
commitment over at least the next decade. In addition to funding, it is critical
that the best researchers nationally and abroad be engaged in this effort and that
incentives be established to encourage joint planning and information exchange
to address the multidisciplinary research.

An essential element of effective governance and sustenance of the re-
search is a means of ensuring that all stakeholders have access to the growing
and evolving body of knowledge—the knowledge commons. Such a resource
will provide information relevant to nanotechnology EHS research at multiple
levels of detail and thus can improve public understanding, inform policy-
makers, offer data for future researchers, and shape the focus of future research.
For researchers, the knowledge commons will provide access to existing data
and will add mechanisms to curate, annotate, and link datasets, so that it will be
possible to “bank” the data for consideration by future researchers. The availa-
bility of such an inventory would also facilitate oversight of the nanomaterial
research program itself and provide greater accountability for research progress.
The knowledge commons would provide a context for addressing the recognized
need for improved taxonomies of ENM structures, experiments, characteristics,
models, effects, and uses. A pragmatic approach would be the development of
ontologies that map one set of defined terms onto other commonly used sets to
permit data to be fully shared even if researchers adopt different conventions for
nomenclature, formatting, and reporting.

CONCLUDING REMARKS

Characterization of the risks posed by ENMs across their life cycles is a
scientific challenge that requires integrated, quantitative, and systems-level sci-
entific approaches. It is also an institutional challenge that stretches the conven-
tional roles of agencies and researchers and that looks to how future concerns
can be addressed and anticipated. Strong governance is vital if effective, timely,
and actionable research is to be ensured. Empowered leadership at the federal
level with oversight by a single agency would begin to address many of the or-
ganizational barriers. There should be sustained funding for this research and for
the infrastructure needed to support data-sharing. The necessary ideal of respon-
sible development of nanotechnology is both daunting and important, but there
is no doubt that it is attainable if we plan well for research and for the manage-
ment of the infrastructure needed to shape and disseminate its findings.
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Despite the increase in funding for research and the rising numbers of
peer-reviewed publications over the past decade that address the environmental,
health, and safety (EHS) aspects of engineered nanomaterials (ENMs) (NRC
2012; NSET 2012; PCAST 2012), uncertainty about the implications of poten-
tial exposures of consumers, workers, and ecosystems to these materials persists.
Consumers and workers want to know which of these materials they are exposed
to and whether the materials can harm them (see Appendix C). Industry is con-
cerned about being able to predict with sufficient certainty whether products that
it makes and markets will pose any EHS issues and what measures should be
taken regarding manufacturing practices and worldwide distribution to minimize
any potential risk. However, there remains a disconnect between the research
that is being carried out and its relevance to and use by decision-makers and
regulators to make informed public health and environmental policy and regula-
tory decisions.

Although those broad topics remain to be better addressed, progress has
been made in understanding some aspects of EHS risks posed by ENMs. There
is now greater understanding of the dynamic behavior of ENMs; minimum char-
acterization standards, which are still evolving, are now more widely accepted
by the field; some reference materials have been distributed and evaluated with
models; models for estimating environmental exposures to ENMs have been
proposed; and methods for characterizing ENMs in relevant matrices have been
developed. However, research on the potential EHS implications of ENMs still
lacks context, particularly with regard to future risks, because materials and their
uses are changing rapidly. Consequently, the continued focus on available and
well-studied materials (such as titanium dioxide) may be misplaced; it is possi-
ble that the issues most salient for the future are not being addressed. Some rele-
vant topics have received little attention, such as possible effects of ingested
ENMs on human health, measurement of nanoscale characteristics that influence
their behavior in situ (for example, the structure of surface coatings), and pro-
cesses that affect biouptake.

17
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Investments in nanotechnology and the production of ENMs continue to
grow; the global market for nanotechnology products is projected to exceed $3
trillion by 2015 (Lux 2008a,b). Industry practices are changing, moving from
the use of nanotechnology for enhancement of existing technologies to manufac-
turing of new products that depend on novel materials and the functionality of
nanotechnology (Maynard 2009). Industries are no longer touting nanotechnolo-
gy initiatives; rather, nanotechnology is becoming embedded in their business
practices. However, EHS research efforts are not keeping pace with the evolving
applications of nanotechnology, and this issue has motivated development of the
research agendas on EHS aspects of ENMs for more than a decade. That context
was crucial in the timing of the first report from the present committee, A Re-
search Strategy for Environmental, Health, and Safety Aspects of Engineered
Nanomaterials, which was released in January 2012, and remains relevant for
this second report.

STUDY SCOPE

The US Environmental Protection Agency (EPA) requested that the Na-
tional Research Council perform an independent study to develop and monitor
the implementation of an integrated strategy for research on EHS aspects of
ENMs (see Appendix B for complete statement of task). 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 in 2009. In its first report, as requested, the committee created a
conceptual framework for EHS-related research, developed a research plan with
short-term and long-term priorities, and estimated resources needed to imple-
ment the research plan. For this second report, the committee was tasked with
evaluating research progress and updating the research priorities and resource
estimates on the basis of results of studies and emerging trends in the nanotech-
nology industry. Specifically, the committee was asked to address the following:

e What research progress has been made in understanding the environ-
mental, health, and safety aspects of nanotechnology? How does the research
progress affect relevance of the initial set of research priorities?

e How have market and regulatory conditions changed and how does this
affect the research priorities?

o Are the criteria for evaluating the research progress on the environmen-
tal, health, and safety aspects of nanotechnology appropriate?

o Considering the criteria developed, to what extent have short-term and
long-term research priorities been initiated and implemented?
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OVERVIEW OF FIRST REPORT

The committee’s first report, A Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials (NRC 2012), presented
a strategic approach for developing the science and research infrastructure need-
ed to address uncertainties regarding the potential EHS risks posed by ENMs.
The report began by detailing why a research strategy is needed. In describing
the rationale for the report, the committee emphasized the complexity of the
issues (including the variety of the materials and the applications of materials
science), the limitations of the available evidence, and the inadequacy of linkag-
es between current research findings and the evidence needed to prevent and
manage potential EHS risks. The committee recognized that there had already
been considerable effort in the United States and abroad to identify research
needs to support the development and safe use of nanotechnology, especially in
the National Nanotechnology Initiative (NNI). Nevertheless, EPA sought to re-
fine existing approaches further.

The first report described a conceptual framework that structured the
committee’s approach, focusing on emerging ENMs that may pose unanticipated
risks and on the influence of properties of ENMs on hazards and exposures
(Figure 1-1). The committee then identified critical research gaps that reflected
elements of the framework and the tools needed for addressing the gaps. In addi-
tion to the conceptual framework and the gaps and tools, the committee identi-
fied four broad high-priority research topics that formed the backbone of its pro-
posed research strategy. The committee recognized the evolving nature of ENM
research and, in selecting the four broad categories, envisioned a risk-based sys-
tem that would be informed and shaped by research outcomes and would sup-
port approaches to environmental and human-health protection.

The research categories were the following (NRC 2012, pp. 14-15):

o “Identification, characterization, and quantification of the origins of na-
nomaterial releases. Research in this category would develop inventories on
ENMs being produced and used, identify and characterize the ENMs being re-
leased and the populations and environments being exposed, and assess exposures
to measure the quantity and characteristics of materials being released and to mod-
el releases throughout their life cycle.

e “Processes that affect both potential hazards and exposure. Research
topics . . . 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 nano-
particle bioavailability, reactivity, and toxicity potential; processes that affect na-
nomaterial 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
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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.

o  “Nanomaterial interactions in complex systems ranging from subcellular
systems to ecosystems. . . . Examples of research in this category include efforts to
understand the relationships 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 endocrine and
developmental systems of organisms.

o “Adaptive research and knowledge infrastructure for accelerating re-
search progress and providing rapid feedback to advance research. . . . Activities
would include making characterized nanomaterials widely available, refining ana-
lytic 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 and [the] encouraged and sustained curation and
annotation of data.”
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FIGURE 1-1 Conceptual framework for the committee’s research strategy depicting
“sources of nanomaterials originating throughout the lifecycle and value chain, and there-
fore the environmental or physiologic context that these materials are embedded in, 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 to be the most critical for assessing exposures and hazards and hence risk”
(NRC 2012, p. 55). The lower rectangle “depicts tools needed to support an informative
research agenda on critical elements of nanomaterial interactions” (p. 56).
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The committee identified financial resources needed to implement re-
search in those categories. In examining resources, it recognized the differential
level of research funding for the applications of nanotechnology and the poten-
tial implications, but it took a pragmatic approach, recognizing funding con-
straints, that was centered on current funding levels and informed by expert
judgment. The committee recognized a gap between the amount of federal fund-
ing and the level of activity required to support the research strategy. It conclud-
ed that the core EHS research and development funding' by federal agencies
should remain constant for at least 5 years because any reduction in funding
would be a setback for EHS research. Moreover, additional modest resources
from public, private, and international initiatives should be made available for 5
years in five critical categories: informatics ($5 million per year), nanomaterial
characterization ($10 million per year), developing benchmark ENMs ($3-5
million per year), characterization of sources ($2 million per year), and devel-
opment of networks to support collaborative research ($2 million per year).
These additional resources would total $22-24 million per year.

The committee discussed the need for mechanisms to ensure implementa-
tion of the research strategy and evaluation of research progress. Mechanisms
for effective implementation of an EHS research strategy are as essential to the
success of the strategy as is the substance of the identified research (NRC 2009).
Integration of domestic and foreign participants involved in nanotechnology-
related research—including the NNI and federal agencies, the private sector (for
example, ENM developers and users), and the broader scientific and stakeholder
communities (for example, academic researchers)}—was seen as critical for im-
plementation.

Mechanisms identified for implementation included fostering interagency
interaction, collaboration, and accountability; developing and implementing
mechanisms for stakeholder engagement; advancing integration among sectors
and institutions involved in EHS research, such as public—private partnerships;
and structural changes that address conflicts of interest.

In considering its task, the committee developed indicators that would
serve as criteria for gauging the extent of research and implementation progress
in this second report (see Boxes 1-1 and 1-2 for summaries of indicators of re-
search and implementation progress, respectively). Given the short timeframe
between the first and second reports, the committee considered that it would be
sufficient to anticipate progress in initiating research in each of the four high-
priority categories identified and in developing the infrastructure, accountability,
and coordination mechanisms needed for implementation of the research strate-
gy. The interval was far too short for substantial new research programs to be in
place, let alone for evaluation of research outcomes (NRC 2012).

'"The committee estimated this funding to be about $120 million on the basis of the re-
quested FY 2012 budget. However, the president’s 2013 budget revised the 2012 estimate
to $102.7 million (NSET 2012).
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BOX 1-1 Research-Progress Indicators

Adaptive research and knowledge infrastructure for accelerating research
progress and providing rapid feedback to advance the research

e Extent of development of libraries of well-characterized nanomaterials,
including those prevalent in commerce and reference and standard materials.

e Development of methods for detecting, characterizing, tracking, and
monitoring nanomaterials and their transformations in relevant media.

¢ Development of methods to quantify effects of nanomaterials in experimental
systems.

¢ Advancement of systems for sharing results of research and fostering
development of predictive models for nanomaterial behaviors.

o Extent of joining together of existing databases, including development of
common informatics ontologies.

Quantifying and characterizing the origins of nanomaterial releases

Progress indicators will be related to short-term activities:

¢ Developing inventories of current and near-term production of
nanomaterials.

e Developing inventories of intended use of nanomaterials and value-chain
transfers.

¢ |dentifying critical release points along the value chain.

o |dentifying critical populations or systems exposed.

e Characterizing released materials and associated receptor environments.
e Modeling nanomaterial releases along the value chain.

Processes affecting both exposure and hazard

o Steps taken toward development of a knowledge infrastructure able to
describe the diversity and dynamics of nanomaterials and their transformations
in relevant biologic and environmental media.

e Progress toward developing instrumentation to measure key nanomaterial
properties and changes in them in relevant biologic and environmental media.
¢ Initiation of interdisciplinary research that can relate native nanomaterial
structures to transformations that occur in organisms and as a result of biologic
processes.

e Extent of use of experimental research results in initial models for predicting
nanomaterial behavior in complex biologic and environmental settings.

Nanomaterial interactions in complex systems ranging from subcellular
systems to ecosystems

o Extent of initiation of studies that address heretofore underrepresented fields
of research, such as those seeking to relate in vitro to in vivo observations, to
predict ecosystem effects, or to examine effects on the endocrine or
developmental systems.

o Steps toward development of models for exposure and potential effects
along the ecologic food chain.

(Continued)
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BOX 1-1 Continued

e Extent of refinement of a set of screening tools that reflect important
characteristics or toxicity pathways of the complex systems described above.
o Extent of adaptation of existing system-level tools (such as individual
species tests, microcosms, and organ-system models) to support studies of
nanomaterials in such systems.

¢ |dentification of benchmark (positive and negative) and reference materials
for use in such studies and measurement tools and methods to estimate
exposure and dose in complex systems.2

Source: NRC 2012, pp. 181-182.

BOX 1-2 Indicators of Progress in Implementation

Enhancing interagency coordination

e Progress toward establishing a mechanism to ensure sufficient management
and budgetary authority to develop and implement an EHS-research strategy
among NNI agencies.

o Extent to which [the National Nanotechnology Coordination Office] is
annually identifying funding needs for interagency collaboration on critical high-
priority research.

Providing for stakeholder engagement in the research strategy

e Progress toward actively engaging diverse stakeholders in a continuing
manner in all aspects of strategy development, implementation, and revision.

Conducting and communicating the results of research funded through
public—private partnerships

e Progress toward establishment of effective public—private partnerships, as
measured by such steps as completion of partnership agreements, issuance of
requests for proposal, and establishment of a sound governance structure.

Managing potential conflicts of interest

e Progress toward achieving a clear separation in management and budgetary
authority and accountability between the functions of developing and promoting
applications of nanotechnology and understanding and assessing its potential
health and environmental implications.

o Continued separate tracking and reporting of EHS research activities and
funding distinct from those for other, more basic or application-oriented
research.

Source: NRC 2012, p. 183.

’In this report the committee differentiates between benchmark materials and refer-
ence materials. Additional details are provided in Chapter 3.
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With regard to evaluation of research over the longer term, the committee
considered that criteria developed by the National Research Council Committee
on Research Priorities for Airborne Particulate Matter’ (NRC 1998, 1999) should
be applied in evaluating research progress periodically. Those criteria are listed
below and discussed in more detail in the committee’s first report (see NRC 2012,
pp. 182-187).

o Scientific value: Does the research fill critical knowledge and data gaps?

o Decision-making value: Does the research reduce uncertainties and in-
form decision-making by key stakeholders, for example, decisions about risk as-
sessment and risk management?

o Feasibility and timing: Is the research technically and economically fea-
sible, and can it be done in a timeframe responsive to stakeholder and decision-
maker needs?

¢ Interaction and collaboration: How well does the research agenda fos-
ter the collaboration and interaction needed among scientific disciplines, agencies,
academe, and private sector, especially in addressing cross-cutting issues? Are the
scientific expertise, capacity, and resources appropriately used to enhance scien-
tific creativity, quality, and productivity?

o Integration: How well is the research agenda coordinated and integrated
with respect to planning, budgeting, and management, including between govern-
ment and private organizations?

o Accessibility: How well is information about research plans, budgets,
progress, and results made accessible to agencies, research organizations, and in-
terested stakeholders?

CONTEXT FOR AND APPROACH TO SECOND REPORT

Several developments during and after completion of the first report influ-
enced the committee’s approach to this second report. Notably, the NNI devel-
oped and released its own environmental, health, and safety research strategy
(NEHI 2011). That strategy builds on previous NNI EHS research-strategy doc-
uments (NEHI 2006, 2007, 2008) and helps to develop a framework for coordi-
nation among federal agencies and mechanisms to support implementation of
the strategy. The committee’s original charge to develop and monitor implemen-
tation of a research strategy was written in the absence of the 2011 federal EHS
research strategy. In addition, there have been other government, academic, in-
dustrial, and international efforts, some of which are described in Chapters 2-4
of this report.

3That committee was asked by Congress to address uncertainties in the scientific evi-
dence related to airborne particulate matter (PM) after the 1997 decision to establish a
new National Ambient Air Quality Standard for fine PM.
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Given the short period between the two reports, the committee in this re-
port emphasizes institutional responses to the first report that have implications
for conduct of future research. However, considering its charge, the committee
assesses the trajectory of progress in the research and implementation indicators
identified in the first report while focusing on implementation efforts and tool
development necessary to move the research enterprise forward. The committee
believes that the indicators remain appropriate for evaluating research and im-
plementation progress.* The committee was not able to reevaluate the resource
estimates from the first report, as more current funding information was not
available.

The committee has developed a graphical construct in Chapter 4 (shown
here as Figure 1-2) that complements Figure 1-1 and provides a vision for the
EHS nanotechnology research enterprise. Figure 1-2 describes the interrelated
and interdependent research activities that are driven by ENM production and
highlights the importance of a coordinated research infrastructure.
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FIGURE 1-2 Nanotechnology environmental, health, and safety research enterprise. The
diagram shows the integrated and interdependent research activities that are driven by the
production of ENMs. The production of ENMs is captured by the orange oval, labeled
“materials”, which includes reference materials, ENM releases, and inventories. (An
inventory is a quantitative estimate of the location and amounts of nanomaterials pro-
duced or current production capacity, including the properties of the nanomaterial.) The
knowledge commons (red box) is the locus for collaborative development of methods,

“In the period between the first and second reports, no substantial changes in market
or regulatory conditions that would influence research priorities were noted.
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models, and materials, and for archiving and sharing data. The “laboratory world” and
“real world” (green boxes) feed into the knowledge commons. The laboratory world
comprises process-based and mechanism-based research that is directed at understanding
the physical, chemical, and biologic properties or processes that are most critical for as-
sessing exposures and hazards and hence risk (NRC 2012, p. 55). The “real world” in-
cludes complex systems research involving observational studies that examine the effects
of ENMs on people and ecosystems. The purple boxes capture the range of methods,
tools, models, and instruments that support generation of research in the laboratory
world, the real world, and the knowledge commons.

As part of its data-gathering efforts, the committee held a workshop on
November 7, 2012. The workshop was organized to gain input from federal
agencies, researchers, industry, and nongovernment organizations to help in
gauging the extent of research progress and understanding efforts that are under
way to address scientific uncertainties and research infrastructure needs (see
Appendix C for a summary of the workshop). The committee also used its ex-
pert judgment based on literature reviews and knowledge of the state of the sci-
ence to evaluate the extent of research and implementation progress.

Chapter 2 reviews recent reports on EHS aspects of ENMs and the com-
mittee’s impressions drawn from the workshop. Chapter 3 assesses progress in
research and implementation, classifying the research trajectory into three broad
categories—substantial progress (green), moderate or mixed progress (yellow),
and little progress (red). Chapter 4 analyzes findings from Chapter 3 and sug-
gests pathways for advancing the research enterprise (Figure 1-2). Finally,
Chapter 5 considers the overall charge and offers a vision for optimizing the
research efforts of the EHS nanotechnology community and provides steps to
address the longer-term criteria identified in the committee’s first report.
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Review of Recent Reports and
National Research Council
Committee Workshop

INTRODUCTION

For its second report, the committee was charged with evaluating research
progress since release of its first report and with assessing the extent to which
progress has been consistent with its recommendations. Since release of the
committee’s report in January 2012, a number of national and international ef-
forts have focused on environmental, health, and safety (EHS) aspects of nano-
technology. In the United States, reports have commented on continuing efforts
and needs with regard to EHS nanotechnology research, including The National
Nanotechnology Initiative—Supplement to the President’s FY 2013 Budget
(NSET 2012) (released in February 2012), Report to the President and Congress
on the Fourth Assessment of the National Nanotechnology Initiative (PCAST
2012) (released in April 2012), and the Government Accountability Office
(GAO) report Nanotechnology: Improved Performance Information Needed for
Environmental, Health, and Safety Research (released May 2012). In addition,
international research efforts directed at EHS aspects of engineered nanomateri-
als (ENMs) have advanced, particularly in the European Commission (EC) Sev-
enth Framework Program (FP7")%.

In this chapter, the committee reviews findings from key recent reports
and assessments and comments on the committee’s workshop held in November
2012 (see Appendix C). The chapter is intended to provide insights into the

'Funding programs created by the European Union to support research. The specific
objectives vary depending on the funding period.

The committee recognizes that there are other international research efforts, but this
analysis is not intended to be a comprehensive review. Rather it focuses on a few major
reports from the US federal government and from the European Union.

28
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broader “systems” of research on EHS aspects of ENMs and to set out a back-
ground for Chapters 4 and 5, where the committee offers recommendations for
building a more cohesive research enterprise on ENMs and human health and
ecosystems. The findings of the recent reports of the US agencies complement
the committee’s review, and the research efforts in Europe are an important
component of the global research enterprise.

THE NATIONAL NANOTECHNOLOGY INITIATIVE
SUPPLEMENT TO THE PRESIDENT’S FY 2013 BUDGET

The National Nanotechnology Initiative: Supplement to the President’s FY
2013 Budget (NSET 2012) serves as the annual report on the National Nano-
technology Initiative (NNI) and summarizes NNI activities for 2011 and 2012
and plans for 2013. It first examines changes in the balance of investment by
program component area (PCA)’ and then progress toward achieving NNI goals.
The focus of this committee is on PCA 7 (EHS) and Goal 4, “Supporting re-
sponsible development of nanotechnology”. The report details a large number of
agency contributions and coordination activities among the federal agencies and
international partners that support the EHS research enterprise.* A few are high-
lighted here.

The Consumer Product Safety Commission (CPSC) and the Food and
Drug Administration joined the NNI budgeting process in 2011. CPSC has been
collaborating with other federal agencies—such as the National Science Founda-
tion and the Environmental Protection Agency (EPA)—to support the develop-
ment of exposure and risk assessments of nanomaterials and to allow for updates
to flag reports of incidents that involve nanotechnology and consumer products
(NSET 2012, p. 14). EPA’s nanotechnology resources were expected to increase
by $1.9 million from 2011 to 2013, with increased efforts focused on nano-
materials that are more environmentally sustainable. EPA proposed to investi-
gate how nanomaterial physicochemical properties influence fate and effects and
to couple this research with that on sustainable chemistry and life-cycle assess-
ment. It recently released two requests for applications on sustainable molecular
design and synthesis and characterization of chemical life cycle. NIOSH antici-
pated increasing its investment on three topics in 2013: applying prevention
through design principles in its work, developing and sharing containment and
control strategies to support responsible development of nanomaterial-based
products, and expanding data on worker exposure and health issues in high-
volume nanomaterial industries and applications (for example, carbon nano-
tubes, titanium dioxide, and nanosilver). The National Institute of Standards and

3Program component area is one of the means by which NNI research and major ac-
tivities are grouped.

*At the time of this writing, the FY 2013 federal budget has not been finalized, and
federal agencies are operating under a continuing resolution that will probably affect
expected programmatic changes for NNI-funded EHS research.
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Technology (NIST) 2013 budget was expected to triple from 2011 levels with
increased support for development of measurement methods and standards for
detecting and characterizing ENMs and for development of standard reference
materials, measurement protocols, and predictive models. NIST released the first
reference material for single-walled carbon nanotube soot and plans to release
additional nanoscale reference materials (carbon nanotubes, titanium dioxide,
silver nanoparticles, and nanoporous glass). The National Institute of Environ-
mental Health Sciences intends to continue investments in its Centers for Nano-
technology Health Implications Research Consortium and is evaluating potential
research opportunities in susceptibility factors, including underlying disease,
genetic factors, and age.

With regard to EHS research coordination-related activities, CPSC signed
an interagency agreement with EPA in 2011 to support research with agencies in
the United Kingdom to study potential human exposures to ENMs from con-
sumer products and some environmental sources. In another effort, under the
leadership of the International Life Sciences Institute Research Foundation’s
Nanorelease Project, agencies of the NNI are working with nonprofit groups,
industry, and international organizations to develop methods for measuring the
release of ENMs from consumer materials (ILSI 2012). EPA researchers and
regulators are continuing their collaboration with other federal agencies and na-
tions in the international testing program on nanomaterials under the auspices of
the Organisation for Economic Co-operation and Development (OECD) Work-
ing Party on Manufactured Nanomaterials. EPA is also partnering with other
federal agencies of the NNI in the United States-European Union (EU) collabo-
ration to develop communities of EHS nanotechnology research.

The NNI’s progress in responding to recommendations from the Presi-
dent’s Council of Advisors on Science and Technology (PCAST 2010) is also
detailed, and issues relevant to the work of the present committee are discussed
in Chapter 3. With regard to the committee’s first report, the Nanoscale Science,
Engineering, and Technology (NSET) Subcommittee of the National Science
and Technology Council’s Committee on Technology (NSET 2012) states that
the “NNI agencies are just beginning to assess the first [National Research
Council committee] report and consider how its recommendations may be ap-
plied to the NNI EHS research program” (p. 61).

THE REPORT TO THE PRESIDENT AND
CONGRESS ON THE FOURTH ASSESSMENT OF THE
NATIONAL NANOTECHNOLOGY INITIATIVE

The Report to the President and Congress on the Fourth Assessment of the
National Nanotechnology Initiative (PCAST 2012) is the fourth review of the
NNI by PCAST. Although focused on the whole of the NNI, the report provides
some key recommendations regarding EHS research. The report follows up on
the recommendations that PCAST made to the NNI in 2010. PCAST acknowl-
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edges that the NSET Subcommittee responded to its 2010 recommendations
(PCAST 2010) by creating an EHS research strategy and establishing the posi-
tion of NNI EHS coordinator as a central facilitator among the NNI agencies
and international partners. However, it expressed concern regarding the lack of
integration between nanotechnology-related EHS research funded through the
NNI and information needed by policy-makers to manage potential risks posed
by ENMs (PCAST 2012, p. vi). To address that concern, PCAST recommended
that “the NSET should establish high-level, cross-agency authoritative and ac-
countable governance of Federal nanotechnology-related EHS research so that
the knowledge created as a result of Federal investments can better inform poli-
cy makers” (PCAST 2012, p. viii). PCAST also called for an “increase [in] in-
vestment in cross-cutting areas of EHS [research] that promote knowledge trans-
fer such as informatics, partnerships, and instrumentation development” (p. viii).
The latter recommendation comes from the present committee’s 2012 conclu-
sion that an additional $20-25 million was needed for this cross-cutting research
that would not undercut other fields of research. PCAST acknowledged the pro-
gress made in multistakeholder and interagency collaborations but called for
additional coordination particularly in occupational safety and health.

Other subjects that PCAST commented on that are pertinent to EHS in-
clude recognition of the “significant hurdles to an optimal structure and man-
agement” of the NNI (p. 17). Specifically, the hurdles include “the level of au-
thority that representatives appointed to NSET have within their home agencies
to influence the budget allocations needed to meet NNI objectives, the inade-
quacy of mechanisms to solicit and act upon advice from outside of government,
and the level of funding and capacity of the NNCO [National Nanotechnology
Coordination Office] leadership to support the agencies in implementing pro-
grams that align with the NNI strategic plan” (p. 17). PCAST also commented
on the lack of metrics for assessing the effects of federal investment in nano-
technology and stated that “the NNCO should track the development of metrics
for quantifying the Federal nanotechnology portfolio and implement them to
assess NNI outputs” (p. 21). Many of the PCAST recommendations are con-
sistent with those found in the present committee’s first report (NRC 2012).

GOVERNMENT ACCOUNTABILITY OFFICE REPORT,
NANOTECHNOLOGY: IMPROVED PERFORMANCE
INFORMATION NEEDED FOR ENVIRONMENTAL,
HEALTH, AND SAFETY RESEARCH

In May 2012, GAO issued its most recent report to the chairman of the US
Senate Committee on Environment and Public Works. The report, Nanotechnol-
ogy: Improved Performance Information Needed for Environmental, Health,
and Safety Research, responds to a request to review federal nanotechnology
EHS research and examines changes in federal funding for such research, nano-
materials that NNI member agencies focused on in their EHS research in FY
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2012, collaboration of NNI member agencies with stakeholders, and the extent
to which NNI strategy documents address desirable characteristics of national
strategies (GAO 2012, p. 1).

In preparing the report, GAO found substantial increases in funding by
NNI agencies for nanotechnology EHS research. In the five fiscal years begin-
ning in 2006, funding for EHS research more than doubled, according to agency
reports. Nonetheless, GAO found it difficult to confirm that all the reported pro-
jects were focused on EHS research and struggled with the nonuniform report-
ing approaches used by NNI agencies. Regarding the former issue, GAO report-
ed that “of the 236 projects that the seven agencies reported to us as EHS
research for fiscal year 2010, we determined that, for 43 projects (18 percent), it
was not clear that the projects met the definition for PCA 7—research primarily
directed at the EHS impacts of nanotechnology development and corresponding
risk assessment, risk management, and methods for risk mitigation” (p. 18).
Those projects accounted for more than $15 million in reported EHS funding or
18% of the total projects. The latter issue identified in the report, nonuniformity
of reporting approaches, had been raised by GAO in 2008 and was the subject of
one of its recommendations for improvement.” In addition, GAO noted that
agencies were focusing on limited categories of nanomaterials (primarily carbon
nanotubes, nanosilver, and nanoscale titanium dioxide). The report noted that
the 2011 NNI EHS research strategy provides an approach to setting priorities
among nanomaterials for EHS research, although it commented that it was too
early to determine the influence of the approach on the agencies’ research.

The 2012 GAO report states that “NNI agencies have collaborated exten-
sively on EHS research and strategies” and have initiated numerous formal col-
laborative EHS research projects. GAO further reported that “nonfederal stake-
holders who responded to GAO’s Web-based questionnaire on nanotechnology
EHS research” said “that they benefited from collaboration with the NNI mem-
ber agencies” (GAO 2012, p. 1). Three types of collaborations were identified as
the most frequent: “joint data gathering and sharing, joint research solicitations
or funding of research consortia, and competitive grants” (p. 34). The question-
naire also identified a “lack of funding and limited awareness” of opportunities
for collaboration for some NNI agencies as continuing challenges (p. 1). GAO
(2012) comments that despite those challenges, “most respondents rated the
2011 NNI EHS research strategy as somewhat or very effective at addressing
nanotechnology EHS research needs” (GAO 2012, p. 1).

Focusing on the 2011 NNI strategic plan (NSET 2011), the 2011 NNI EHS
research strategy (NEHI 2011), and the NNI supplement to the president’s 2012
budget (NSET 2012), GAO (2012) found that the NNI’s EHS program had ad-

5GAO (2008) recommended “that the Director, OSTP, in consultation with the Direc-
tor, NNCO, and the Director, OMB [Office of Management and Budget], provide better
guidance to agencies regarding how to report [nanotechnology EHS] research” (p. 30).
However, GAO (2012) states that “as of February 2012, updated guidance had not been
issued” (p. 20).
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dressed or partially addressed all six characteristics of what GAO identified as
desirable characteristics of a national strategy. The GAO was particularly positive
about how the three strategy documents address the first two criteria: purpose,
scope, and methodology and problem definition and risk assessment. For desirable
characteristic 3 (goals, subordinate objectives, activities, and performance
measures), GAO suggests that additional work is needed to articulate priorities,
milestones, or outcome-related performance measures that can be used to measure
the effectiveness of implementation of an EHS strategy. The 2012 GAO report
comments that “independent reviews of the prior NNI strategy documents also
noted an absence of performance information” (p. 46). (This finding is also re-
flected in PCAST 2012 [noted above], regarding the lack of metrics for assessing
the effects of federal investments in nanotechnology.) With respect to the fourth
and fifth characteristics, GAQ’s assessment was that the strategy documents had
partially addressed resources, investments, and risk management and organiza-
tional roles, responsibilities, and coordination (p. 47). However, concerns were
raised, because, although “the 2011 NNI EHS research strategy identifies research
goals, . . . it is up to the agencies to determine how their funding should be spent”
(p. 48). Consequently, there is a perceived lack of oversight of agency roles and
little discussion of how agencies will be held accountable for the goals and re-
search needs of the NNI strategy documents. GAO (2012) suggests that “the NNI
strategy documents . . . partially address the sixth characteristic describing integra-
tion and implementation” (p. 48). This concern arises because the strategy docu-
ments do not discuss agency-level EHS research strategies and efforts to map
agency strategies to the NNI-level documents are not publically available.

The 2012 GAO report made two recommendations to the director of the
Office of Science and Technology Policy (OSTP). It has recommended that “the
Director of OSTP coordinate development by the NNI member agencies of per-
formance measures, targets, and time frames for nanotechnology EHS research
that align with the research needs of the NNI, consistent with the agencies’ re-
spective statutory authorities, and include this information in publicly available
reports” (p. 51). In addition, it recommends that “to the extent possible, the Di-
rector of OSTP coordinate the development by the NNI member agencies of
estimates of the costs and types of resources necessary to meet the EHS research
needs” (p. 52).

In summary, as illustrated above with examples from several recent re-
ports, a number of consistent themes have emerged. They include the need for
rigor in identifying the most critical questions to be addressed by federal funding
through cooperative efforts and with stakeholder engagement. Increased net-
working among all sectors of the scientific community should be sought. Stand-
ards for analysis and reference materials will be critical for this effort; the use of
uniform terminology, data descriptions, and approaches to data capture will un-
derpin this broader engagement. Production of not just data but knowledge that
can be applied in the construction of decision-support tools and risk assessments
will be needed to inform decision-making around EHS issues as we move to-
ward the future. In Chapter 4 of this report, the committee presents a diagram for
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the EHS nanotechnology research enterprise that builds on those characteristics.
It describes the interrelated and interdependent aspects of the enterprise. Alt-
hough aspirational and relatively simple, it is founded on the key principles for a
successful EHS research program that are articulated in the three reports de-
scribed above and the first report of the present committee.

EUROPEAN UNION EFFORTS

Research on nanotechnology funded through the EC—including EHS re-
search—has been guided since 2004 by a broad strategy. Published in 2004, the
Communication from the Commission: Towards a European Strategy for Nano-
technology (EC 2004, pp. 21-22) outlined key elements of research investment
related to commercial and societal progress. Actions toward identifying and ad-
dressing potential human and environmental risks included

o Identifying and addressing safety concerns at the earliest possible stage.

e Reinforcing support for the integration of health, environmental, risk,
and other related aspects into research and development (R&D) activities.

e Supporting the generation of toxicology and ecotoxicology data (in-
cluding dose-response information) and the evaluation of potential human and
environmental exposure.

e Adjustment, if necessary, of risk-assessment procedures to account for
issues associated with nanotechnology applications.

e Application of risk assessment to consumers, workers, and the envi-
ronment at all stages of the life cycle of ENMs (including design, R&D, manu-
facturing, distribution, use, and disposal).

The strategy was influential in guiding ENM safety projects funded under
the current and previous research framework programs (FP6 and FP7).

The first implementation report on the strategy, published in 2007 (EC
2007), highlighted a number of steps toward addressing potential risks of nano-
technologies. The steps included expanding the pan-European research program,
work by the European Joint Research Center on harmonized methods of charac-
terizing and evaluating the toxicity of ENMs, scientific reviews of research
needs and opportunities by the Scientific Committee on Emerging and Newly
Identified Risks, and a focus on regulatory review. A number of international
collaboration initiatives with the OECD Working Party on Manufactured Na-
nomaterials, the International Organization for Standardization (ISO), and spe-
cific US federal agencies were also highlighted.

The second implementation report on the strategic plan (EC 2009) also
emphasizes those themes. Specifically, the EC concluded that from a regulatory
perspective there was an urgent need for more action on increasing and consoli-
dating risk-related research funding to keep pace with the development and
marketing of new applications; adjusting, validating, and harmonizing available
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methods for risk assessment for ENMs to ensure the generation of relevant data;
improving, developing, and validating methods for characterization, exposure
assessment, hazard identification, life-cycle assessment, and simulation, includ-
ing research on fundamental interactions of ENMs with living organisms; devel-
oping suitable reference ENMs for methods development, validation, and quali-
ty assurance; developing public databases to serve in the safety assessment of
ENMs; and increasing the development of test guidelines and standards within
OECD, ISO, and the Comité Européen de Normalisation.

The EC also has published two regulatory reviews on nanosciences and
nanotechnologies—the first in 2008 (EC 2008) and the second in 2012 (EC
2012). On the basis of a number of pan-European reviews and analyses of the
state of the science and its relevance to regulation, the review concluded that
(EC 2012, p. 11)

In the light of current knowledge and opinions of the EU Scientific and
Advisory Committees and independent risk assessors, nanomaterials are
similar to normal chemicals/substances in that some may be toxic and
some may not. Possible risks are related to specific nanomaterials and spe-
cific uses. Therefore, nanomaterials require a risk assessment, which
should be performed on a case-by-case basis, using pertinent information.
Current risk assessment methods are applicable, even if work on particular
aspects of risk assessment is still required.

The definition of nanomaterials will be integrated in EU legislation, where
appropriate. The Commission is currently working on detection, meas-
urement and monitoring methods for nanomaterials and their validation to
ensure the proper implementation of the definition.

Important challenges relate primarily to establishing validated methods
and instrumentation for detection, characterization, and analysis, complet-
ing information on hazards of nanomaterials and developing methods to
assess exposure to nanomaterials.

In 2004, an EC project was funded to coordinate activities between re-
searchers working on the responsible development of ENMs. NanolmpactNet
(NanoImpactNet 2013) ran from 2004 to 2012 and was highly influential in
achieving coordination among research groups working on FP6 and FP7 projects
across Europe. The key aims of NanolmpactNet were to facilitate collaborations
among research projects, communicate results to stakeholders and communicate
their needs back to researchers, and help to implement the EC’s action plan for
nanotechnology. Following in part from NanolmpactNet, all EC research pro-
jects addressing the potential risks associated with ENMs are coordinated
through the EC NanoSafety Cluster (NanoSafety Cluster 2013), an EC initiative
aimed at ensuring strong strategic synergy in the field of EHS nanotechnology
research.
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The EC NanoSafety Cluster is designed “to maximise the synergies be-
tween the existing FP6 and FP7 projects addressing all aspects of nanosafety
including toxicology, ecotoxicology, exposure assessment, mechanisms of inter-
action, risk assessment and standardisation” (NanoSafety Cluster 2013). The
objectives “are to facilitate the formation of a consensus on nanotoxicology in
Europe; to provide a single voice for discussions with external bodies; to avoid
duplicating work and improve efficiency; to improve the coherence of nanotoxi-
cology studies and harmonize methods; to provide a forum for discussion, prob-
lem-solving, and planning of R&D activities in Europe; and to provide industrial
stakeholders and the general public with appropriate knowledge on the risks to
human health and the environment posed by ENMs” (Nanosafety Cluster 2013).
Current or completed projects in the cluster represent an R&D investment of
about €137 million (about $180 million).

In association with the NanoSafety Cluster, a US-EU discussion on ENM
safety research (Finnish Institute of Occupational Health 2012) was formalized
in 2011, and there continue to be regular meetings of researchers from both sides
of the Atlantic. Through that mechanism, communities of research (CoRs) are
being established between the US and the EU. The CoRs are addressing expo-
sure through the life cycle, ecotoxicity testing and predictive models, predictive
modeling for human health, databases and ontology, risk assessment, and risk
management measures.

In summary, European research on the EHS implications of ENMs has de-
veloped into a highly integrated program over the last 8 years. An emphasis on
interdisciplinary and interstate collaboration, public—private partnerships, re-
search networks, and integrated programs has contributed to supporting research
that is problem-driven and solution-focused. The advantages of that approach
are seen in a close integration between research and practice among multiple
constituencies. In contrast, the US model of investigator-driven research funded
by individual agencies with limited strategic oversight has led to rapid progress
in specific fields but less overall coherence than observed in Europe.

Both models have advantages and disadvantages, and there are undoubtedly
lessons to be learned on both sides of the Atlantic. As discussed above and as il-
lustrated in Chapter 4, a systematic and networked approach to knowledge crea-
tion for improved decision-making would have value around the world. There is
considerable opportunity for high-value coordination and integration that can lev-
erage the strengths of both the European and the US efforts to ensure a global stra-
tegic research program. This is already beginning to occur through informal and
formal collaborations between the US and the EU, but more can be done to ensure
efficient and responsive research programs.
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NATIONAL RESEARCH COUNCIL COMMITTEE WORKSHOP

On November 7, 2012, the committee held a workshop to obtain input on
research progress since release of its first report, A Research Strategy for Envi-
ronmental, Health, and Safety Aspects of Engineered Nanomaterials. An addi-
tional focus was on other efforts that were under way to address the scientific
uncertainties and research-infrastructure needs for a robust research approach to
EHS issues related to ENMs. The information gathered informs the present re-
port. The workshop featured presentations by federal agency and foreign offi-
cials, academic researchers, and representatives of nongovernment organizations
and industry on the scientific and regulatory framework for EHS research, on
recent research progress, and on the applications of the research results to risk
management. Panel discussions provided opportunities for expanded dialogue of
many of the issues raised during the workshop presentations. A summary of the
workshop is provided as Appendix C of this report.

CONCLUSION

Recent reports provide an opportunity to gauge progress on EHS research
related to ENMs and on the development of infrastructure for such research. The
NNI’s supplement to the President’s 2013 budget offers an opportunity to re-
view intended enhancements of the NNI program that were developed coinci-
dentally with the publication of the committee’s first report. The NNI’s supple-
ment to the president’s budget does not meet the requirement of completed and
published research, but it does provide an opportunity to review the trajectory of
NNI work in the context of the progress indicators identified in the committee’s
first report. Both PCAST (2012) and GAO (2012) provide opportunities to as-
sess the influence of the committee’s 2012 report (NRC 2012) on federal over-
sight groups: PCAST and GAO reinforced many of the committee’s recommen-
dations, including the need for clear accountability for NNI spending,
particularly on EHS research, for “top-down” strategic direction, and for addi-
tional, targeted research funding.

The EC research model aligns more closely with calls for accountability
and top-down strategic direction and has been highly successful in stimulating
effective research partnerships and integrated approaches to complex challenges.
Although there are limitations to that approach, lessons from the EU FP7 pro-
gram in particular may be usefully applied in the United States. FP7 has been
successful in leading to multidisciplinary research programs that are driven by
specific safety challenges (for example, the MARINA® research program is ex-
plicitly focused on developing reference methods that support risk management
of engineered nanomaterials), programs that facilitate public—private partner-

Shttp://www.marina-fp7.eu/.
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ships (for example, NANODEVICE’ brings together researchers and instrument
manufacturers to develop new measurement tools), and programs that enable
deep cross-disciplinary collaboration and coordination (for example, Nanolm-
pactNet (2013) provides a unique research community—driven forum for infor-
mation-sharing).

In the committee’s November 2012 workshop, it heard from the NNI
agencies and the stakeholder communities regarding the progress made in EHS
research. The perspective gained there helped the committee in assessing re-
search and implementation progress in Chapter 3 and informed the construction
of Figure 4-1. Although the committee recognizes the short timeframe for evalu-
ating research progress, it strongly endorses the concepts of coordinated, trans-
parent efforts and of retrospective impact analysis for assessing progress in ad-
vancing knowledge in the EHS nanotechnology research enterprise.

REFERENCES

EC (European Commission). 2004. Communication from the Commission: Towards a
European Strategy for Nanotechnology. COM (2004) 338 final. Commission of the
European Communities, Brussels. December 5, 2004 [online]. Available: http://ec.
europa.eu/nanotechnology/pdf/nano_com_en.pdf [accessed Feb. 27, 2013].

EC (European Commission). 2007. Communication from the Commission to the Council,
the European Parliament and the Economic and Social Committee- Nanosciences
and Nanotechnologies: An Action Plan for Europe 2005-2009. First Implementa-
tion Report 2005-2007. COM(2007) 505 final. Commission of the European
Communities, Brussels. September 6, 2007 [online]. Available: http:/eur-lex.eu
ropa.eu/LexUriServ/LexUriServ.do?uri=COM:2007:0505:FIN:EN:PDF [accessed
Feb. 27,2013].

EC (European Commission). 2008. Communication from the Commission to the Europe-
an Parliament, the Council and the Economic and Social Committee: Regulatory
Aspects of Nanomaterials. COM(2008) 366 final. Commission of the European
Communities, Brussels. June 17, 2008 [online]. Available: http://ec.europa.eu/
nanotechnology/pdf/comm_2008_0366_en.pdf [accessed Feb. 27, 2013].

EC (European Commission). 2009. Communication from the Commission to the Council,
the European Parliament and the Economic and Social Committee- Nanosciences
and Nanotechnologies: An Action Plan for Europe 2005-2009. Second Implemen-
tation Report 2007-2009. COM(2009)607 final. Commission of the European
Communities, Brussels. October 29, 2009 [online]. Available: http://eur-lex.eu
ropa.eu/LexUriServ/LexUriServ.do?uri=COM:2009:0607:FIN:EN:PDF [accessed
Feb. 27,2013].

EC (European Commission). 2012. Communication from the Commission to the Europe-
an Parliament, the Council and the Economic and Social Committee: Second Reg-
ulatory Review on Nanomaterials. COM(2012) 572 final. Commission of the Eu-
ropean Communities, Brussels. October 3, 2012 [online]. Available: http:/eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2012:0572:FIN:en:PDF  [ac-
cessed Feb. 27, 2013].

"http://www.ttl.fi/partner/nanodevice/Pages/default.aspx.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18475

Review of Recent Reports & National Research Council Committee Workshop 39

Finnish Institute of Occupational Health. 2012. EU-U.S. nanoEHS Community of Research
(CORs) Flyer [online]. Available: http://www.ttl.fi/en/international/conferences/senn
2012/senn2012_programme/Documents/COR _flyer.pdf [accessed Feb. 1, 2013].

GAO (U.S. Government Accountability Office). 2008. Nanotechnology: Better Guidance
is Needed to Ensure Accurate Reporting of the Federal Research Focused on Envi-
ronmental, Health, and Safety Risks. GAO-08-402. Washington, DC: U.S. Gov-
ernment Accountability Office [online]. Available: http://www.gao.gov/new.items/
d08402.pdf [accessed Dec. 5, 2012].

GAO (U.S. Government Accountability Office). 2012. Nanotechnology: Improved Perfor-
mance Information Needed for Environmental, Health, and Safety Research. GAO-
12-427. Washington, DC: U.S. Government Accountability Office [online]. Availa-
ble: http://www.gao.gov/assets/600/591007.pdf [accessed Dec. 5, 2012].

ILSI (International Life Sciences Institute). 2012. NanoRelease Consumer Products
[online]. Available: http://www.ilsi.org/ResearchFoundation/Pages/NanoReleasel.as
px [accessed Jan. 31, 2013].

NanolmpactNet. 2013. European Network on the Health and Environmental Impact of
Nanomaterials [online]. Available: http://www.nanoimpactnet.eu/ [accessed Jan. 6,
2013].

NanoSafety Cluster. 2013. Cluster Projects [online]. Available: http://www.nanosafetyclu
ster.eu/ [accessed Jan. 6, 2013].

NEHI (Nanotechnology Environmental Health Implications Working Group). 2011. Na-
tional Nanotechnology Initiative 2011 Environmental, Health, and Safety Strategy,
October 2011. Nanotechnology Environmental Health Implications Working Group,
Subcommittee on Nanoscale Science, Engineering, and Technology, Committee on
Technology, National Science and Technology Council [online]. Available: http:/
www.nano.gov/sites/default/files/pub_resource/nni_2011 ehs research_strategy.pdf
[accessed Dec. 27, 2012].

NRC (National Research Council). 2012. A Research Strategy for Environmental, Health,
and Safety Aspects of Engineered Nanomaterials. Washington, DC: National Acad-
emies Press.

NSET (Nanoscale Science, Engineering, and Technology Subcommittee). 2011. The Na-
tional Nanotechnology Initiative Strategic Plan. Subcommittee on Nanoscale Sci-
ence, Engineering, and Technology, Committee on Technology, National Science
and Technology Council. February 2011 [online]. Available: http://www.nano.gov/
sites/default/files/pub_resource/2011_strategic_plan.pdf [accessed Dec. 20, 2012].

NSET (Nanoscale Science, Engineering, and Technology Subcommittee). 2012. The
National Nanotechnology Initiative: Research and Development Leading to a
Revolution in Technology and Industry: Supplement to the President's FY 2013
Budget. Subcommittee on Nanoscale Science, Engineering, and Technology, Na-
tional Science and Technology Council. February 2012 [online]. Available: http:/
www.nano.gov/sites/default/files/pub_resource/nni_2013 budget supplement.pdf
[accessed Nov. 27, 2012].

PCAST (President’s Council of Advisors on Science and Technology). 2010. Report to
the President and Congress on the Third Assessment of the National Nanotechnol-
ogy Initiative. March 2010 [online]. Available: http://www.whitehouse.gov/sites/
default/files/microsites/ostp/pcast-nano-report.pdf [accessed Dec. 20, 2012].


http://www.nap.edu/18475

Research Progress on Environmental, Health, and Safety Aspects of Engineered Nanomaterials

40 Research Progress on EHS Aspects of Engineered Nanomaterials

PCAST (President’s Council of Advisors on Science and Technology). 2012. Report to
the President and Congress on the Fourth Assessment of the National Nanotech-
nology Initiative. April 2012 [online]. Available: http://nano.gov/sites/default/files/
pub_resource/pcast 2012 _nanotechnology final.pdf [accessed Dec. 5, 2010].

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18475

Research Progress on Environmental, Health, and Safety Aspects of Engineered Nanomaterials

Assessment of Progress

INTRODUCTION

The committee’s first report identified indicators of research progress and
implementation that could be used as benchmarks for gauging the extent of re-
search and implementation in response to the report. In developing the indica-
tors, the committee acknowledged that given the short timeframe between that
report and this second one, there would not be measurable, long-term progress
that could be assessed with the indicators. It considered, however, that there
would be ample time for initiation of research and for initial development of the
infrastructure needed for implementing the research strategy.

In examining the extent of progress that has occurred, the committee is
aware that many concomitant environmental, health, and safety (EHS) nano-
technology reviews and planning efforts have occurred within the same period
as its own work, including publication of the National Nanotechnology Initiative
(NNI) EHS research strategy, other government assessments, international ini-
tiatives, and continuing research efforts in general (see Chapter 2). It is neither
possible nor useful to try to attribute progress to any particular effort, including
this committee’s first report. Rather, we examine the trajectories of research and
implementation to gauge whether steps have been made toward addressing the
indicators identified by the committee and, if not, what efforts are needed to
achieve progress.

The committee used a color scheme for categorizing progress: green for
substantial progress, yellow for moderate or mixed progress, and red for little
progress. It adopted that qualitative approach as suitable for gauging progress
given the scope and types of information available. It classified progress on the
basis of a consensus of the committee. The assessment considered new activities
since preparation of the committee’s first report and the trajectory of research
progress. Thus, green implies that there are new activities and that sustained
progress can be expected, red refers to a situation of limited activity and little
expectation of change, and yellow refers to mixed scenarios. The committee
recognizes that its assessment is not an exhaustive compilation and evaluation of
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progress, rather it is intended to provide illustrative examples of progress. Chap-
ter 4, “Getting to Green”, describes additional efforts and the pathways that are
needed to achieve progress in the research and implementation indicators identi-
fied by the committee in the context of the vision for the EHS nanotechnology
research enterprise (Figure 1-2).

The discussion below addresses advances made with regard to research
and implementation progress indicators identified in the first report. The com-
mittee considers that the indicators remain appropriate for evaluating progress.
However, in certain cases (as noted), it has clarified the wording or modified the
order of the indicators. Boxes 3-1 and 3-2 summarize the indicators, including
the committee’s assessment of progress—green, yellow, or red. The following
text identifies the indicators, discusses progress, and presents the rationale for
selection of a particular assessment.

BOX 3-1 Status of Indicators of Research Progress’

Adaptive Research and Knowledge for Accelerating Research Progress and
Providing Rapid Feedback to Advance the Research

Extent of development of libraries of well-characterized nanomaterials,
including those prevalent in commerce and reference and standard materials

e Development of methods for detecting, characterizing, tracking, and
monitoring nanomaterials and their transformations in simple, well-characterized
media

Development of methods to quantify effects of nanomaterials in experimental
systems

Extent of joining of existing databases, including development of common
informatics ontologies

Advancement of systems for sharing the results of research and fostering
development of predictive models of nanomaterial behaviors

Quantifying and Characterizing the Origins of Nanomaterial Releases

Developing inventories of current and near-term production of nanomaterials

Developing inventories of intended uses of nanomaterials and value-chain
transfers

Identifying critical release points along the value chain

Identifying critical populations or systems exposed

Characterizing released materials in complex environments
® Modeling nanomaterial releases along the value chain

(Continued)

'"The wording and ordering of some indicators have been modified from NRC (2012,
pp. 181-182). Details of the modifications are noted in the descriptions of the indicators
in this chapter.
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BOX 3-1 Continued

Processes That Affect Both Exposure and Hazard

Steps taken toward development of a knowledge infrastructure able to
describe the diversity and dynamics of nanomaterials and their transformations
in complex biologic and environmental media

® Progress in developing instrumentation to measure key nanomaterial
properties and changes in them in complex biologic and environmental media

Initiation of interdisciplinary research that can relate native nanomaterial
structures to transformations that occur in organisms and as a result of biologic
processes

® Extent of use of experimental research results in initial models for predicting
nanomaterial behavior in complex biologic and environmental settings

Nanomaterial Interactions in Complex Systems Ranging from Subcellular
Systems to Ecosystems

Extent of initiation of studies that address the impacts of nanomaterials on a
variety of end points in complex systems, such as studies that link in vitro to in
vivo observations, that examine effects on important biologic pathways, and that
investigate ecosystem effects

Extent of adaptation of existing system-level tools (such as individual
species tests, microcosms, and organ-system models) to support studies of
nanomaterials in such systems

® Development of a set of screening tools that reflect important characteristics
or toxicity pathways of the complex systems described above

Steps toward development of models for exposure and potential ecologic
effects

Identification of benchmark (positive and negative) and reference materials
for use in studies and measurement tools and methods to estimate exposure
and dose in complex systems

INDICATORS OF RESEARCH PROGRESS

Adaptive Research and Knowledge for Accelerating Research Progress and
Providing Rapid Feedback to Advance the Research

In the committee’s 2012 report (NRC 2012), the first set of research pri-
orities involved establishing an adaptive infrastructure for research and
knowledge generation to accelerate and advance EHS nanotechnology research.
The components of this infrastructure include study and reference materials;
nanomaterial libraries; instruments and methods for measuring nanomaterials
and their transformations; methods or assays to quantify the effects of nano-
materials; databases, ontologies, and tools for sharing research results; and mo-
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dels to uncover relationships among the data. Progress toward those short-term
and medium-term research priorities ranged from green for detecting and char-
acterizing engineered nanomaterials (ENMs) in relatively well-characterized
media to yellow for development of libraries of well-characterized ENMs, de-
velopment of methods for quantifying effects of ENMs in experimental systems,
and the extent of joining of existing databases, including the elements of an in-
formatics infrastructure. It is expected that the integrated components of the
infrastructure will need to be continuously improved to adapt to the growing
needs of the research enterprise.

Extent of development of libraries of well-characterized nanomaterials,
including those prevalent in commerce and reference and standard materials

BOX 3-2 Status of Indicators of Progress
in Implementation (NRC 2012, p. 183)

Enhancing Interagency Coordination

® Progress toward establishing a mechanism to ensure sufficient management
and budgetary authority to develop and implement an EHS research strategy
among NNI agencies

Extent to which the NNCO is annually identifying funding needs for
interagency collaboration on critical high-priority research

Providing for Stakeholder Engagement in the Research Strategy

Progress toward actively engaging diverse stakeholders in a continuing
manner in all aspects of strategy development, implementation, and revision

Conducting and Communicating the Results of Research Funded Through
Public—Private Partnerships

® Progress toward establishment of effective public-private partnerships, as
measured by such steps as completion of partnership agreements, issuance of
requests for proposal, and establishment of a sound governance structure

Managing Potential Conflicts of Interest

® Progress toward achieving a clear separation in management and budgetary
authority and accountability between the functions of developing and promoting
applications of nanotechnology and understanding and assessing its potential
health and environmental implications

Continued separate tracking and reporting of EHS research activities and
funding distinct from those for other, more basic or application-oriented research
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The committee’s first report emphasized that libraries of well-characterized
nanomaterials were needed to accelerate EHS nanotechnology research and that
the libraries should include nanomaterials that meet the evolving needs of the re-
search community. There has been progress in developing specific nanomaterials
that have been appropriately characterized for nanotechnology EHS studies, in-
cluding gold, silver, and carbon standards developed by the National Institute of
Standards and Technology (NIST 2013a), Organisation for Economic Co-
operation and Development reference materials characterized by the National In-
stitutes of Health (NIH) Nanotechnology Characterization Laboratory (NCL) for
the National Institute of Environmental Health Sciences Nanotechnology Consor-
tium (AZoNano.com 2010), and materials developed in individual research groups
and centers. Some of those materials are now available through commercial chan-
nels (NanoComposix 2012). However, the composition, structure, properties, im-
purities, and contaminants of a nanomaterial sample depend on the production,
refinement, separation, and purification processes used to make them and can ex-
hibit substantial lot-to-lot variation. In addition, the sample-preparation techniques
used for different characterization methods are generally not well documented or
reported. For example, the NCL reports (McNeil 2012) that up to 40% of samples
submitted to it for characterization were contaminated with endotoxin even though
they had been vetted for possible use in therapeutics. It will continue to be difficult
to correlate published research results with nanomaterial types unless more detail
is provided in publications or documentation of datasets regarding the manufactur-
ing process, lot number, and sample-preparation and characterization methods
used.

For the last few years, it has been recognized that nanomaterials for EHS re-
search need to be well characterized in the media in which they are used (Richman
and Hutchison 2009; von der Kammer et al. 2012; Pettit and Lead 2013). Alt-
hough there has been progress in that respect (for example, use of the same well-
characterized materials in various studies to allow comparison of results), there
still are no recommended standard materials for characterization. Nanomaterials
produced for fundamental or applied research are rarely characterized adequately
for EHS research. Therefore, new nanomaterials that are produced and developed
for applied research typically cannot be used more broadly for EHS research, be-
cause of the different types of characterization needed, which depend on the in-
tended uses.

With respect to developing materials libraries to support nanotechnology
EHS research, the committee concludes that much work is needed. There has
been an emphasis on nanomaterials that have been documented to be most prev-
alent in commerce—including nanosilver, carbon nanotubes (CNTs), and zinc
oxide (ZnO) (OECD 2008; PEN 2013)—although a recent survey of the patent
literature suggests that there is probably a more diverse set of materials that are
being and will be incorporated into products (Leitch et al. 2012). To accelerate
research, a larger set of nanomaterials is needed to identify the structural fea-
tures responsible for potential biologic and environmental effects. Specifically,
ENMs should be selected to address hypotheses regarding the influences of in-
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dividual structural parameters (for example, surface coating, surface functionali-
ty, ion release rates from core material, core sizes, and material purity). Thus far,
there has been little progress in producing structurally analogous sets (or librar-
ies) of well-characterized nanomaterials (Harper et al. 2011). As a result, it is
not possible to conduct systematic studies of families of structurally related na-
nomaterials to determine how structure influences effects. Not surprisingly, the
structural diversity of the materials that have been produced does not yet support
the needed breadth of nanotechnology EHS studies.

Thus, although there has been some progress in producing and characteriz-
ing new nanomaterials to support EHS research, there are large gaps, and pro-
gress toward this goal is categorized as yellow.

Development of methods for detecting, characterizing, tracking, and
monitoring nanomaterials and their transformations in simple, well-characterized
media

In its first report, the committee gave high priority to research that pro-
motes development of critical supporting tools, including methods of character-
izing how the properties of ENMs affect their interactions with humans and the
environment (NRC 2012). Those capabilities need to be developed in the short
term and ramped up to become sustainable in the longer term. In simple and
relatively well-characterized media (such as deionized water and physiologic
buffer with known composition), substantial progress has been made in develop-
ing analytic tools and methods for detecting and characterizing nanomaterials.
(Detection and characterization of ENMs in more complex environmental media
are discussed later in this chapter.) Several agencies—including NIST, the US
Army Corps of Engineers Engineer Research and Development Center, and the
NCL—have active research programs in place that are aimed at developing and
validating the tools (NSET 2012a). Some components of activities in two re-
search centers funded by the Environmental Protection Agency (EPA) and the
National Science Foundation (NSF) are aimed at developing and validating
ENM detection and characterization methods; in most cases, these are applica-
tions of, or adaptations of, existing tools, including x-ray spectroscopy (Ma et al.
2012; Lawrence et al. 2012), spectrometry (Mitrano et al. 2012), and optical
methods (Fatisson et al. 2012). Some new methods are being developed to
measure important ENM properties, such as surface hydrophobicity of nanopar-
ticles (Xiao and Wiesner 2012) and chirality of single-walled CNTs (Khan et al.
2013). In addition, the nanotechnology EHS research community now recogniz-
es the dynamic nature of nanomaterials and the need to characterize nanomateri-
al transformations and the transformed materials (Levard et al. 2012; Liu et al.
2012; Lowry et al. 2012a; Nowack et al. 2012).

The committee classifies this indicator as green because of the number of
programs initiated or under way in various agencies and the progress evident in
the peer-reviewed literature (as described above). However, characterization
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efforts are generally (not exclusively) limited to studies in well-controlled model
media, and more work is needed to extend understanding to more complex sys-
tems (discussed later in this chapter). Some ENM properties are still difficult to
measure, such as the properties of adsorbed macromolecules and the structure of
the outer surface layers of nanomaterials. Techniques for routine monitoring of
nanomaterials in environmental media (for example, wastewater treatment-plant
effluent) are not available (as discussed later). Finally, although there are many
data on ENM characteristics and likely transformations, cross-validation and
synthesis of the data to provide knowledge about ENM properties and the envi-
ronmental properties that lead to the transformations have not occurred.

Development of methods to quantify effects of nanomaterials in experi-
mental systems

The committee’s first report identified the need for standardized methods
for assessing environmental effects of nanomaterials in the environment and the
need for markers for assessing toxicity. It also identified a lack of information
on effects, especially ecosystem effects, of longer-term nanomaterial exposures
of organisms and human populations. Studies have been published on the poten-
tial effects of acute nanomaterial exposures of various organisms in aquatic and
terrestrial environments. However, it is difficult to integrate the data to develop
the information needed to predict the effects of ENMs, because of the lack of
standardized assays, the variety of ENMs, the variety of organisms and experi-
mental conditions used, and the fact that many studies have examined primarily
acute mortality outcomes. More toxicity information on a greater variety of na-
nomaterials is needed so that different ENM properties and different end points
can be examined. Standardization of assays and development of reference mate-
rials for positive and negative controls are also needed to ensure that the data
gathered for toxicity assays are comparable and useful.

The EPA, the Food and Drug Administration (FDA), and the National In-
stitute for Occupational Safety and Health (NIOSH) have not identified assays
targeted at specific outcomes to assess nanotoxicity. There is a need to standard-
ize toxicity assays, both in vitro and in vivo, to reduce variability within and
between laboratories and to improve consistency of results among different la-
boratories. For example, a round-robin in vitro study involving 10 laboratories
in the United States and Europe to characterize nanoparticles before toxicity
testing revealed that although there was improved reproducibility between la-
boratories because of adherence to strict protocols for shipping, measurement,
and reporting, measurements of polydisperse suspensions of nanoparticle aggre-
gates or agglomerates were not reproducible (Roebben et al. 2011). The use of
ultrasonication increased variability among polydisperse suspensions. With re-
spect to quantifying effects of nanomaterials in vivo, a 2013 round-robin study
(Bonner et al. 2013) by four laboratories in the United States investigating pul-
monary responses in mice and rats to three forms of nano-titanium dioxide
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(nano-TiO,) and three forms of multiwalled CNTs (MWCNTs) showed some
interlaboratory variability of the inflammatory response to TiO,, but the relative
potency of the MWCNTSs was similar among all laboratories. Although some
agencies, such as NIST, are evaluating different protocols (NIST 2013b), the
need for standard operating procedures has not been fully met. Establishing such
procedures for all phases of ENM preparation and toxicity testing is required to
increase consistency of results among laboratories.

Several studies have identified acute ecotoxic effects of ENM exposures
and issues associated with traditional nanotoxicity assays (see Klaine et al. 2008
and above references for review). However, there is little information on effects
on ecologically relevant species or on ecosystem-level effects of the chronic
low-dose exposures to ENMs that are expected in the environment (Bernhardt et
al. 2010; Gottschalk and Nowack 2011). Investigations of perturbations in
whole-organism systems are also lacking. Efforts have concentrated on oxida-
tive stress, which may be a fleeting reaction of an organism to ENM exposures
and may not be the sole mechanism of effects. The committee’s 2012 report
called for targeted assays for assessing nanotoxicity. Efforts to assess toxicity by
using high-throughput assays at the EPA-NSF funded centers (Lin et al. 2013;
Nel et al. 2013) may provide some standard acute-toxicity information on se-
lected nanomaterials. The relevance of those assays to more realistic chronic
low-dose exposures and population-level effects has not been established. The
committee specifically suggested development of a standard battery of assays
and novel assays that may be required to describe the various effects of many
types of nanomaterials, including ones that have new biologic activities. Stand-
ardized assays for ecosystem effects of even standard chemicals are lacking. The
EPA-NSF funded centers may be an indication of support for those types of
assays, but this is the only direct support identified for this topic.

The committee considered that there was some research progress in this
category, but the progress was marked yellow because of the lack of identifica-
tion of a set of methods to determine effects. More information on the variety of
potential mechanisms and research that elucidates these mechanisms will move
this indicator toward green.

Extent of joining of existing databases, including development of com-
mon informatics ontologies

Some progress has been made toward the development of informatics on-
tologies and sharing of databases. For example, the Big Data Initiative was an-
nounced in March 2012 “to greatly improve the tools and techniques needed to
access, organize, and glean discoveries from huge volumes of digital data” with
support from NSF, NIH, the Department of Energy (DOE), the Department of
Defense (DOD), the Defense Advanced Research Projects Agency, and the US
Geological Survey (OSTP 2012). The new program defines data as including
data, publications, samples, physical collections, software, and models (NSF
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2010). The same comprehensive definition underpins the new NSF Nanotech-
nology Signature Initiative for a Nanotechnology Knowledge Infrastructure
(NKI) with participation by the Consumer Product Safety Commission (CPSC),
DOD, DOE, EPA, FDA, the National Aeronautics and Space Administration,
NIH, NIOSH, NIST, NSF, and the Occupational Safety and Health Administra-
tion (OSHA). In addition, the NKI will support the new Materials Genome Initi-
ative (MGI) (NSET 2012b) so that informatics approaches, data curation work-
flows, protocols, and standards developed through MGI activities may initially
be explored for nanoscale activities by the NKI effort.

Coordination of activities in the United States and the EU has been estab-
lished through the Communities of Research (CoRs) by the National Nanotech-
nology Coordination Office (NNCO) and the EU. The CoRs include “predictive
modeling for human health, ecotoxicity testing and predictive models, exposure
through the life cycle, databases and ontology, risk assessment, and risk man-
agement and control” (Finnish Institute of Occupational Health 2012). The on-
tology CoR is responsible for coordinating informatics needs for all the CoRs,
and its databases provide a mechanism for developing prototype systems and
applications to support information-sharing, annotation, validation, and curation
for experimental, computational, and theoretical efforts in nanotechnology. The
EU-US CoRs represent an important opportunity for international collaboration
to develop an infrastructure that can serve both communities.

Although those new programs are promising, progress in developing ele-
ments of an informatics infrastructure has been less encouraging. The foregoing
examples show the need for libraries of nanomaterials; for improved reporting
on nanomaterial production processes and sample-preparation techniques; for
new methods for characterizing, tracking, and monitoring nanomaterials and
their transformations; for methods for quantifying the effects of nanomaterials;
and for systems for sharing research results and the development of predictive
models for nanomaterial behaviors. Core systems, services, and applications are
not yet available or have been insufficiently adopted, and this gap impedes re-
search and the translation of research findings into products. For example, a
harmonized nomenclature system that facilitates and informs nanomaterial clas-
sification and development does not exist; data and metadata standards are not
established; reproducibility of methods (ruggedness testing) has not been estab-
lished; and the sensitivity data are not shared and therefore cannot be used to
improve the reproducibility of methods or to inform error propagation in risk
analyses. The same general limitations are present for model development: fur-
nishing accurate nanomaterial and nanoproduct structural models on the appro-
priate scales; developing and validating the models and their sensitivity to input
parameters, computer programs, the choice of run-time parameters, computer
architectures, and compilers at the relevant dimensions and time scales; and ac-
cessing and validating models for the physical, chemical, and biologic systems
of interest, also at the appropriate dimensions and time scales. In that regard,
NanoHUB constitutes a substantial and important start, providing a stable code
for different users and assuming the burden of hosting the code; providing com-
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puters, storage, and user services; archiving and sharing data, metadata, and in-
formation about results; and comparison with related model results.

Finally, there is an overarching need for informatics to augment collabora-
tion and accelerate research and translation by facilitating access to data. Exam-
ples of the need for informatics include the accelerated adoption of models
through NanoHUB and the increased amount of interlaboratory testing of meth-
ods by various organizations (NIEHS 2012; ILSI 2013a). There are abundant
examples of data that are not available through the publication process and that
in many cases are not accessible on any database—such as sensitivity data on
methods and validation data on models—but there are several areas of particular
interest and activity. For example, high-throughput methods are increasingly
used in nanotechnology-EHS research, and applications from EPA-NSF funded
centers (Thomas et al. 2011; Mandrell et al. 2012) promise to generate large,
correlated datasets obtained with standardized screening methods. ISA-TAB-
Nano?, a new standard for data exchange, is emerging; its harmonized data for-
mats incorporate high-throughput screening assays and methods for nanomateri-
al characterization. Metadata capture will be possible through the NanoParticle
Ontology (NPO) that builds on NIH’s Enterprise Vocabulary System. However,
most important are the increasing informatics efforts (mentioned above) that
promise new support and substantially increased collaboration—the NKI, col-
laboration with the MGI, and the other NNI signature initiatives, particularly the
EU-US CoRs. Those developments collectively signal heightened interest in
increasing data quality throughout nanotechnology and nanoscience and height-
ened activity in establishing a coherent infrastructure for increased collaborative
research among all the disciplines.

Additional data inputs are possible if databases are compiled from other
studies. One potential mechanism, as mentioned in the committee’s first report,
is NSF’s requirement that all grant proposals include a two-page plan for how
data will be managed and shared publicly. However, modifications of that re-
quirement through creation of a data commons could allow the collection of all
nanotoxicity data from NSF-funded studies rather than siloed storage and re-
trieval sites established by each researcher.

On the basis of the still unmet need for more data-integration mechanisms,
the committee has characterized this indicator as yellow.

Advancement of systems for sharing the results of research and foster-
ing development of predictive models of nanomaterial behaviors

*This format is an extension of the Investigation-Study-Assay (ISA) Tabular formats
used for genomics and high-throughput screening (for example, MAGE-TAB) and adds a
material file to permit transmission, linkage, and provenance of data on the nanomaterial
samples being studied. This publication represents an initial step to providing one aspect
of the needed infrastructure for sharing research data, and it is not yet clear how it will be
received by the research community.
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In its first report, the committee identified the need to develop predictive
models for ENM behaviors and risk. However, the development of models can-
not occur in isolation from data generation. Coordination is needed in the short
term to ensure that experimental, modeling, and informatics efforts contribute to
a coordinated, functional infrastructure. There is a need to collect, store, archive,
and share data related to assessing the potential effects of ENMs (as described in
the previous section) so that these data can be used to develop predictive models
of ENM behavior. The goals of advancing systems for sharing and developing
models of behavior are intimately related in that the models and data structures
are both influenced by the specific questions related to exposure to ENMs and
the resulting effects that need to be addressed. Therefore, the needs for models
and infrastructure to support the models are assessed together.

There has been some progress in development of models to predict nano-
material exposures and toxicity (Gottschalk et al. 2011; Nel et al. 2013). Several
government agencies have instituted specific programs to develop and test dif-
ferent models to assess ENM behavior (for example, fate in the environment,
releases from consumer products, plant uptake, and occupational exposure),
including EPA, NIST, FDA, DOD, the US Department of Agriculture, and
NIOSH (NSET 2012a). Efforts are also in place to develop computational mod-
els for toxicity (for example, EPA’s ToxCast program). Finally, there has been
progress towards the development of empirical predictive models as opposed to
fully mechanistic models for behavior (Hou et al. 2013; Westerhoff and Nowack
2013). These models rely on empirical correlations (for example, partition coef-
ficients) rather than complete mechanisms. The models can be developed in less
time than fully mechanistic models, and can predict approximate behaviors (for
example, in a wastewater treatment plant) and may be used to support regulatory
decisions.

The committee classifies progress in this category as yellow because, de-
spite the development and use of the models in the nanotechnology-EHS com-
munity, there is not yet a central repository for sharing the models (although
NanoHub may be appropriate), and many needed models have not yet been de-
veloped, such as models to predict the structure of ENM surfaces in various en-
vironments. Most important, there is a paucity of data for calibrating and vali-
dating models that have been developed; for example, there are very few data on
ENM concentrations and speciation in environmental and biologic media that
can be used to calibrate fate and transport or biodistribution models. The ab-
sence of metadata and validation data for most models hampers their broad ac-
ceptance and use because they are not deemed reliable and accurate.

Some progress is being made in the collection, storage, and archiving of
ENM physical and chemical properties. For example, the Nanomaterials Regis-
try (NR) has been developed by the Research Triangle Institute with funding
from NIH (Nanomaterialregistry 2013). The NR will provide a curated reposito-
ry of ENM information (for example, ENM properties) from a wide array of
studies that used the materials. The repository would allow researchers to com-
pare model results for behaviors and effects of ENMs by using data on the na-
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nomaterials stored in the NR. Incorporation of information on biologic and envi-
ronmental interactions in the NR is also being considered. Other databases are
being created (for example, the Nano-Bio Interactions Knowledgebase) with
similar aims: to capture and store information about nanomaterial properties and
behaviors that allow development of structure—activity relationships and other
scientific synthesis using large datasets. Finally, the new standard data format,
ISA-TAB-Nano, for sharing results obtained with analytic methods for charac-
terization of nanomaterial properties and effects has recently been published
(Thomas et al. 2013).

The committee classifies progress in this category as yellow because de-
spite initial efforts and models developed, the models and data are not yet wide-
ly available and there is no agreement about the appropriate architecture for the
databases, no agreement about ontology (although it is being developed through
the NPO), and little discussion of interoperability and sharing among databases.
Furthermore, the datasets are sparse, there is not a consistent level of variation in
the collected data to allow rigorous scientific synthesis, and the breadth of data
and metadata needed to make the datasets useful has not been determined or
verified with a realistic “test bed” scenario.

Quantifying and Characterizing the Origins of Nanomaterial Releases

The quantities and characteristics of ENMs produced and the products that
they enable influence human and ecosystem exposures. Even a thorough under-
standing of ENM transport, transformation, and effects is not sufficient to de-
scribe the effects of ENMs on human health and ecosystems if little is known
about how the materials are produced and emitted and the forms in which they
are introduced into the environment. Therefore, inventories® are needed that
describe what ENMs are being produced, how they are being used, and what
their forms are along the value chain. However, the creation of inventories of
nanomaterials is based on the notion that there is agreement as to what consti-
tutes a nanomaterial. The committee returns to the issue of defining ENMs in
Chapter 5.

Progress in this research priority ranged from yellow to red; no priorities
were classified as green. Yellow was the designation given for the extent of pro-
gress in developing inventories of ENMs, in identifying critical release points

3An inventory is a quantitative estimate of the location and amounts of nanomaterials
produced or current production capacity, including properties of the nanomaterials pro-
duced. Information on the nature of the systems into which nanomaterials might be re-
leased during their production and the procedures for manufacturing the ENMs are im-
portant for assessing the possible transformations that nanomaterials might undergo and
the lifecycle impacts associated with energy and material use and waste generated. A
broader definition also includes an enumeration of the amounts and uses of nanomaterials
downstream in the value chain (that is, the types of products using nanomaterials, the
fraction of ENMs by weight in the products, and the quantities of these products).
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along the value chain, in identifying critical populations, and in characterizing
released materials in complex environments. Because those priorities serve as a
prerequisite to model development, the ability to model releases along the value
chain was denoted as red.

Developing inventories of current and near-term production of nano-
materials

The committee identified efforts in academic and government laboratories
to quantify and characterize the origins of nanomaterial releases and private-
sector efforts focused on market reports. Production quantities, estimates of
trends in production quantities, and the associated descriptions of what is being
produced are components of what is referred to as inventories of nanomaterial
production. The examples cited are not meant to be exhaustive but rather to pro-
vide evidence that progress is being made. Work on estimating near-term inven-
tories of nanomaterial production of many of the more commonly cited nano-
materials (TiO2, CNTs, fullerenes, nanosilver, and nano-ZnO) at the base of the
value chain has already been published by EPA-NSF funded researchers (Ro-
bichaud et al. 2009; Hendren et al. 2011). Some of the materials were described
by Michael Holman, of Lux Research, in the committee workshop (see Appen-
dix C) as being the most likely to dominate in commercial products in the fore-
seeable future. Whether that is the case and whether more advanced (for exam-
ple, hybrid*) nanomaterials will grow in importance remain unclear inasmuch as
estimates of nanomaterial production are subject to constant change and the un-
certainties around production quantities are large. Such inventories are generally
snapshots of nanomaterial production at a given time. The number of such in-
ventories is quite small, but a related consideration is the lack of a systematic
process that includes mechanisms and incentives for collecting such infor-
mation; information-management plans for storage, dissemination, and interpre-
tation of the data; and appropriate regulatory infrastructure. Progress in charac-
terizing production amounts of nanomaterials is therefore likely to remain
incomplete for some time and has been given an indicator status of yellow.

Developing inventories of intended uses of nanomaterials and value-
chain transfers

Research in NIST and EPA-NSF funded centers is quantifying releases of
nanomaterials from composite matrices, a likely disposition of many nanomateri-
als. Those centers are characterizing the release of CNTs, nanoclays, and nanosil-
ver from porous foams and solid polymers through simulated abrasion and in vari-
ous biologic fluids (Wohlleben et al. 2011; Liu et al. 2012; Nguyen et al. 2012).

*A hybrid nanomaterial is one that results from combining different nanomaterials to
form a new material that has characteristics different from those of the original materials.
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Such nano-composite materials impart antimicrobial, strength, or flame-retardant
properties to fabrics, foams, and plastics that may be used in consumer products.

Analysis of value-chain transfers of nanomaterials that enter commerce
from primary production to integration into a multitude of consumer products is
also being conducted in an EPA-NSF funded center and in an NSF-funded cen-
ter. Such analyses remain inadequate, perhaps because few nanomaterials are
widely used in commerce. Given the mixed picture of progress, the committee
designated this item as yellow.

Identifying critical release points along the value chain

As discussed in the first report, “each nanomaterial or product containing
nanomaterials along the steps of the value chain has an associated life cycle of
production, distribution, use, and end-of-life releases that may affect human
health and the environment” (p. 56). There has been progress in developing in-
ventories of a small number of key nanomaterials and in mapping key elements
of the value associated with a subset of these materials, but actual modeling of
releases of nanomaterials to the environment along the value chains does not
appear to have been initiated to any important degree. Limited by progress in the
prerequisite steps of compiling information on inventories in the value chains
highlighted above, identification of likely release points that may result in direct
exposure of humans in the workplace or during transportation, use and end-of-
use of nanomaterial-containing products, and the associated points of release to
ecosystems has not been quantitatively modeled.

Since the preparation of the committee’s first report, additional commit-
ments by federal agencies and their collaborators have been identified. Many of
those efforts are summarized in the NNI budget supplement for 2013 (NSET
2012a). In 2013, NIST expanded its nanotechnology EHS program to focus on
the safe manufacture, use, and disposal of ENM-containing products. Those
activities include development of measurement methods and standards to detect
ENMs in nanomaterial-enabled products and to assess their releases. NIST has
indicated that this work will focus on the ENMs of greatest regulatory interest
according to production volume (NSET 2012a, p. 17). Candidates have been
reported to include silver TiO,, cerium oxide, CNTs, and clay-based composites.
Release to all environmental media is of interest, but the focus appears to be on
airborne releases, with NIST and CPSC implementing multiyear interagency
agreements to cooperate in these efforts. EPA also has indicated an expansion of
efforts to characterize properties of ENMs in products that affect their release,
fate, and transport in the environment. EPA appears to be focusing its efforts on
carbon-based, metal-based, and metal oxide—based products. This focus is likely
to improve our understanding of the potential for release of ENMs from prod-
ucts throughout the value chain. In support of those efforts, the EPA-NSF fund-
ed centers are focused on increased understanding of human exposures to
ENMs, including those released from products in commerce. CPSC staff are
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reportedly also supporting such efforts in the centers. NIOSH and EPA are con-
ducting testing to evaluate release of nanosilver from uses of nanomaterial-
containing consumer products. Like NIST, CPSC, and EPA, NIOSH continues
its focus on airborne releases of nanomaterials from products. An increasing
number of studies are measuring releases of ENMs at manufacturing sites (Tsai
et al. 2008, 2009, 2012; Methner et al. 2010; Kuhlbusch et al. 2011); however,
there is a lack of data on consumer exposure along the value chain. Chen et al.
(2010) simulated human exposure to a TiO,-containing aerosol in a spray that
can be used as a cleaning agent. Federal agencies—including NIST, CPSC,
EPA, NIOSH, and OSHA—are collaborating with nonprofit, industry, and in-
ternational groups under the auspices of the International Life Sciences Institute
(ILST) Research Foundation’s Nanorelease Project (ILSI 2013a). In 2013, work
on refinement of testing methods is expected to lead to a round-robin approach
to testing products for release of ENMs.

Although efforts to address release of ENMs from products are under way,
additional efforts will be needed. In particular, the focus on large-production-
volume ENMs may limit our ability to assess emerging materials before they
enter the marketplace in consumer products. In addition, the focus on aerosol
releases provides an incomplete perspective on all pathways of release to the
environment. Expansion of these efforts will be critical for the assessment of
potential EHS risks posed by ENMs throughout the value chain of nanomaterial-
enabled products. Because a more comprehensive and comparative view of
where nanomaterials may be released along the value chain is needed to identify
where to mitigate risks, the indicator is yellow.

Identifying critical populations or systems exposed

In its first report, the committee noted the importance of characterizing not
only the quantity and nature of ENMs to which humans and ecosystems are ex-
posed but possible changes in exposed populations and systems that occur dur-
ing ENM releases throughout the life cycle and value chain. Understanding the
complexity of ecosystems (that is, the interaction of the abiotic and biotic and
the variety of environments and organisms) and of human populations (includ-
ing such factors as age, socioeconomic status, health status, behavior and activi-
ties, and exposure pathways) requires an integrative research structure involving
collaboration among disciplines and among stakeholders. As a high-priority
short-term research goal, the committee has suggested identifying exposed hu-
man populations and the magnitude of exposure in different ecosystems after
determination of critical release points along the ENM value chain. There has
been some research activity but little progress in identifying critical human pop-
ulations exposed to ENMs. NIOSH is developing public—private partnerships
with companies manufacturing ENMs and has conducted exposure assessments
at their manufacturing sites (for example, producers of titanium dioxide nano-
particles, CNTs, and carbon nanofibers) (NIOSH 2012a). That activity is a use-
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ful start in characterizing released ENMs in workplace environments. However,
considerable work is needed to measure exposures throughout the ENM life
cycle and value chain. For example, the influence of accumulation along the
food chain on exposure and exposure to different types of CNTs during produc-
tion, distribution, use, and disposal need to be evaluated (Helland et al. 2007).

Some consumer products may be of greater concern than others (for ex-
ample, cosmetics applied as sprays), given the form of the ENMs within prod-
ucts. Initial efforts by ILSI (2013b) and the EU (Kuhlbusch et al. 2011) are lead-
ing to strategies to assess potential ENM exposures from consumer products.
Exposures from discarded products after disposal or end-of-life use (for exam-
ple, from landfills) need to be measured.

With respect to ecosystems, some individual research efforts to examine
exposures to ENMs are supported by federal funding. Examples include exami-
nation of titanium dioxide in wastewater outputs (Westerhoff et al. 2011), CNTs
in aquatic systems (von der Kammer et al. 2012), and movement of ENMs
through groundwater (Phenrat et al. 2010; Kim et al. 2012), and research into
distribution of ENMs into model ecosystems (Lowry et al. 2012b; Schierz et al.
2012). EPA has also funded several projects to examine movement of ENMs in
systems and to develop technologies for detecting nanomaterials (EPA 2012).
However, for the majority of ENMs, important questions remain: What is their
exposure potential in different environments, such as soil, water (aquifers), the
food chain, and wastewater? How do alterations in the chemistry of ENMs in-
fluence the potential for ecosystem exposure?

Given the challenge of effectively measuring ENM exposures along the
value chain and some, but limited progress in identifying both human popula-
tions and ecosystems exposed, the committee has labeled this indicator yellow.

.. . . . 5
Characterizing released materials in complex environments

Characterization of materials that are released into the environment re-
mains a challenge because released materials are present at low concentrations,
are often transformed during release, and must be analyzed within structurally
and compositionally heterogeneous matrices (von der Kammer et al. 2012). For
example, a nanoparticle released into a waterway may undergo a wide array of
transformations that would render it difficult to detect and characterize:

e The nanoparticle becomes highly diluted, and this makes detection and
characterization difficult even if it is not transformed.

e The nanoparticle surface coating or core may be fully or partially de-
graded, and this can result in a complex mixture of unknown chemicals that are
more difficult to detect and characterize. In addition, it may not be possible to

>This indicator originally was phrased as “Characterizing released materials and asso-
ciated receptor environments” (NRC 2012, p. 181).
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relate whatever is detected to the primary nanoparticles released and to distin-
guish between degradation products and naturally occurring nanoscale species.

e The nanoparticle surface may be coated rapidly by natural organic mat-
ter or proteins, and this can complicate detection and isolation and make it diffi-
cult to characterize the surface chemistry.

Releases have been tracked by monitoring the elemental compositions of macro-
scopic products or the bulk environments into which nanomaterials are released.
Such techniques as inductively coupled plasma mass spectroscopy (ICP-MS) are
now widely used to gain information about elemental composition of ENMs in
aqueous samples (for example, surface waters) (Heithmar 2011; Mitrano et al.
2012), but the measurements produced provide no information on the speciation
of the released material. The detection of particle releases has also advanced, but
gathering information on the compositions of those particles within the matrix
into which they have been released remains challenging. Both the strong ele-
mental signals from the matrix and the presence of naturally occurring nanopar-
ticles complicate the analyses.

Some progress has been made in assessing both particle release and com-
position. For example, single-walled CNTs can be separated from soil and sedi-
ment and quantified with near-infrared fluorescence spectroscopy (Schierz et al.
2012). C¢ and Cy, fullerenes have been extracted from soils using ultrasound
and quantified by HPLC-MS (Perez et al. 2013), and from urine (Benn et al.
2011). Single-particle ICP-MS methods have been developed that have proved
useful for metal nanoparticles, such as gold and silver (Heithmar 2011; Mitrano
et al. 2012) in pore water extracted from soil. Those are examples of methods
that rely on separation of nanomaterials from or within a matrix followed by
analysis, but concern that the separation process itself can transform the materi-
als remains (von der Kammer et al. 2012). Separation methods that lack station-
ary phases, such as field-flow fractionation, show the most promise for separat-
ing nanomaterials without altering them (Mitrano et al. 2012). Other approaches
to monitoring environmental transformations that obviate separation include
monitoring of the transformation of tethered nanoparticles (Glover et al. 2011)
and use of x-ray—based spectroscopic methods that provide speciation infor-
mation in media without the need to desiccate samples (Lawrence et al. 2012;
Lombi et al. 2012; Lowry et al. 2012b). The generality of the new approaches
and their relevance to real-world samples remain to be determined.

There has been some progress toward this objective, but proper characteri-
zation of nanomaterial releases will require additional progress in developing
methods that can simultaneously determine the particulate characteristics and
the nanomaterial composition (including surface chemistry) of the released ma-
terial. Thus, the committee’s assessment is that progress toward this goal should
be graded as yellow.
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Modeling nanomaterial releases along the value chain

Models are needed for accurate prediction of nanomaterial releases, envi-
ronmental concentrations, and human and ecosystem exposures. Models of re-
leases also are needed to identify the form and speciation of released nano-
materials. To date, modeling efforts appear to be confined to specific release
points and routes of exposure (such as inhalation exposure in the workplace and
releases in wastewater-treatment plant effluent discharges). Further progress has
not been initiated, because of the lack of information on inventories in the value
chains highlighted above. Because of the lack of quantitative information
throughout the life cycle of ENMs on which to build such models, progress in
this indicator is denoted as red.

Processes That Affect Both Exposure and Hazard

In its first report, the committee highlighted the need to identify the criti-
cal nanomaterial interactions that affect ENM behaviors. It recommended identi-
fying cross-cutting processes (for example, agglomeration, aggregation, dissolu-
tion, and deposition) that are common to assessing exposure and assessing
hazard. Identifying nanomaterial interactions requires cataloging the types of
ENM transformations in complex matrices and the time scales associated with
the transformations, developing instrumentation to monitor transformations in
vivo or in complex environmental media, and developing models to predict
ENM behaviors. Integral to these efforts are the need to develop the ontology to
describe “transformed” nanomaterials and the need to develop the infrastructure
to archive data that enables model development and identification of these pro-
cesses. Progress ranged from yellow for initiation of basic studies that are be-
ginning to characterize likely types of ENM transformations and to require addi-
tional study and for studies that begin to relate ENM properties to observed
effects in more complex systems to red for development of new instrumentation
to measure transformations in situ, in vivo, or on single particles. The committee
also notes that the data generated have not been effectively used to develop and
validate the models, because of the absence of a central structured database for
consistent documentation of research results.

Steps taken toward development of a knowledge infrastructure able to
describe the diversity and dynamics of nanomaterials and their transformations
in complex biologic and environmental media

In its first report, the committee indicated the need to develop a knowledge
infrastructure to measure and describe nanomaterial behaviors, including trans-
formations that affect exposure and hazard. The types and nature of the transfor-
mations that affect both exposure and toxicity studies (for example, aggregation,
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agglomeration, oxidation, reduction, dissolution, adsorption of macromolecules,
and interactions of ENMs with cell membranes) have been documented in many
studies and review articles (Verma and Stellacci 2009; Wiesner et al. 2009; Levard
et al. 2012; Lowry et al. 2012a; Moghadam et al. 2012; Mu et al. 2012; Nowack et
al. 2012; Cheng et al. 2013; Zhu et al. 2013). The importance of the components
of the media in which ENMs are dispersed is also well established (Maiorano et al.
2010). Despite a large volume of laboratory-based research, the committee classi-
fies progress as yellow because no knowledge base exists to describe and under-
stand these transformations in general. Most studies have examined specific condi-
tions, so current understanding of ENM behaviors is system-specific. Knowledge
of the mechanisms behind the transformations is also often incomplete. Several
nascent efforts are under way to characterize systematically and precisely how
various solution conditions (for example, dissolved solutes, pH, and redox state)
and ENM properties affect transformations that will allow the development of
predictive models (Ottofuelling et al. 2011; Nel et al. 2013). However, the data
infrastructure needed to share the results is not yet widely available, as highlighted
above. Development of the infrastructure and data-sharing are complicated by the
highly variable nature of the transformations and by the lack of an ontology to
describe the “state” of a fully or partially transformed ENM. Finally, there is no
way to characterize many of the transformations in relevant media at realistic con-
centrations. In some cases, that will require the development of new instrumenta-
tion, as described below. The lack of an ontology and a mechanism for data syn-
thesis led to categorizing this indicator as yellow.

Progress in developing instrumentation to measure key nanomaterial
properties and changes in them in complex biologic and environmental media

Measurement of nanomaterial transformations in relevant biologic and en-
vironmental media has high priority. In those complex media, a wide array of
substantial or subtle changes involving material composition and structure may
occur. Adsorption of natural organic matter, proteins, and lipids may change the
surface coating. Etching, degradation, or agglomeration of nanoparticle cores
may transform the material. Oxidation and dissolution or sulfidation may occur
(Liu et al. 2012). Measurements of the materials are further complicated by their
presence at low concentrations and in a wide variety of compartments.

Little progress has been made in this indicator despite its importance and
the recognition that such measurements are crucial for accelerating nanotech-
nology EHS research. Several sections in this chapter describe how analytic
techniques are being adapted and used in combination to gain information about
the composition and structure of ENMs in simple well-characterized media. This
indicator is focused on the development of new instrumentation that can meas-
ure core and surface compositions and physical dimensions in complex biologic
or environmental matrices and in some cases at a single particle resolution. The
optimal methods would permit measurement of size and composition in the ma-
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trices. Some publications have called for improved detectors to enable single-
particle ICP-MS and to improve the spatial resolution of x-ray microprobes (von
der Kammer et al. 2012).

Instruments for measuring airborne ENMs are being developed. J. Wang
et al. (2011) have developed a universal nanoparticle analyzer to measure and
characterize airborne nanoparticle agglomerates. Rhoads et al. (2003) designed
an instrument (rapid single-particle mass spectrometry, RSMS-11) to analyze
the chemical composition of airborne nanoparticles (less than 20-nm), and
efforts are directed at developing an instrument to measure nanoparticle-bound
reactive oxygen species in real time (Y. Wang et al. 2011). Despite those
developments, overall progress is insufficient.

Considerable progress is required to meet current and future needs in the
nanotechnology-EHS field, and little headway has been made toward the neces-
sary instrumentation. Therefore, this objective is labeled red by the committee.

Initiation of interdisciplinary research that can relate native nano-
material structures to transformations that occur in organisms and as a result of
biologic processes

In its first report, the committee emphasized the importance of processes
that lead to transformations of ENMs in organisms or ecosystems. Adsorption of
proteins, lipids, and organic materials may alter surface properties of ENMs, form
a corona, affect mechanisms of cell interactions, and alter ENM biokinetics. (The
corona, a coating that binds to the surface of ENMs, influences the biodistribution
and effects of ENMs [Walczyk et al. 2010].) Although the concept of “differential
adsorption” of lipids and proteins has been described (Miiller and Heinemann
1989) and has been developed in vitro (Cedervall et al. 2007; Walcyzyk et al.
2010), the committee identified a major gap in understanding of the effects, par-
ticularly in vivo effects, of the types and amounts of adsorbed lipids and proteins.

Some progress has been made by several laboratories in the United States
and Europe that are investigating the adsorption of lipids and proteins on ENMs
introduced into organisms or when interacting with biologic media in vitro. Alt-
hough in vitro studies have advanced this field of research considerably (for
example, showing that modifying ENM surfaces by coating them with proteins
or surfactants can result in altered cellular responses), confirmatory in vivo stud-
ies are lacking. Despite the progress, much research is needed. The importance
of other ENM transformations (altered surfaces, agglomeration, deagglomera-
tion, aggregation, and solubilization) for biokinetics and effects needs to be con-
sidered. In addition, studies have focused on acute short-term effects, and little
is known about the persistence of such effects in vivo. Moreover, effects of
chronic low-dose exposure are not well established. Phenomena observed at
high doses may not be entirely relevant in vivo inasmuch as dose may influence
mechanisms (Slikker et al. 2004).
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Formulation of time-course studies will be essential for in vivo and in
vitro evaluations. They are necessary for documenting the possible transfor-
mations of ENM characteristics within the life cycle and for assessing the persis-
tence of measured responses in organisms. The latter issue will be essential for
identifying and characterizing hazards. The mixed progress in these subjects led
the committee to assess this indicator as yellow.

Extent of use of experimental research results in initial models for pre-
dicting nanomaterial behavior in complex biologic and environmental settings

The fate and effects of ENMs in complex environments will be determined
by a set of interactions between the materials and the properties of the environ-
ments. Identifying mechanisms by which those interactions occur requires integra-
tion of the mechanistic understanding gained from studies on a laboratory scale in
well-controlled environments and the understanding obtained from research con-
ducted in environments of varied complexity. Predictive models can then be de-
veloped on the basis of the mechanisms identified in relevant exposure scenarios.
In contrast with the development of models for specific behaviors (such as aggre-
gation and agglomeration) in relatively well-characterized environments, devel-
opment of models for predicting nanomaterial behavior in complex biologic and
environmental systems has seen little progress. One key limitation is the lack of
resources for conducting long-term experiments in large-scale environmental sys-
tems, such as mesocosms’, or for performing in vivo studies. Another is the ab-
sence of a central structured database for consistent documentation of research
results that permits datasets to be compared and used in models. Some efforts are
under way in EPA-NSF funded centers to develop models for predicting nano-
material behavior in complex biologic and environmental systems, but they are
disjointed. Data collected in the various systems (environments and organisms) are
not characterized in the same manner and are therefore not readily usable for mod-
eling. In addition, the focus has been on only a few ENMs, so comparisons among
ENMs that have different chemical composition are not possible. The committee
therefore identified this indicator as red.

Nanomaterial Interactions in Complex Systems Ranging from Subcellular
Systems to Ecosystems

In its first report, the committee recognized the need to investigate and in-
crease the understanding of interactions of ENMs in a variety of complex sys-
tems. Complex systems can range from subcellular organelles to cells to organ-
isms to ecosystems. These elements may act independently, synergistically, or
antagonistically in response to ENM exposures. Research efforts that focus on
system-level approaches to investigate potential ENM effects on human health

®A means of studying the natural environment under controlled conditions.
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and the environment are needed. Indirect effects may also result from direct in-
teractions with ENMs. For example, ENM transformations that occur in envi-
ronmental systems—for example, through weathering in ecosystems or metabo-
lism in organisms and ecosystems—may have unexpected effects on other
organisms along the food chain or indirectly in organ systems. Specifically
quantum dots have been found to be toxic to a variety of systems, but weather-
ing of quantum dots can induce antibiotic resistance in some bacterial strains
that could in turn affect organisms that are susceptible to these bacteria (Yang et
al. 2012). In mammals, inhaled ENMs that are deposited in the distal lung or
alveolar epithelial sites may interact with lung lining fluids to form nanomateri-
al-corona complexes that may alter the disposition and biologic activity of the
ENM. Therefore, a first step is to identify relevant exposure sources, concentra-
tions, and cellular and ecologic targets so that potential effects on complex sys-
tems can be addressed. Research progress indicators for this category ranged
from yellow to red; no indicators were denoted as green. Indicators were yellow
for extent of initiation of studies that address effects of ENMs in complex sys-
tems, adaptation of system-level tools to support studies in these systems, and
steps toward development of models for assessing ecologic exposures and ef-
fects. Indicators were red for developing screening tools that reflect important
toxicity pathways and identifying benchmark and reference ENMs for use in
studies to estimate exposure or dose.

Extent of initiation of studies that address the impacts of nanomaterials
on a variety of end points in complex systems, such as studies that link in vitro to
in vivo observations, that examine effects on important biologic pathways, and
that investigate ecosystem effects’

The majority of toxicology studies involving ENMs have examined only a
few end points, including acute mortality and acute oxidative stress. Although
valuable, these studies provide little information that is useful for examining the
effects of ENM exposures on organisms. Historical studies of chemicals have
demonstrated that evaluation of outcomes—such as reproductive, developmen-
tal, and endocrine effects—is critical for understanding human health and eco-
logic impacts. In vitro analyses, although potentially useful as an initial screen
for gross effects, have not been shown to predict in vivo effects adequately.
Ecosystem effects, which are difficult to measure, are often not considered in
chemical assessments, but such information is essential for understanding
changes in community and abiotic interactions that may lead to detrimental ef-
fects. Initial model ecosystem studies on mescocosms can begin to address
changes that may occur on a larger scale due to ENM releases. In addition, mo-

"This indicator was formerly titled “Extent of initiation of studies that address hereto-
fore underrepresented fields of research, such as those seeking to relate in vitro to in vivo
observations, to predict ecosystem effects, or to examine effects on the endocrine or de-
velopmental systems” in NRC (2012, p. 182).
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lecular studies can provide the basis to predict potential larger scale impacts.
Conduct of these more complex studies, rather than reliance on data from more
simplified assays, is critical for comprehensive understanding of the potential
effects of ENMs on humans and ecosystems.

Nanotoxicology studies to determine the suitability of in vitro study results
for predicting responses in vivo had been published before the release of the
committee’s first report (Sayes et al. 2007; Gerde 2008; Lu et al. 2009; Rushton
et al. 2010; Han et al. 2012; Zhang et al. 2012), but the report identified several
subjects that required further in-depth study. Continuing concerns include do-
simetry-related issues and the need for further in vivo validation of effects and
underlying mechanisms. The committee also identified a dearth of exposure-
assessment studies—that is, studies of workplace exposures and consumer expo-
sures to ENMs.

Some studies have addressed the latter subject, including workplace-
exposure studies and ecosystem studies that were conducted by EPA-NSF fund-
ed centers. NIOSH and academic institutions (Bello et al. 2009; Methner et al.
2010; NIOSH 2012a; Tsai et al. 2012) have increased efforts to engage with
industry to perform workplace monitoring. The European NanoCare Program
also includes exposure-assessment studies (Kuhlbusch et al. 2011).

With respect to in vitro—in vivo correlations, several studies have com-
pared results of in vitro and in vivo toxicity testing for their predictive power.
The comparisons have provided findings that encompass good and poor con-
cordance between in vitro and in vivo results (for example, Sayes et al. 2007,
Rushton et al. 2010); this indicates a need for improved approaches to the design
of comparative studies with the goal of predicting hazards. High-throughput
screening (HTS) assays allow hazard ranking of many ENMs simultaneously on
the basis of mechanistic information about cellular activation pathways of injury
(Meng et al. 2009). However, Thomas et al. (2012a, b) concluded from an eval-
uation of HTS assays of numerous chemicals that these assays have little ability
to predict in vivo hazards. They can, however, be useful for setting priorities
among materials for further testing (Dix et al. 2012).

Validation of the predictive value of HTS assays for assessing in vivo haz-
ards of ENMs is essential, including consideration of and differences between
short-term, intermediate, and chronic exposures. Study designs should focus on
developing tests with relevant ENM dosimetry and realistic doses (based on
exposure data) and on time-course assessment to gauge the persistence of meas-
ured end points. The cell types used should simulate in vivo point-of-entry ex-
posure routes. Selection of relevant doses for cell types of secondary organs
should be based on results of biokinetic studies. In the aggregate, those integrat-
ed components are necessary for developing science-based in vivo predictability
and extrapolation. With regard to acute-hazard ranking, HTS assays can be
powerful, but present approaches for short-term and long-term hazard assess-
ments and corresponding risk characterization have serious limitations. Fur-
thermore, only a few long-term in vivo studies have examined more sensitive
end points, such as reproduction and growth, and few funded studies other than
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those supported through EPA-NSF funded centers have examined ecosystem
effects.

Some other subjects that remain underrepresented are toxicity mechanisms
and pathways examined under realistic exposure conditions, exposure to mix-
tures of contaminants, genotoxicity, and ecosystem effects of ENM exposures.
Therefore, the committee designates progress in these fields as yellow.

Extent of adaptation of existing system-level tools (such as individual
species tests, microcosms, and organ-system models) to support studies of na-
nomaterials in such systems

In its first report, the committee noted inadequate activity in this indicator.
Specific studies would contribute to a better understanding of system-level ef-
fects that can be induced by ENMs in an organism or in the environment. Adap-
tation of existing system-level tools to support studies of isolated organ sys-
tems—isolated perfused heart or lung, explant models (isolated vessels,
including coronary vessels and aorta, and muscle), in vitro double- and triple-
cell models, and complete constructs of airway epithelium—have been devel-
oped and used in nanotoxicologic research, either through exposure of live or-
ganisms to ENMs or through exposure of the isolated model systems directly
(Nurkiewicz et al. 2008). Such models are useful for exploring mechanisms of
specific effects, preferably if appropriate doses have been selected for exposure
of the organism or the explant.

Whole-organism environmental studies have been adapted to be used in
nanotoxicology (Lovern and Klaper 2006; Bai et al. 2010; Galloway et al. 2010;
H. Wang et al. 2009; S. Wang et al. 2011). Specific projects that are addressing
systemwide effects of ENM exposures include studies of the use of microcosms
and mesocosms to examine organism and ecosystem-level effects (Priester et al.
2012; Colman et al. 2013). Those studies demonstrate that steps toward meeting
this objective have been initiated, but progress is confined to a few studies, and
system-level effects remain largely unknown. The committee therefore deter-
mined that this indicator is yellow.

Development of a set of screening tools that reflect important charac-
teristics or toxicity pathways of the complex systems described above®

As noted in the committee’s first report, hazard-identification studies of a
variety of ENMs have used both in vivo and in vitro methods. Development of a
set of reliable and validated screening tools is critical in that adequate testing of
individual ENMs used in commerce, each with different functionalities and ap-

8This indicator was originally phrased as “Extent of refinement of a set of screening
tools that reflect important characteristics or toxicity pathways of the complex systems
described above” (NRC 2012, p. 182).
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plications, is not practical. In general, results obtained from in vivo studies may
have limited value for assessing health risks due to use of higher doses of ENMs
than might be expected from real-world exposures and a focus primarily on
acute responses. However, implementation of a spectrum of in vitro investiga-
tions may ultimately hold promise for revealing important mechanistic insights
into toxicity pathways. Optimizing the relevance of in vitro studies to toxicity
considerations would require experimental designs that involve dose—response
behavior over a full range of doses (very low to high) in relevant cell types, in-
cluding time-course assessments and validation of findings with corresponding
in vivo systems.

Chapter 3 of the first report, “Critical Questions for Understanding Human
and Environmental Effects of Engineered Nanomaterials”, posed the question
(p. 91), What biologic effects occur at realistic ENM doses and dose rates, and
how do ENM properties influence the magnitude of these effects? The report
noted that a long-term goal is to develop simple in vitro assays that predict in
vivo effects at the organism level and may eventually be used for HTS assays.
To address that long-term goal, it was concluded that a key requirement should
be that any in vitro assay used as a predictive tool needs to have been validated
with appropriate and pertinent in vivo data (with particular relevance to expo-
sure routes). The results of simple assays have been proposed for identifying
potential effects and possibly establishing a hazard scale (Rushton et al. 2010),
although some comparative studies have reported a lack of convergence between
in vivo—related (inhalation or intratracheal instillation) findings and in vitro data
on the same nanoparticle test materials, perhaps partly because of mechanisms
that are dose-dependent (Slikker et al. 2004; Sayes et al. 2007, 2009; Warheit et
al. 2009) or because of differential ENM transformations that depend on the
exposure vehicle (medium) used (Lowry et al. 2012a). Finally, as currently de-
signed, in vitro studies are limited by their inherent measurement of acute re-
sponses. Even if they are conducted under relevant dose conditions, in vitro re-
sults generally reflect early (acute) effects of exposures and may not predict
long-term (chronic) effects.

Research activity to correlate in vivo mechanistic toxicity studies system-
atically at relevant concentrations with in vitro screening assays that use relevant
exposure concentrations, ENMs, cell types, and appropriate routes of exposures
(such as inhalation, oral, dermal, and intravenous exposure) is central to pro-
gress. Some initial efforts have been proposed to address that issue in the Tox-
Cast and NIEHS U19° programs. Laboratories are pursuing such research, and
important insights into mechanisms of toxicity are being generated, but these
efforts are not sufficient to provide the information necessary for adequate un-

U19 is part the National Institute of Environmental Health Sciences Centers for Nan-
otechnology Health Implications Research. It is an interdisciplinary program that com-
prises five U19 and three cooperative centers and other grantees and is intended to in-
crease understanding of how the properties of ENMs influence their interactions with
biologic systems and potential health risks.
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derstanding of toxicity pathways in cell and organ systems. The committee des-
ignates this indicator as red given the limited progress in appropriately designed
studies.

Steps toward development of models for exposure and potential ecolog-
ic effects"

Work on modeling exposure to and effects of nanomaterials in ecosys-
tems, including food webs, is in its infancy. Important first steps have been tak-
en to understand the phenomena of uptake, bioaccumulation, and trophic trans-
fer (Werlin et al. 2011; Unrine et al. 2012), and this mixed progress gives this
indicator a yellow rating.

However, more work is required to understand the mechanisms of bi-
ouptake. Lack of progress in modeling the transfer of materials between organ-
isms can be attributed in part to the relatively low priority that this topic has
received, as measured by publications, relative to work on direct health effects
(see Figure 3-3 in NRC 2012). In addition, the modeling required is predicated
on fundamental discovery concerning the mechanisms of biouptake and assimi-
lation of ENMs in organisms. Greater focus on modeling of biouptake, bioac-
cumulation, and trophic transfer is essential not only for predicting the fate of
nanomaterials in ecosystems but for interpreting the growing body of literature
on nanomaterial effects associated with ambient concentrations introduced in
laboratory studies. In addition to uptake, more information is needed on the ef-
fects of chronic, low-level realistic exposure scenarios in complex ecologic sys-
tems. Effects of ENMs in a simplified assay may not accurately reflect the gross
effects on a system of interconnected species. Alterations in uptake in the pres-
ence of multiple species, population and community effects, changes in interac-
tions among organisms, transformation of ENMs, and such changes in abiotic
factors as nutrients because of nanomaterials are all important variables that
need more research attention.

Identification of benchmark (positive and negative) and reference ma-
terials" for use in studies and measurement tools and methods to estimate expo-
sure and dose in complex systems.

"“The indicator originally titled “Steps toward development of models for exposure
and potential effects along the ecologic food chain” (NRC 2012, p. 182) was rephrased to
broaden its scope to include all ecologic effects (both biotic and abiotic).

"The committee differentiates between benchmark materials and reference materials.
Reference Material, defined by ISO (2006), is a “material, sufficiently homogenous and
stable with respect to one or more specified properties, which has been established to be
fit for its intended use in a measurement process”. The focus is on its physicochemical
properties and its use in metrology when certified by national or international agencies
(for example, NIST gold nanoparticles and TiO, nanoparticles). Benchmark materials are
well-characterized physicochemically and toxicologically, and can serve as positive or
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The committee’s first report identified a pressing need to establish refer-
ence materials for all aspects of nanomaterial-related research. Availability of
toxicity benchmark materials (positive and negative) and reference materials for
metrology are of high value for hazard ranking and risk assessment. NIST has
issued two well-characterized, certified reference nanomaterials, TiO, (P—2512)
and gold (10, 30, and 60 nm), that could be used in toxicologic studies.

The International Organization for Standardization defines a reference ma-
terial as a “material, sufficiently homogeneous and stable with respect to one or
more specified properties, which has been established to be fit for its intended
use in a measurement process” (ISO 2006). Therefore, existing reference mate-
rials are standards solely for material characterization (for example, NIST gold
nanoparticles, standard reference material RM 8011, 8012, and 8013) or for
standardizing measurement instrumentation. Benchmark materials for use in
toxicologic and ecotoxicologic research need to be carefully characterized with
respect to both physicochemical and toxicologic properties. The latter probably
depend on several physicochemical properties (for example ENM size, charge,
or in vivo solubility) that may make it necessary to establish more than one ref-
erence material for hazard ranking. Generally accepted positive or negative
benchmark materials for toxicologic purposes have not yet been identified, but
suggestions have been made in some individual studies (Aitken et al. 2008;
Stone et al. 2010). Well-characterized benchmark ENMs should serve as refer-
ences against which new and untested ENMs can be ranked as an initial step in
hazard identification. Such information, with exposure data, can serve as a basis
of risk assessment. The committee therefore believes that overall progress in this
objective is inadequate and therefore has designated it red.

INDICATORS OF PROGRESS IN IMPLEMENTATION
Enhancing Interagency Coordination

In its first report, the committee acknowledged the value of the coordinat-
ing role played by the NNI and pointed to some changes that have enhanced
interagency coordination, including the naming of an NNCO EHS coordinator
by the Office of Science and Technology Policy (OSTP). However, the commit-
tee concluded in its first report (p. 169) and continues to believe that accounta-
bility for implementation of the NNI EHS research strategy is limited and ham-
pered by the absence of an entity that has sufficient management and budgetary
authority to direct implementation throughout NNI agencies and to ensure its
integration with EHS research being undertaken in the private sector, the aca-
demic community, and international organizations. Ensuring implementation of

negative controls for comparing exposure-dose-response relationships of nanomaterials in
toxicologic tests and in risk assessment.
12p_25 is the product number for titanium dioxide.
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the strategy and gauging progress in high-priority research also requires an as-
sessment of the effectiveness of available mechanisms for interagency collabo-
ration and frequent periodic identification—not just of recent, current, or newly
initiated interagency research collaborations but also of funding needs. The
committee’s assessment of progress against its two indicators for interagency
collaboration is as follows.

Progress toward establishing a mechanism to ensure sufficient man-
agement and budgetary authority to develop and implement an EHS research
strategy among NNI agencies

The committee reviewed the NNI’s 2011 research strategy and its 2013
budget supplement, which show considerable progress in coordination among
NNI agencies on EHS research. Favorable developments include the addition of
FDA and CPSC research programs to the NNI’s EHS budget “crosscut”, an in-
creased focus by the Nanotechnology Environmental Health Implications work-
ing group on identifying opportunities for cross-agency collaborations, joint
solicitations and funding of research by multiple NNI agencies, and clearer
tracking of research against the NNI’s broad goals and designated program
component areas. The NNI strategy and budget documents also identify numer-
ous plans to foster additional interagency collaboration, although the extent to
which the plans have been or are being implemented appears to be limited on the
basis of input received by the committee at its November 2012 workshop and
discussions with NNCO staff.

However, as highlighted in the committee’s first report, the need extends
well beyond better coordination among NNI agencies, a role that the NNCO is
fulfilling. Therefore, the committee identified as an indicator of progress the
establishment of a mechanism that would have sufficient management and
budgetary authority to ensure implementation of the NNI’s EHS research strate-
gy. The committee has not discerned substantial progress on this indicator, so it
is marked red.

The committee is not alone in raising the need for a more centralized and
accountable authority. In its fourth assessment of the NNI, the President’s
Council of Advisors on Science and Technology (PCAST 2012) noted the “lack
of integration between nanotechnology-related EHS research . . . and the kind of
information policymakers need to effectively manage potential risks from na-
nomaterials” (p. vi); it called on the NNI to establish “high-level, cross-agency
authoritative and accountable governance” (p. viii) even as it acknowledged
changes made to enhance coordination of research efforts among NNI agencies.
Similarly, a recent Government Accountability Office report (GAO 2012) that
reviewed the NNI’s research strategy and associated activities identified sub-
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stantial instances of interagency research collaborations' but also the absence of
“outcome-related performance measures, targets or time frames that allow for
monitoring and reporting on progress toward meeting the research needs” (p.
46).

The 2012 PCAST review of the NNI made several specific recommenda-
tions for OSTP to strengthen the NNCO “to broaden its impact and efficacy and
improve its ability to coordinate and develop NNI programs and policies related
to those programs” (p. 19; italics added). With respect to program management,
the review noted that “PCAST is concerned that the agency representatives ap-
pointed to the NSET Subcommittee do not have a level of authority within their
agencies to influence budget allocations needed to meet NNI objectives” (p. vi),
reiterating the 2010 PCAST recommendation that OSTP “require each agency in
the NNI to have senior representatives with decision-making authority partici-
pate in coordination activities of the NNI” (p. 39). The NNI’s response to the
2010 recommendation is included in its 2013 budget supplement (NSET 2012a)
under the heading “Recommendations considered but actions unlikely or not
needed” (p. 61); this indicates that the NNI considers its current structure to be
sufficient and intends to maintain it.

The committee remains concerned about the absence of a clear, central
convening authority in the NNI structure and considers it a serious gap in the
NNI’s ability to implement an effective EHS research strategy.

Extent to which the NNCO is annually identifying funding needs for in-
teragency collaboration on critical high-priority research

The NNI and its member agencies have made considerable progress to-
ward increased collaboration in EHS research, including issuance of its 2011
EHS research strategy. As noted above, the committee’s review of the NNI’s
strategy and the NNI’s 2013 budget supplement identified numerous examples
of current and planned cross-agency collaborations. The examples demonstrate
that multiple NNI agencies are and plan to continue jointly conducting intramu-
ral research and jointly sponsor and fund solicitations for extramural research.
The NNI has also instituted a clearer means of tracking in its budget supplement
how current research aligns with its broad goals and new strategy. However,
concerns have been raised by committee members that jointly funded research is
not being managed jointly and that joint research solicitations have been rela-
tively open-ended and not sufficiently strategically aligned to key research
needs. The NNI’s signature initiatives (NNI 2012) offer another potential means
of fostering collaboration in EHS research; although focused now only on nano-
technology development, they encompass such efforts as the multiagency Nano-

A helpful list of collaborative agreements between NNI agencies is provided as Ap-
pendix II of the GAO report. It is notable, however, that many of the agreements date
back several years, and none is listed as having been initiated in 2012; this suggests that
momentum in the activity may have waned recently.
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technology Knowledge Infrastructure and the Nanoinformatics 2020 Roadmap,
both of which are aimed at developing the infrastructure needed to collect, ana-
lyze, and share nanotechnology-related information (NSET 2012b)—which
could readily be extended to include EHS-related information.

The committee continues to believe that accountability for fostering inter-
agency collaboration in implementing the strategy requires not only identifying
what collaborative research is under way or contemplated, but having in place a
rigorous means of estimating periodically (ideally at least annually) the levels
and sources of funding needed to ensure that interagency research efforts have
sufficient funding to meet specific goals and complete high-priority research.
That need echoes the calls by PCAST (2010, 2012) and GAO (2012) for the
NNI to develop and implement better performance metrics that can be used to
track progress against core objectives. The committee’s progress indicator fo-
cuses on identifying funding needs for collaborative efforts between agencies to
accelerate and enhance progress in high-priority research. The committee has
not been made aware of any effort by the NNCO to develop such a mechanism
and renews its call for the NNCO to do so. Because of the limited progress made
in addressing this indicator, the committee denotes it yellow.

Providing for Stakeholder Engagement in the Research Strategy

Progress toward actively engaging diverse stakeholders in a continuing
manner in all aspects of strategy development, implementation, and revision

This indicator represents a very high but achievable bar for stakeholder
engagement, seeking broad engagement both in a continuing manner and in all
aspects of the strategy. It seems clear that this high bar has not been cleared alt-
hough the committee notes examples of progress. The stakeholder community
includes government and academic researchers, nongovernment organizations,
regulators, industry, nanotechnology workers, and of course consumers. The
committee’s workshop sought to hear from representatives of each of those
communities and did so successfully. Representatives of the various groups
were well informed of the process and need but also frustrated by the lack of
pull from the NNI EHS community for their involvement. Certainly, none could
point to a recurring and inclusive forum for their involvement and participation.

The committee, however, notes several examples of progress toward the
goals. The committee workshop was one such example. Another, more promi-
nent case is the NIOSH-sponsored Safe Nano by Design Conference, which took
place in Albany, NY, in August 2012 (NIOSH 2012b) that was specifically fo-
cused on NIOSH priorities. The creation and recurrence of similar forums that
engage the range of EHS stakeholders would be a positive step. This indicator is
yellow given that some progress has been observed. However, further engage-
ment through such forums on all other aspects of strategy development, imple-
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mentation, and revision with a more complete set of stakeholders would be a
marker of substantial progress.

Conducting and Communicating the Results of Research
Funded Through Public—Private Partnerships

Progress toward establishment of effective public—private partnerships,
as measured by such steps as completion of partnership agreements, issuance of
requests for proposal, and establishment of a sound governance structure

In its first report, the committee identified the need for public—private
partnerships (PPPs) to help to implement the four broad, high-priority research
categories of its research strategy. The need for PPPs is driven by the need to
supplement and leverage federal funding and by the importance of having pri-
vate stakeholders (such as manufacturers) actively involved in the research. For
example, data on reference materials, nanomaterial product inventories, and the
release of nanomaterials through the value chain are critical inputs into the re-
search; one good way to provide such information accurately is to establish for-
mal partnerships between government agencies, manufacturers, and other key
stakeholders—such as academe—that are involved in implementing the research
strategy.

Progress in creating well-defined, effective partnerships as measured by
partnership agreements, issuance of requests for proposals, and the establish-
ment of governance structure is poor, so this indicator is red. NIOSH provides
the closest examples. A summary report by NIOSH (2012a) covering the period
2004-2011 describes accomplishments and research findings from surveys in a
research and development laboratory, in commercial nanoscale metal oxide pro-
duction facilities, in a facility engaged in development of optical products with
quantum dot coatings, and in a facility that spins nylon nanofibers. Other sur-
veys includled MWCNT manufacturers, metal oxide manufacturers, nano-
enhanced silica iron absorbent manufacturers and additional diverse nanoscale-
material producing laboratories. Those surveys do not represent formal PPPs,
but they were performed on the basis of a NIOSH-manufacturer collaborative
effort by conducting over 40 field assessments in nanomaterial manufacturer and
user facilities. In another example, the Nanoparticle Occupational Safety and
Health consortium—comprising 16 members in industry (for example, Procter
and Gamble and DuPont), federal agencies (for example, NIOSH), and nonprofit
organizations (Environmental Defense Fund)—tackled issues of the measure-
ment of nanoparticles and the efficiency of filtration materials for engineered
nanoparticles, evaluation of bioactivity of silicon nanowires in the consortium’s
partnership with IBM, and understanding of and improvement in exposure con-
trols for fullerenes and other engineered nanoparticles in its partnership with
Luna Nano (NOSH 2007).

Overall, the main impediments to creating PPPs are the lack of agreement
on needed elements of a governance structure, disparate core objectives between
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public and private entities, insufficient funding commitments from both gov-
ernment and industry, and confidentiality concerns. In Chapter 4, the committee
provides recommendations and examples of best practices to alleviate those road
blocks.

Managing Potential Conflicts of Interest

In its first report, the committee noted that the NNI’s dual functions—
developing and promoting nanotechnology and its applications and mitigating
risks arising from such applications—pose tensions or even actual conflicts be-
tween its goals. Manifestations of the tension previously noted by the committee
included the vastly disparate allocation of resources between the two functions,
the inadequacy of EHS risk research funding, and the NNI’s classification of
research projects with respect to their “EHS relevance”. The committee believes
that the tension can also affect the extramural research community, especially
EHS risk researchers in large centers, the bulk of whose research funding is fo-
cused on applications. To address what it saw as an inherent conflict, the com-
mittee concluded that a clear separation in the management and budgetary au-
thority and accountability between the functions was needed, and it identified
two indicators for tracking progress in managing conflicts of interest. That con-
clusion echoed that of a previous National Research Council report (2009),
which noted that “a clear separation of accountability for development of appli-
cations and assessment of potential implication of nanotechnology would help
ensure that the public health implications has appropriate priority” (NRC 2009,

p. 11).

Progress toward achieving a clear separation in management and
budgetary authority and accountability between the functions of developing and
promoting applications of nanotechnology and understanding and assessing its
potential health and environmental implications

The committee sees little progress in establishing clear and discernibly
separate management and budgetary structure between the two potentially con-
flicting functions in the NNI itself or the agencies that pursue or fund research
on both applications and EHS risk implications of engineered nanomaterials.
Therefore, this indicator is red. Both functions continue to operate under the
same management and budget structures in the NNI and in its member agencies.
In its first report, the committee noted possible models and mechanisms that
could be used to separate accountability for the NNI’s dual functions, for exam-
ple, elevating oversight of the EHS research portfolio in OSTP (NRC 2012; pp.
166-169), assigning responsibility and comparable authority for the two func-
tions to different offices or to senior staff members in individual agencies or in
the NNI itself (NRC 2012; pp.167, 173—174), or separating the two functions
into independent entities—a model used elsewhere to address potentially con-
flicting issues related to nuclear power (p. 174). The committee acknowledges
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that in the absence of a change in its statutory mandate, the NNI would be hard-
pressed to establish wholly separate management and budgetary structures and
authorities for its dual functions. In the absence of such a change, the committee
encourages the NNI and participating agencies to consider other approaches for
managing perceived or actual conflicts of interest and biases. If not adequately
addressed, such perceptions could undermine public trust and confidence in the
research, technology, and government processes that are meant to ensure the
health, and safety of ENMs.

Continued separate tracking and reporting of EHS research activities
and funding distinct from those for other, more basic or application-oriented
research

The NNI has made considerable progress on this issue, commencing be-
fore the committee issued its first report. That progress constitutes an impressive
step toward creating the transparency noted above. The Office of Management
and Budget (OMB) call to NNI agencies for detailed information on FY 2009
EHS research project funding facilitated easier identification of research projects
most directly relevant to EHS risk. That data call helped to inform the NNI’s
Environmental, Health, and Safety Research Strategy (NSET 2011). The NNI
supplement to the president’s 2013 budget (NSET 2012a) also provides narra-
tive information on agency-specific EHS research activities and projects.

Despite the impressive progress, the tracking of EHS research progress
and performance between and within NNI agencies remains challenging. As
noted by GAO in its May 2012 report, performance information— such as out-
comes, outputs, quality, timeliness, customer satisfaction, and efficiency—can
inform such critical management decisions as priority-setting and resource allo-
cation. Without project-specific information, researchers and other stakeholders
have only a vague understanding of the research questions, methods, materials,
and study populations being addressed through the NNI. Although periodic
OMB data calls for EHS research project funding are helpful and could be made
even more helpful if they included clearer guidance on how agencies should
differentiate research directly relevant to EHS risk from applications research
with EHS implications, they cannot address the need for a continuing (ideally
annual) system for identifying and tracking EHS research projects and their per-
formance.
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INTRODUCTION

The research enterprise that is investigating potential risks to human health
and ecosystems posed by engineered nanomaterials (ENMs) engages a broad
and multidisciplinary array of stakeholders, including researchers, the industrial
sector, and the public at large. The success of research in this domain, as in oth-
ers, depends on identifying—through stakeholder engagement—the most critical
questions that need to be addressed; networking in the United States and interna-
tionally among investigators in government, academe, and industry; developing
standards for analyses and reference materials; using uniform terminology and
data descriptions; capturing data in an accessible, quality-assured database; and
continuing to refine research methods. Figure 4-1 represents the committee’s
construct for a successful research enterprise in the potential environmental,
health, and safety (EHS) risks posed by ENMs. The figure describes the interre-
lated and interdependent research activities that are driven by the evolving pro-
duction of ENMs. A critical output is an evaluation of risk that informs decision-
making on ENMs. The diagram is aspirational, offering a vision for an integrat-
ed and strategic system for developing data that will provide for the characteri-
zation of ENMs, refinement of experimental methods, and support for model
development to predict and then prevent and manage risks associated with new
ENMs. Many of the elements are already in place, but such an overall frame-
work has not yet been articulated. The committee considers that the develop-
ment and integration of the elements of such a framework are essential for ad-
vancing the progress necessary to “get to green” on the committee’s identified
research priorities. Similar frameworks have been articulated for other research
endeavors; for example, a recent report on “precision medicine” by the National
Research Council provided a theoretical framework for translating advances in
biomedical research into clinical practice (NRC 2011; Figure 3-1).
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FIGURE 4-1 Nanotechnology environmental, health, and safety research enterprise. The
diagram shows the integrated and interdependent research activities that are driven by the
production of ENMs. The production of ENMs is captured by the orange oval, labeled
“materials”, which includes reference materials, ENM releases, and inventories. (An
inventory is a quantitative estimate of the location and amounts of nanomaterials pro-
duced or current production capacity, including the properties of the nanomaterial.) The
knowledge commons (red box) is the locus for collaborative development of methods,
models, and materials, and for archiving and sharing data. The “laboratory world” and
“real world” (green boxes) feed into the knowledge commons. The laboratory world
comprises process-based and mechanism-based research that is directed at understanding
the physical, chemical, and biologic properties or processes that are most critical for as-
sessing exposures and hazards and hence risk (NRC 2012, p. 55). The “real world” in-
cludes complex systems research involving observational studies that examine the effects
of ENMs on people and ecosystems. The purple boxes capture the range of methods,
tools, models, and instruments that support generation of research in the laboratory
world, the real world, and the knowledge commons.

Of necessity, Figure 4-1 provides a simplified vision of a complex system
of knowledge creation and use, but each of its elements is critical. The system
places research into two broad domains: “laboratory world”, process-based or
mechanism-based research directed at the “critical elements of nanomaterial
interactions” (a central component of the committee’s conceptual framework;
see Chapter 1); and “real world”, systems research involving observational stud-
ies that examine the effects of ENMs on complex experimental models of hu-
man health and ecosystems. The research is supported by the availability of ma-
terials (reference materials, materials from inventories developed with industry
input, and materials released and modified through their value chain and life
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cycle), analytic methods and instrumentation, and a “knowledge commons”,
which is central to this schema. The knowledge commons incorporates a stand-
ard nomenclature, data classifications, and storage of data with sufficient detail
to facilitate informed modeling. The success of the research enterprise requires
that all researchers place their data (in a compatible form) in a data-management
commons that is supported by appropriate hardware and software.

“Models” of many types are inherent in Figure 4-1. For example, some
models will be used to estimate exposures of human populations and ecosystems
to ENMs across their value chains and life cycles. Predictive models need to be
developed to anticipate risks posed by ENMs. Such models require validation,
which will be facilitated by an iterative process that involves data access through
the knowledge commons. “Screening tools” will be needed to generate data that
can be used to establish priorities for knowledge creation that in turn can be used
to formulate models to predict risks posed by new ENMs. Such knowledge gen-
eration will be developed in an iterative fashion that draws on research results
from mechanistic and complex systems of research.

Figure 4-1 shows the relationship between the research activities and risk,
which in turn inform a broad range of decision-making by diverse stakeholders,
including regulators, manufacturers, and the public. Models provide the bridge
from research findings to risk estimation and characterization of uncertainty.
The estimation of risk is iterative. The overall research process provides feed-
back to materials generation with the goal of reducing the potential risk present-
ed by ENMs and the products that they enable.

Several features of Figure 4-1 merit emphasis. The relationships among its
components are dynamic, and there are multiple feedbacks (represented by the
arrows) among them. The success of the research enterprise hinges on the crea-
tion of a knowledge commons and engagement of the broad community of re-
searchers who are addressing potential risks to human health and ecosystems. It
also requires stakeholder engagement, particularly of the manufacturing sector,
to ensure that the materials studied reflect those in use and that the most critical
research questions are addressed. Leadership in its development and stewardship
of its maintenance are also essential.

In the discussion below, the committee analyzes the findings of Chapter 3
in the context of the flow of activities in the nanotechnology EHS research en-
terprise (Figure 4-1), examining pathways to advance research and mechanisms
to improve implementation of the enterprise with an eye to “getting to green” on
the committee’s indicators (Boxes 3-1 and 3-2). First, research progress is con-
sidered, and the steps needed to advance the research are described. The discus-
sion is divided into six major subjects as reflected in the research enterprise:
nanomaterial processes and mechanisms, material sources and development of
reference materials, model development, methods and instrumentation, the
knowledge commons, and nanomaterial interactions in complex systems. Then,
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progress on mechanisms to ensure implementation of the research is evaluated,
and the steps needed to advance implementation of the research are discussed.

FUNDAMENTAL PROCESSES THAT AFFECT
NANOMATERIAL EXPOSURE AND HAZARD

The committee’s first report identified the need for research on cross-
cutting processes that affect both exposure and hazard (see Figure 1-1). The re-
search entails identifying fundamental processes, typically through laboratory
experiments. A description of the processes is needed to develop general and
predictive capabilities to assess risks that move beyond case-by-case evaluations
of ENMs. The process-based activities described in Figure 4-1 are enabled by
continual development of methods and instrumentation. The experimental ap-
proach is updated through understanding of material properties and the evolving
physical, chemical, and biologic processes that affect exposure and hazard. Hy-
pothesized properties or mechanisms can be scrutinized in well-defined labora-
tory experiments and in observations of ENM behavior in complex systems,
from in vivo experiments to models of ecosystem interactions in microcosms,
mesocosms, and field observations. Boundaries between well-defined laboratory
and complex systems may be blurred, but the key contrast is that between a re-
ductionist approach to unraveling elements that may affect organisms, popula-
tions, and ecosystems and holistic examination of ENMs in complex systems.
Both approaches are needed, and they are complementary.

Ideally, the agenda for process-based research is influenced in part by
findings on the extent to which research reduces uncertainty in the understand-
ing of potential risks. Reducing uncertainty requires updating of models to in-
crease our understanding of risks to human health and ecosystems, motivated in
part by needs of stakeholders (whether workers producing ENMs or consumers
of ENM-enabled products). Information generated from process-based research
influences how ENMs are produced, including considerations of life-cycle risks
and relevant reference materials for conducting studies.

Substantial progress (green) has been made in exploring mechanisms that
control the dynamics and transformation of ENMs. However, only moderate
(yellow) progress has been achieved in development of methods to quantify ef-
fects of ENMs in experimental systems; this level of progress may reflect the
complex nature of in vivo experiments and the need for model development and
verification. The roles of methods and instrumentation in understanding mecha-
nisms of ENM transformations, distribution, and effects highlight the state of
progress in developing methods for ENM characterization and detection in rele-
vant media; and this indicator has been noted as green. That stands in strong
contrast with the relatively limited progress made in translating methods to read-
ily available instrumentation for characterizing ENM properties and their trans-
formations; this indicator was denoted as red, and the lack of progress represents
a key impediment to advancing understanding of processes and mechanisms.
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Steps to Ensure Progress Toward Elucidating Mechanisms

Continued, vigorous activity to elucidate mechanisms of ENM interactions
with organisms and ecosystems is critical for reaching the long-term goal of
predicting ENM effects. The ability to make such predictions will allow evalua-
tion of risks posed by ENMs at the design stage, in model predictions, and in
validated screening assays. The interdependences described in Figure 4-1 and
the state of research progress indicated in Box 3-1 imply that continued progress
in understanding mechanisms of ENM behavior will require advances in instru-
ment development and increased availability of up-to-date instrumentation to
researchers. Another key impediment to progress is the relative lack of a data-
integration infrastructure and of validated models that reflect field-tested theo-
ries.

NANOMATERIAL SOURCES AND
DEVELOPMENT OF REFERENCE MATERIALS

The committee’s nanotechnology EHS research strategy is driven by the
need to assess potential risks associated with the accelerating production of new
ENMs and materials that are present in an increasing number of products. As
shown in Figure 4-1, ENMs are the central element of nanotechnology-related
research studies in the knowledge commons, the laboratory world (mechanism-
driven research), and the real world (investigations in complex systems). Three
primary types of ENMs (shown in the figure) are the focus of these studies: ref-
erence materials, nanomaterial-enabled products (inventories), and released na-
noscale species (ENM releases). Reference materials were described in the
committee’s first report and include individual ENMs and libraries of ENMs
that are used to conduct targeted studies to answer EHS-research questions. Na-
nomaterial-enabled products are ENMs found in the inventory of substances
being incorporated into commercial products. ENM releases are materials that
come from products that may be transformed as they are released.

The need for appropriately designed and adequately characterized ENMs
was highlighted in the first report (NRC 2012, pp. 181-182). That report called
for

Developing nanomaterials and libraries:

o Extent of development of libraries of well-characterized nanomaterials,
including those prevalent in commerce and reference and standard materials.

Providing feedback to inform the design of appropriate nanomaterials:
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e Development of inventories of current and near-term production of na-
nomaterials.

e Development of inventories of intended use of nanomaterials and val-
ue-chain transfers.

o Identification of critical release points along the value chain.

o Identification of benchmark (positive and negative) and reference mate-
rials, for use in such studies and measurement tools and methods to estimate
exposure and dose in those complex systems.

e In addition to those direct calls for action, the need for nanomaterials to
support other research priorities was implicit as described elsewhere in this
chapter. Appropriate ENMs are needed to carry out research that will generate
data needed to populate the knowledge commons, to develop new methods and
instruments, to conduct mechanistic studies, and to perform investigations in
complex media.

e Research to characterize ENM production and releases along the value
chain was generally considered to show moderate progress (yellow). However,
very little progress was considered to have occurred in modeling releases along
the value chain (denoted as red). Moreover, the lack of a systematic process for
collecting information on the production of ENMs and the lack of a process for
providing feedback from the research enterprise to improve the sustainability of
ENMs together limit the pace of the entire research enterprise.

e As discussed in Chapter 3, progress in developing ENMs for study was
evaluated as some to little (rated either yellow or red). In particular, little to no
progress was considered to have occurred in developing benchmark (for positive
and negative controls) and reference materials for metrology. The nanotechnol-
ogy EHS-research enterprise has mostly relied on commonly available nanopar-
ticles to conduct most studies. These particles, typically produced to evaluate
their use in specific applications or produced as commercially available research
samples, are largely categorized by core material. The vast majority of the stud-
ies have been conducted on a relatively small number of core species, including
carbon nanomaterials (tubes, fullerenes, and graphene), metals (primarily silver
and gold), metal oxides (primarily zinc oxide, titanium dioxide, cerium oxide),
and polymeric materials. There is no process to determine which nanomaterials
should have high priority for development on the basis of the needs for mecha-
nistic studies or investigations of materials in complex systems. To move high-
priority research toward green, additional effort and coordination are required to
develop appropriate nanomaterial libraries. Similarly, the lack of a systematic
process for collecting information needed to create a picture of nanomaterial
production along the value chain limits the pace of research required to conduct
risk evaluations and the feedback needed to improve nanomaterial properties
from EHS and sustainability perspectives.
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Steps to Ensure Progress Toward Providing Reference Materials

The lack of availability of ENMs for research and the limits of our
knowledge of commercial ENM production quantities and formats create a criti-
cal-path challenge in advancing nanotechnology EHS research. Important ele-
ments for advancing the development and distribution of reference nanomateri-
als for research and analytic purposes include

o A mechanism to identify and set priorities among nanomaterials and li-
braries for development. Developing precisely defined and characterized refer-
ence materials is expensive and time-consuming. Sustainable approaches are
needed to set priorities among materials for development and distribution to
researchers.

o Material descriptors and other nomenclature to distinguish properly
between different nanomaterial samples. Appropriate and standardized material
descriptors need to be adopted and used. Without such descriptors, the specifici-
ty or precision with which nanomaterials are designed, developed, and shared
will not be sufficient, particularly for developing the knowledge commons. This
is one aspect of the ontology that needs to be developed for ENMs.

o [mproved synthesis and purification methods. Once nanomaterials are
identified for research purposes, the synthesis and purification methods to pro-
duce them may need to be developed. Although some methods have been devel-
oped for synthesis of specific classes of nanomaterials, new methods need to be
developed for other nanomaterials that have been identified for development.

o Collaborations among scientists who are studying mechanisms and
complex systems so that materials for these studies can be optimized. The pro-
duction of a reference material or library is only the beginning of its develop-
ment. Reference nanomaterials require further optimization through collabora-
tion among material developers and users (for example, to optimize handling
protocols or for in situ monitoring of the nanomaterials).

o [nstrumentation for rapid characterization of reference materials. Alt-
hough there has been progress in developing instrumentation and protocols for
characterization of pristine, synthesized nanoparticles in the laboratory, new
methods and approaches are needed to accelerate routine characterization. For
example, laboratory-scale, small-angle x-ray scattering can be used to reduce the
number of artifacts during analysis and reduce the time for characterization from
hours (or days) to minutes relative to transmission electron microscopy.

o [nstrumentation to characterize complex nanoscale species (that is, ma-
terials of unknown origin, mixtures, and released materials). Each of these ma-
terial classes presents challenges to characterizing their structure, composition,
and purity—substantial barriers to studying their effects on health and the envi-
ronment. Those barriers reflect the lack of information on the starting composi-
tion and structure of the materials and the lack of knowledge of their history.
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o Mechanisms and incentives for collecting information. Information
management plans and appropriate research infrastructure are needed to create a
process for collecting information on nanomaterial production and uses along
the value chain.

Steps to Ensure Progress Toward Characterizing
Commercial Sources of Nanomaterials

o Greater investment in research at the interface between the physical
sciences, social sciences, and business. A full understanding of potential risks
along the value chain requires broad and multidisciplinary expertise that will
bridge physical and social sciences and engage the commercial sector. The criti-
cal topics include trends in nanomaterial production, value-chain analysis, and
human behavior in relation to use of products that contain ENMs and the poten-
tial for exposures along the value chain and throughout the life cycle. An im-
proved understanding of those factors is needed as a starting point for modeling
nanomaterial exposure along the value chain.

MODEL DEVELOPMENT

A key outcome of the integration of data and information contained in the
knowledge commons is development of a suite of models. The models allow the
application of new methods and instruments that reflect thinking regarding hy-
pothesis testing and assessment. Such models may be used to predict physical
characteristics of ENMs, outcomes of toxicity testing, and exposure potential in
complex systems. In their initial forms, the models represent working assump-
tions that are refined with additional data. As confidence in a model increases,
validation studies that involve comparisons of model outputs with results from
experimental systems that use benchmark or unknown ENMs can be conducted.
The process of data integration and model formulation and validation informs
risk assessment. Given adequate knowledge, refined and validated models allow
prediction of potential hazards associated with exposure to ENMs throughout
their life cycle and value chain.

Mechanistic models should provide the greatest long-term benefit to the
EHS nanotechnology research community with regard to anticipating risks.
However identifying the critical elements of nanomaterial-environment and na-
nomaterial-biota interactions is a significant undertaking and will take time to
develop. There is a near term need to predict behaviors of nanomaterials in rele-
vant environmental and biologic matrices. Empirical predictive models that are
parameterized appropriately (for example, partition coefficients between nano-
materials and bacteria in wastewater treatment plants or approximate dissolution
rates and half times in specific media) may be sufficient to approximate behav-
iors of ENMs in selected matrices. The forms of these predictive models, their
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parameters, and appropriate assays to measure the values for these parameters in
selected environmental and biologic media are still needed (Hou et al. 2013;
Westerhoff and Nowack 2013).

As described in Chapter 3, several indicators of research progress involve
successful model development. They include qualitative and quantitative models
to characterize the origins and releases of ENMs into the environment. The abil-
ity to address potential releases, transformations, environmental concentrations,
and exposures was highlighted previously. Efforts appear to be focused on spe-
cific release points and routes of exposures (see examples in Chapter 3); pro-
gress in this indicator is considered to be minimal (red in Table 3-1). Progress is
hampered by a lack of information on ENMs in the value chain for particular
ENM-containing products and a lack of data from experimental studies to in-
form modeling efforts on fate and transport in the environment. In another re-
search indicator in Chapter 3, progress toward the use of experimental research
results in initial modeling efforts for predicting ENM behavior in complex bio-
logic and environmental settings was considered minimal (red). Because ENM
behavior will be influenced by the characteristics of the material and the proper-
ties of the system into which it is released, development of integrated models
will be important. Those efforts have been limited by the lack of resources for
conducting long-term fate and transport studies in complex environmental sys-
tems, such as mesocosms, or in in vivo studies. An additional limitation is the
absence of a knowledge commons in which research data from multiple studies
can be integrated with other information and model outputs to be used in these
complex, initial models. Some individual efforts were identified, but they lack
the consistency in approaches and interoperability of data that is needed to sup-
port effective model development. The efforts also suffer from a focus on a
small number of ENMs, which hinders the development of more widely appli-
cable predictive models.

Steps to Ensure Progress Toward Validated Models for Nanomaterial Risk

Getting to green in the development of predictive models requires substan-
tial development of data from mechanistic and complex system studies and
characterization of physical properties of a variety of ENMs in different com-
plex environments. Initial working models will require iterative development as
data emerge. Early outputs of the models can determine future data needs and
influence decisions about experimental approaches and instrumentation needs.
Data should be collected with consideration of future data integration and mod-
eling efforts. Input of the data into a knowledge commons is needed to allow a
wide array of investigators to engage in modeling efforts. Validation studies that
use families of materials in various complex environments will be required.
Models for assessing hazard, exposure, and risk will depend on the data sources,
and appropriate information management and integration will help to produce a
more coordinated and focused approach for addressing EHS aspects of ENMs.
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METHODS AND INSTRUMENTATION

The need for methods and instrumentation to characterize ENMs in rele-
vant media is pervasive in the nanotechnology EHS research enterprise. Meth-
ods and instrumentation are defined here as the tools required to detect and to
characterize ENMs and their properties in relevant media. Toxicity testing and
other screening assays are discussed later in this chapter. Not surprisingly, the
need for characterization and detection methods is apparent in the four primary
cross-cutting research categories identified in the committee’s first report: adap-
tive research and knowledge for accelerating research progress and providing
rapid feedback, quantifying and characterizing the origins of nanomaterial re-
leases, processes affecting hazard and exposure, and nanomaterial interactions in
complex systems. Progress in the development and validation of the methods
and instrumentation needed for those categories ranged from green to red. That
range reflects the different characterization needs and scenarios identified. For
example, methods and instrumentation needed to characterize newly manufac-
tured ENMs and their important properties (with a few notable exceptions dis-
cussed below) in a well-characterized and relatively simple medium (such as
deionized water or simple physiologic buffer) are well established. The varia-
tions in ENM properties (such as size) measured with different techniques are
recognized and can be documented with appropriate methods and metadata.
Therefore, progress toward development of methods and instrumentation in
well-controlled, simple media is designated green.

However, there are fewer reliable methods for characterizing ENMs in in-
creasingly complex and less well-characterized media (such as blood and natural
waters) because complex nonequilibrium interactions between the ENMs and
the components of the medium can lead to measurement artifacts or even pre-
clude measurement. For example, measuring the size of ENMs in fluid with
light-scattering methods and identifying a specific material with electron mi-
croscopy are difficult in the presence of other background particles. Some re-
search has been initiated to modify existing techniques (for example, x-ray ab-
sorption spectroscopy [Lombi et al. 2012]) or to develop new ones (for example,
hyperspectral imaging [Badireddy et al. 2012] and single-particle ICP-MS [Mi-
trano et al. 2012]) to address the shortcomings. Thus, the committee designated
progress in developing methods and instrumentation as yellow in “quantifying
and characterizing nanomaterial releases” (NRC 2012, p. 181) and “processes
affecting both hazard and exposure” (p. 149). Progress in those research catego-
ries depends on the ability to measure ENM properties in complex media and
progress in the development of methods and instrumentation to track, detect, and
characterize ENMs in complex environments (such as soil or wastewater in
which the origins of ENMs and the composition of the solution are unknown
and ENMs are present in very low concentrations) has been particularly poor.
New instrumentation for single-particle measurements has also seen little pro-
gress, so this indicator was denoted red.
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In summary, there has been progress in adapting existing tools for use in
well-defined systems, but considerably less progress has been achieved as the
complexity of the medium has increased or in understanding the properties of
individual particles. The lack of adequate methods and instrumentation for
tracking, and for detection and characterization of ENMs in complex systems
hinders research progress in many critical research fields. The inability to isolate
single-particles also constrains our ability to determine mechanistically how
ENM properties affect their behavior.

Steps to Improve Progress in Methods and Instrumentation Development

Advancing research requires methods and instrumentation for measuring
key properties of ENMs, particularly in complex media. There are several criti-
cal needs. First, the average properties of the ENMs in relevant complex biolog-
ic and environmental media and in the matrices in which they will be used need
to be quantified and characterized. Second, the properties of single particles
need to be measured so that specific ENM properties can be associated with
observed behavior and effects. Third, there needs to be an ability to track ENMs
in complex media and organisms (for example, using isotopic signatures or ra-
dio-labeled materials). Fourth, methods to extract ENMs from complex matrices
or to perform in-situ measurements are needed. Finally, the methods developed
need to be sensitive enough to be operable at the very low concentrations of
ENMs expected in the biologic and environmental samples.

There are two principal challenges in quantifying and characterizing the
average properties of ENMs in complex biologic and environmental matrices:
the low concentrations of the ENMs in the matrices and the unknown history of
the ENMs before analysis. That is important because ENMs in samples taken
from organisms or the environment may undergo transformations that change
their properties and make it difficult to quantify and laborious to characterize
them with existing methods. Released materials in their environments cannot be
characterized without appropriate measurement and characterization methods.
Appropriate methods to isolate nanoparticles from complex matrices (such as
field-flow fractionation or liquid extractions) and appropriate detectors for
measuring chemical composition, speciation, and other relevant properties (such
as charge) need to be developed. Spectroscopic methods, such as x-ray absorp-
tion spectroscopy and near infared fluorescence spectroscopy, that eliminate the
need to isolate ENMs from complex matrices (such as soil and tissue), also need
additional development. Spectroscopic methods require greater spatial resolution
and sensitivity to characterize and quantify ENMs at low environmental and in
vivo concentrations. The ability to monitor the transformations of ENMs direct-
ly in a matrix in real time would improve our understanding of the critical pro-
cesses that affect ENM behavior. That will probably require instrumentation that
has not been and is not being developed.
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Single-particle characterization techniques are needed to determine how
specific ENM properties affect their behavior. Most ENMs are polydisperse and
have varied properties, such as size, crystal defects, and chemical composition.
Exposure to ENMs is typically to a distribution of ENMs with known average
properties. Single-particle characterization methods would allow one to isolate
how the specific features of an ENM affect its behavior. Such methods as tether-
ing ENMs to a transmission electronic microscopy grid can enable tracking be-
havior of individual particles. Better spatial resolution of microscopy and spec-
troscopy methods will also allow characterization of individual ENMs.

A critical research need that cuts across exposure and effects research is
the characterization of the properties of adsorbed macromolecules on ENMs,
including the structure of the macromolecule and the outer surface layers of the
ENMs. That information is needed to describe properties and changes of ENMs
in relevant biologic and environmental media. It is also a prerequisite to devel-
opment of appropriate models for predicting ENM behavior in complex systems
(such as biouptake models) and effects. It is an extremely challenging task, es-
pecially in complex media, and will probably require new instrumentation with
spatial resolution adequate for focusing on single particles and initial develop-
ment in well-characterized systems before application in more complex media.

Another important component of this research is the ability to determine
critical release points along the value chain and to identify exposed populations.
Therefore, characterization in relevant complex matrices requires methods for
characterizing ENMs and transformations in the matrix in which the ENMs are
used. The matrix may affect the ENM properties that are used to measure pris-
tine ENMs (such as fluorescence or absorption at a specific wavelength); there-
fore, development of new methods or validation of existing methods is needed
to detect and characterize ENMs released from their matrices.

It is important that the measured properties and characteristics of trans-
formed ENMs be captured in the knowledge commons. That requires an ontolo-
gy for describing such properties as the adsorbed macromolecular layer. Placing
such data in the knowledge commons will allow the community to share them
and to develop and update models for describing the behavior of the ENMs in
complex environments.

INFORMATICS: THE KNOWLEDGE COMMONS

In Figure 4-1, the knowledge commons performs three functions. The first
is to broaden participation in the development and validation of predictive mod-
els, particularly risk models. To accomplish that, more effective communication
is needed among those engaged in reductionist science (the laboratory world) at
the left of the figure, those engaged in integrative science (the real world) at the
right, and the information on materials at the top of the figure. Model develop-
ment via the knowledge commons would be hosted in a collaborative environ-
ment with access to both processed and raw experimental data and data from
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other, lower-level computations and simulations. The iterative model validation
process would lead to publication of validated models with any run-time param-
eters, files, sample data, baseline results, and metadata regarding the range of
validity of the model. Such information would help to accelerate the use and
improvement of the model.

The second function of the knowledge commons is to provide a collabora-
tive environment for methods development, including access to the results of
ruggedness testing and interlaboratory testing for a method, amplification re-
garding sample preparation and additional controls for different ENM types, and
comments regarding modifications to improve reproducibility. Additional bene-
fits for collaborative methods development include better understanding of the
method, its range of validity, available instrumentation, and user facilities sup-
porting the method. In addition, the knowledge commons would establish a
means to publish, access, and annotate issues regarding analytic methods and
their reproducibility.

The third function of the knowledge commons is to establish a means of
collaboratively designing new ENMs by using models to encapsulate and quan-
tify a material’s characteristics and effects and potential risks associated with
different manufacturing processes and controls. Because this function would
provide useful results for manufacturers, regulators, and users of the materials,
additional governance would be required to allow collaboration for precompeti-
tive projects and continued use of modeling tools in a secure environment.

Although the knowledge commons would provide a new mechanism and
environment for collaborative development of methods, models, and materials,
many of the core functions have been initiated elsewhere. The Nanomaterial
Registry (Nanomaterialregistry 2013) and NanoHUB (NanoHUB.org 2013) are
two examples—the registry for sharing and annotating nanomaterial data and the
NanoHUB for providing facilities for accessing, running, and annotating mod-
els. The underlying strength of the knowledge commons would be in linking
these existing capabilities and others in a new environment focused on providing
quantitative, reliable estimates of uncertainty for risk estimation and method
validation and for establishing a vital missing link between the reductionist and
integrative branches of research on the EHS aspects of nanotechnology. New
programs, such as NanoRelease (ILSI 2013a) and NanoCharacter (ILSI 2013b),
have similar aims, and the knowledge commons would aid in supporting gov-
ernment, industry, and academic participation in such programs. Such new initi-
atives as the Nanotechnology Knowledge Infrastructure (NSET 2012a; NNI
2013) and the Materials Genome Initiative (MGI) (NSTC 2011; EOP 2012;
Warren and Boisvert 2012) could provide additional linkage and informatics
expertise in augmenting the knowledge commons for different users and pro-
grams. Researchers involved in those initiatives are aware of each other’s goals
and progress because there is much overlap in membership, participation in each
other’s workshops, occasional briefings, and coordination through the National
Nanotechnology Coordination Office (NNCO). However, discussions on an
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overarching framework that would knit their separate resources, capabilities, and
objectives into the knowledge commons presented here have not yet taken place.
Initiation of a series of pilots to integrate data and knowledge generated from the
several activities and other informatics efforts would provide both a core plan-
ning group and an initial effort to set appropriate informatics requirements rele-
vant to all activities whether private or public.

It is important to note that many other activities could provide valuable in-
put into establishment of the knowledge commons and the present report is not
intended to be comprehensive. Although this report is primarily focused on inte-
grating research data, methods, and models relevant to the properties and effects
of nanomaterials and nanomaterial-containing products in biologic and envi-
ronmental systems, other related fields such as epidemiology and nanomedicine
have not been the focus. However, the goals and structure of the knowledge
commons are sufficiently broad to accommodate the integration of data, meth-
ods, and models used by stakeholders in these related fields. First, the evaluation
of both EHS risk and product-design risk involves uncertainty propagation and
the documentation and sharing of errors, uncertainties, sensitivities, and expert
opinion through the knowledge commons and the informatics systems (see NRC
2012, pp.175-178 and Appendix B). Second, the emphasis on the need for data,
method and model validation, curation, and sharing applies to all relevant fields,
and reflects similar concerns and goals of other programs (for example, Big Da-
ta' and the MGI) as well as goals of the Network and Information Technology
Research and Development (NITRD) program (NITRD 2013a). Third, as dis-
cussed in NRC 2012 (pp.175-178), existing nanoinformatics are compatible with
National Cancer Institute and National Institutes of Health biomedical systems
and applications, and recent progress, such as with the ISA-TAB-Nano data
format capability extend that commonality to data exchange nomenclature and
formats, including both genomics and clinical studies. Finally, there is evidence
of convergence in vision among different informatics activities with examples,
including US NanoHUB (NanoHUB.org 2013) and European Union NANOhub
(JRC 2013), whose focus and goals overlap substantially, and collaborations
involving EU-US CoRs and the NanoSafety Cluster (NanoSafety Cluster 2013).

Steps to Improve Progress in Developing the Knowledge Commons

Steps that could be taken to improve progress in development of the
knowledge commons have been foreshadowed in the preceding pages and in
Chapter 4 of the committee’s first report (NRC 2012). The brief summary below
broadly outlines the type of coordination that is needed to initiate development
of a viable and vibrant knowledge commons that is responsive to the changing
needs of the research and translational communities. The common theme under-

'For additional details see the workshop on Data Sharing and Metadata Curation: Ob-
stacles and Strategies (NITRD 2013Db).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18475

Research Progress on Environmental, Health, and Safety Aspects of Engineered Nanomaterials

Getting to Green 97

lying model, method, and material development is the need to provide data and
knowledge to improve the reproducibility of the models, methods, and materials.

To achieve reproducibility of models, there must be a means for publish-
ing models with their run-time parameters, files, sample data, baseline results,
and metadata concerning the range of validity. Virtual collaborative environ-
ments associated with each model or model type would allow focused scientific
discussion of a particular model, its submodels, and algorithms; comparisons
with similar models; and a means of establishing provenance concerning both
model development and authorship. During model development (which accesses
public data) the collaborative spaces should be open, permitting easy access for
annotating and curating model development, the model’s theoretical underpin-
nings, numerical methods and algorithms, and model validation. Access may be
restricted for a number of reasons, but provision should be made for eventual
publication of the model because scientific publication would be a primary mo-
tivator for placing it in the knowledge commons and would allow faster model
improvement and adoption through an open-development infrastructure. As not-
ed above, open development would be particularly suited to risk models in that
modeling risk involves uncertainty propagation, whether the uncertainties arise
from models, data, or expert opinion. Through use of the models to focus re-
sources on reducing the largest uncertainties, the reproducibility of risk esti-
mates could be improved systematically.

The use of virtual collaborative environments would also be key for meth-
ods development, creating a single focus for a method—its documentation and
range of validity, accompanying video for adding detail or providing training,
current instrumentation and later improvements, links to data obtained from the
method and links to data and models derived from the data, annotation on the
method and datasets, information on sample preparation and controls for differ-
ent ENMs, and metadata and information regarding method curation and prove-
nance. The primary advantages of the collaborative environments for analytic
methods would be a common focus for all aspects of method development, ro-
bustness testing and capture of sensitivity data, interlaboratory testing and data
capture, use of reference materials for calibration, suggestions for improvements
and extensions, method revision and retesting, and provenance concerning all
uses of the data. Standard methods could be developed, validated, adapted, im-
proved, and revised on an abbreviated timescale while linkage to all raw, de-
rived, and modeled data related to that method, its instrumentation, and sample
preparation procedures is provided.

Virtual collaborative environments would also accelerate the development
of nanomaterials. The collaborative environment could focus on a particular
ENM designated by a production lot number; document the production, separa-
tion, and purification processes used and any initial characterization of the lot’s
properties; and create a data aggregation point for all uses of the particular na-
nomaterial, how samples were prepared, what methods were used, and whether
the method’s data were associated with any models or modeling efforts. Sample
history could also be recorded; this would provide data necessary for both in-
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formal and formal interlaboratory testing of the materials with different meth-
ods. As data from different researchers using different methods are accumulated,
comparisons can be made with greater validity because there would be a basis
for “apple to apple” comparisons, given the association among all samples that
have common parentage. In addition, informed decisions concerning the struc-
ture or distribution of structures of particular ENM samples would be possible,
and structural models of the samples could be deposited in a repository, such as
the Collaboratory for Structural Nanobiology, for use in developing detailed
predictive models of ENM effects in different environments. Collaboration
spaces would also support aggregation of data on ENMs from different lots or
from similar materials. Analysis of those data would allow correlation of ENM
sample structures with their properties and effects and aid in formulating hy-
potheses of possible underlying mechanisms.

Perhaps the most important effect of the knowledge commons is the crea-
tion of a new literature based primarily on data from the application of validated
methods to identified lots of nanomaterials. Raw data would be linked to derived
data—whether on nanomaterial structure, their properties, or their effects in dif-
ferent experimental tests and environments—and to data from appropriate pre-
dictive and structural models. The correlation of data on ENM lot, structure,
properties, and effects would help in the creation and incremental improvement
of an evidence-based nomenclature and ontology that are consistent with known
structural, experimental, and modeling data and that can be used to organize and
track the use, annotation, curation, and provenance of the data and models in the
knowledge commons. In addition, the informatics system could be implemented
with different levels of security to accommodate both open exchanges with
precompetitive data and models and privileged access for more restricted col-
laborative efforts.

NANOMATERIAL INTERACTIONS IN COMPLEX SYSTEMS
RANGING FROM SUBCELLULAR SYSTEMS TO ECOSYSTEMS

As discussed in Chapter 3, the committee evaluated progress in a set of in-
dicators related to ENM interactions in complex systems and found some pro-
gress. The indicators included extent of initiation of studies to relate in vitro to
in vivo observations, extending research from simplified laboratory studies to
more complex assays, and going from organisms to ecosystems; steps toward
development of models for ecologic exposures and effects in complex systems;
extent of refinement of a set of screening tools that reflect toxicity pathways;
adapting existing system-level tools; and identification of benchmark or refer-

’The use of the phrase “apple to apple” comparisons conveys the importance of com-
paring sufficiently similar nanomaterials in studies (including such information as the
material size, physical and chemical structure and properties, purity, and processes used
to manufacture, store, and prepare the materials for analyses).
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ence materials for use in development of tools for estimating exposures and dos-
es and for providing positive and negative controls—useful for hazard ranking
of ENMs. Perhaps one of the biggest gaps is the lack of mechanistic data—an
increasing volume of toxicity data is being generated, but the ability to use the
data to predict ENM risks with any certainty is constrained because of the types
of studies conducted. Many of the published studies incorporate high-dose
(overload) acute exposures to single cells or simplified single-organism mortali-
ty assays involving a single postexposure time and do not consider that underly-
ing mechanisms are dose-dependent (Slikker et al. 2004). To provide more use-
ful information, studies need to focus on more complex experimental design
issues—such as relevant dose and dosimetry; dose response and time course
characteristics; appropriate target cells, tissues, and organisms; and examination
of more biologic pathways—concomitantly with better characterization of ENM
test substances and incorporation of standardized reference materials as controls.
The development and availability of standardized reference materials or bench-
mark (positive and negative) controls are essential because these materials are
integral to study design. For example, use of ENM positive control material pro-
vides a reference for comparing the effects of ENM test materials being studied,
and studies using ENM test materials and positive reference controls can facili-
tate comparisons of results among research laboratories, an essential component
of the validation process.

In addition, consensus on the interpretation of hazard data is more readily
achieved when the mechanism of action is known for the reference material.
Useful comparisons are toxicity studies of endocrine disruption and 2,3,7,8-
tetrachlorodibenzodioxin (TCDD); mechanisms are well known for the refer-
ence material (Eadon et al. 1986; Safe 1987, 1998; Van den Berg et al. 1998;
Silva et al. 2002). Toxicity tests of potential estrogens or dioxins are done in
reference to that of estrogen or TCDD and provide a comparison with the toxici-
ty of the agent of interest, and they ensure that a study has a positive control. In
contrast, for the development of validated assays for ENMs, no positive controls
exist, partly because of the sparseness of information on potential mechanisms
of action of ENMs. However, having available toxicologic data for ENMs once
they have been more thoroughly studied, including an understanding of potential
mechanisms, would help to advance the science. Thus, ENM reference and
benchmark materials are needed for use by all researchers. A consistent set of
reference and benchmark ENMs is also needed for each category, such as metal
oxides, silver, gold, and carbon nanotubes (CNTs).

Additional shortcomings in available ENM toxicity data are related to the
need to shift experimental study designs and models to gain more realistic and
useful data for mechanistic understanding of ENMs. The preponderance of pub-
lished studies provides information of questionable relevance to the health and
environmental effects of realistic ENM exposures. Many findings are based on
acute, high-dose exposures of single cells under in vitro conditions and so pro-
vide little or no information on relevant dose or dosimetry (for humans), on po-
tential sustained effects (key to understanding potential toxicity vs short-term
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injury resulting from reactive oxidation species or an inflammatory response),
on dose-response characteristics that provide mechanism insights, and on issues
related to route of exposure or to life cycle. Similarly, many of the animal bioas-
say data come from studies involving high-dose acute exposures with limited
time-course information or data on mechanisms or important end points, such as
development and reproduction. In addition, there are minimal studies of com-
munity-level or ecosystem effects. Studies are limited to a few organisms, but
uptake and mechanisms of action may differ among species. Those issues need
to be explored further in relation to establishing standardized assays.

To generate study results that can provide useful information on potential
health and environmental risks associated with ENMs and that can be validated
by other researchers in the field, it will be important to expand and redirect the
focus of experiments to provide greater relevance on EHS issues, considering
the chronic low-dose exposure scenarios that prevail for people and ecosystems.
The results should be shared with other investigators, and results of in vivo stud-
ies (at relevant concentrations) should be compared with results of in situ and in
vitro screening assays to foster development of more expedient testing strate-
gies. However, there is a paucity of useful in vivo data to establish a foundation
for development of better screening tools. Consequently, the committee graded
progress in experimental research in organisms that is relevant to community or
ecosystem level effects as yellow. Research is ongoing in Environmental Protec-
tion Agency—National Science Foundation (EPA-NSF) centers, but there is little
emphasis on the effects of ENM exposures on interactions among organisms
(community-level effects) or on the interactions of multiple communities with
the abiotic environment, including how ENMs may change such interactions and
how ENMs may be changed when interacting within the ecosystem (ecosystem-
level effects).

There is an absence of validated screening tools that are needed to apply
data gained from experiments to challenging risk-related questions in humans
and ecosystems (that is, transitioning from the laboratory world to the real
world). There is a need to scale from laboratory systems to whole organisms and
to the full ecosystem. Progress may need to be tied to a federal effort, inasmuch
as individual laboratories may not have the incentive to participate in this meth-
ods development. One way to begin to address that shortcoming may be to use
the data generated in the comprehensive Organisation for Economic Co-
operation and Development program that involves 12 ENMs (representative of
materials found in commerce). This program collects extensive in vivo health
effects data in accordance with robust scientific guidelines (OECD 2013); the
results could be used as benchmarks for toxicologic evaluation of unknown
ENMs. New assays under development could be compared with that rich data-
base. The lack of mechanistic understanding is a further barrier that limits cer-
tainty as to which types of assays should be developed. Supporting more mech-
anistic research and giving individual laboratories the opportunity to build on
the few existing assays that have been tried with a subset of ENMs is necessary
to bridge this gap.
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Steps to Improve Progress in Understanding Nanomaterial Interactions
in Complex Systems Ranging from Subcellular Systems to Ecosystems

The development of relevant in vivo hazard data based on appropriate
routes of exposure and realistic exposure concentrations is an excellent starting
point for understanding ENM interactions in complex systems. The ENM test
material should be well characterized, and concentrations or doses administered
to the organism should be based on data obtained from exposure-assessment
studies and appropriate dose metrics (if available). Dose—response and time-
course (temporal) characteristics should be built into the experimental design of
these in vivo studies, and benchmark materials should be used as references for
better interpretation of results. Time-course studies should initially focus on
acute and subchronic responses to determine whether measurements of early
(acute) injury are transitory. It would be important to have multiple laboratories
conduct studies with similar or identical experimental protocols and end points
to demonstrate whether interlaboratory experimental protocols and findings can
be validated for a particular ENM or end point. When a more complete toxico-
logic profile of an ENM has been developed, in vitro models that use relevant
cell types, end points, doses, and time-course results can be constructed. Well-
designed, in vitro mechanistic studies can provide important insights into rele-
vant toxicity pathways of a particular ENM response, but only when these crite-
ria are established: there is a relevant in vivo end point for comparison, time-
course studies are undertaken for both in vivo and in vitro investigations, appro-
priate doses and dose metrics are relevant for simulating human or ecologic ex-
posures, temporal (time-course) effects are investigated (that is, not simply
acute, high-dose effects), and appropriate benchmark reference materials are
integrated into the experimental design to foster appropriate interpretation of the
data. The successful establishment of adequate in vivo models should be fol-
lowed sequentially by corresponding and validated in vitro toxicity tools; only
then can the development of high-throughput toxicity screens informed by in
situ and in vitro data represent a realistic approach.

ANALYSIS OF PROGRESS TOWARD
ADDRESSING IMPLEMENTATION NEEDS

Indicators of Progress in Implementation and Their Link to the
Nanotechnology Environmental, Health, and Safety Research Enterprise

The committee identified mechanisms to ensure implementation of the
EHS research strategy, including enhancing interagency coordination, providing
for stakeholder engagement in the research strategy, conducting and communi-
cating results of research funded through public—private partnerships, and man-
aging potential conflicts of interest (NRC 2012, p. 183). Each of those repre-
sents a high but achievable objective, and together they make up the support
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needed for implementation of a successful nanotechnology EHS research enter-
prise (Figure 4-1). For example, without strong and effective interagency coor-
dination, a comprehensive knowledge commons is compromised. Robust inter-
agency coordination minimizes overlap in research in the laboratory world and
real world and maximizes the opportunity to identify research gaps and aggres-
sively fund research needed to close them. Closing such gaps in turn supports
the integration of all the elements in Figure 4-1; for example, with more and
better data, modeling efforts can be improved, risk assessment can be enhanced,
and decisions can be better informed.

Engagement of stakeholders in the research enterprise requires participa-
tion of all sectors, including government and academic researchers, nongovern-
ment organizations (NGOs), regulators, industry, nanotechnology workers, and
consumers. Stakeholder involvement maximizes the breadth of input needed to
generate a comprehensive knowledge commons. Perhaps most important, stake-
holders include workers and consumers who make up the populations that have
the greatest exposures in the real world; these stakeholders not only have inter-
est, expertise, and perspective in providing input that may help to shape research
but are the most likely to be affected by the decisions made.

The role of public—private partnerships in the research portfolio for EHS
aspects of ENMs has proved more difficult to define and implement. Funding
and policy issues limit formation of such partnerships in that federal agencies
involved in nanotechnology EHS research may have expended their allocated
research budget and industry may have only modest interest in joint funding
because of competitive business concerns. However, there are examples of suc-
cessful public—private partnerships in the environmental-health arena. The most
notable example has been the congressionally mandated Health Effects Institute
(HEI), which operates through equal cofunding from EPA and the automobile
industry. In the nanotechnology realm, examples include partnerships between
the National Institute for Occupational Safety and Health (NIOSH) and industry,
and the multistakeholder Nano Release Initiative, which provide collaboration
and interaction beyond simply joint funding. Such partnerships can support fo-
cused research needs and could be well suited to develop inventories of ENMs
and of their intended uses. Public—private partnerships also provide opportuni-
ties for development of instrumentation or methods to monitor or measure na-
nomaterial characteristics in laboratory and real-world research environments,
which will enhance the knowledge commons. Well-structured and carefully
governed public—private partnerships can provide unique credibility as they pro-
vide insulation against conflicts of interest.

The management of the potential for conflicts of interest between the dual
roles of the National Nanotechnology Initiative (NNI) in both promoting and
overseeing nanotechnology has special implications in Figure 4-1. Conflict of
interest not only puts the knowledge commons at risk but has the potential to
invalidate the models that are critical for assessing risk and supporting regulato-
ry decisions. Management of conflict of interest can provide distinct lines of
budget and management authority for applications-directed and implications-
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directed research. It can be facilitated by engaging a broad group of stakeholders
with responsibility for helping to develop laboratory and real-world research. As
noted previously, where feasible, appropriately structured public—private part-
nerships may offer unique opportunities for controlling and potentially eliminat-
ing conflict of interest in the data-collection process.

As described above and illustrated in Figure 4-1, all four implementation
issues are central to the development of a successful nanotechnology EHS re-
search enterprise. The discussion below addresses steps needed to “get to green”
in the implementation indicators.

Steps to Ensure Progress Toward Enhancing Interagency Coordination

In Chapter 3, the committee recognizes the progress that the NNI has
made in coordination of EHS research among federal agencies but reiterates the
need for accountability for implementation of the NNI’s EHS research strategy
and the need for the strategy’s integration with research undertaken by other
entities, both domestically and internationally. The committee considers that
little or no progress (red) has been made in “establishing a mechanism to ensure
sufficient management and budgetary authority to implement the NNI’s EHS
research strategy” (NRC 2012, p. 183). However, it determined that some pro-
gress (yellow) had been made by the NNCO in annually identifying funding
needs for interagency collaboration. Greater effort is needed specifically to ac-
celerate and enhance high-priority research.

The need for a stronger, central convening authority to direct EHS re-
search efforts conducted under the NNI has now been raised in at least four sep-
arate reviews of the NNI and its strategy (NRC 2009; GAO 2012; NRC 2012;
PCAST 2012). As noted in Chapter 2, the latest President’s Council of Advisors
on Science and Technology (PCAST) review of the NNI identified “significant
hurdles to an optimal structure and management” (p. 17), reiterating a concern
that PCAST had raised in its 2010 review of the NNI (PCAST 2010): that NNI
agency representatives on the Nanoscale Science, Engineering, and Technology
Subcommittee (NSET) of the National Science and Technology Council Com-
mittee on Technology lack authority to influence budget allocations, even within
their own agencies, that are needed to meet NNI objectives. In particular,
PCAST called on the NSET to establish “high-level, cross-agency authoritative
and accountable governance” (p. 22), noting that one effect of the absence of
such a governance framework is a continuing gap between funded research and
the information needed by decision-makers to manage potential risks effectively.

The present committee’s first report (NRC 2012, pp. 166—169) proposed
several options for establishing such authority, either inside or outside the NNI
and the Nanotechnology Environmental Health Implications working group
(NEHI) structure. Implementing those or other options need not require new
legislation, but there may be advantages in pursuing such authority in any reau-
thorization of the 21st Century Nanotechnology Research and Development Act,
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as was considered but not enacted by the 111th Congress. Whatever the mecha-
nism used, the committee reiterates the conclusion of its first report that “to im-
plement [the NNI’s] strategy effectively an entity with sufficient management
and budgetary authority is needed to direct development and implementation of
a federal EHS research strategy throughout NNI agencies and to ensure its inte-
gration with EHS research undertaken in the private sector, the academic com-
munity, and international organizations. Progress in implementation of the strat-
egy will be severely limited in the absence of such an entity” (NRC 2012, p.
169).

Short of addressing that fundamental need, the committee suggested other
means by which the NNI could enhance and extend interagency coordination.
The NNI has identified a number of activities aimed at improving interagency
coordination and stakeholder engagement, both in its 2011 EHS research strate-
gy (NEHI 2011) and in its 2013 budget supplement (NSET 2012b), that are
promising but do not appear to have been implemented. The 2011 strategy
(NEHI 2011, p. 96) indicates plans to use “webinars, workshops, and other
mechanisms for information exchange to assess the state of the science and cur-
rent research, and to reassess areas of weakness and gaps”; however, despite
proposing to host two or three webinars each year, it appears that the NNI has
held but one such webinar, “Public Engagement through Nano.gov” (NNI
2012a), and at the time of this writing none is planned.

The NNI’s 2011 strategy also identified its signature initiatives (NNI
2012b) as offering NEHI “a new mechanism through which to organize and
leverage interagency efforts” (NEHI 2011, p. 96). Those initiatives are all fo-
cused on nanotechnology development, however, not on EHS issues, and the
committee has not seen any indications of NEHI’s use of the signature initiatives
for the indicated purpose. Similarly, the NNI’s 2013 budget supplement (NSET
2012b, p. 61) notes plans for NEHI to host “monthly meetings, public work-
shops and webinars and other social media”, but the committee is not aware that
such activities have taken place. The committee encourages NEHI and the
NNCO to implement those plans, which promise the dual benefit of enhancing
interagency coordination and stakeholder engagement.

Another option would be the formal assignment of responsibility for man-
agement of the knowledge commons shown in Figure 4-1 to the NNCO. The
NNCO would then be accountable for ensuring both that EHS-relevant infor-
mation generated by research in individual NNI agencies is efficiently trans-
ferred to the knowledge commons and that it is widely shared. Such responsibil-
ity in itself might support and spur a greater role for the NNCO in enhancing
interagency coordination. The committee puts this example forth to illustrate the
role that enhanced interagency coordination could play in increasing the overall
effectiveness and efficiency of the nanotechnology EHS research enterprise.

At the committee’s November 2012 workshop, representatives of two fed-
eral agencies indicated that they were undertaking a mapping of their own re-
search activities onto the 2011 NNI strategy’s objectives. The NNCO could re-
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quire all NNI agencies to conduct such mapping, compile the results, and use
them to indicate how they intend to address overlaps and gaps in their activities.

Finally, to address PCAST’s criticism directly, the NNCO could reconsti-
tute the NSET to require that NNI agencies designate senior officials who have
budgetary authority in their agencies as members of the NSET.

Improving interagency coordination requires tracking of research that is
being conducted by the agencies and of how much is being spent on specific
projects. Since publication of the committee’s first report, two reviews of the
NNI have raised concerns about the need for the NNI to develop and implement
better performance metrics that can be used to track progress toward core objec-
tives. That need was a central theme of the 2012 Government Accountability
Office (GAO) report, which has as one of its two “recommendations for execu-
tive action” that “the Director of OSTP [Office of Science and Technlogy Poli-
cy] coordinate development by the NNI member agencies of performance
measures, targets, and time frames for nanotechnology EHS research that align
with the research needs of the NNI, consistent with the agencies’ respective
statutory authorities, and include this information in publicly available reports”
(p- 51). GAO (2012, p. 46) noted that earlier reviews had also flagged that need,
including a 2010 review by the National Nanotechnology Advisory Panel
(PCAST 2010) and NRC (2009).

Similarly, PCAST’s 2012 review of the NNI (pp. vi, 17) notes that “the
lack of clear metrics for assessing the impacts of Federal investments in nano-
technology remains a concern” and that it had raised a similar concern in its
2010 review of the NNI. PCAST calls on agencies to develop “mission-
appropriate” (p. 21) metrics and on the NNCO to track the development of ap-
propriate metrics and implement them to assess NNI outputs. (PCAST’s call for
such metrics is not limited to EHS concerns; it is related to all aspects of the
NNIL.)

Metrics are needed specifically for identifying the levels, types, and
sources of funding needed to ensure that interagency research efforts have suffi-
cient funding to meet specific goals and to complete research in fields identified
as having high priority.’> As noted earlier, the committee continues to believe
that accountability for fostering interagency collaboration in implementing a
research strategy requires more than what the NNI has done to date—identifying
what collaborative research is under way or contemplated—namely, putting into
place a means of estimating periodically (ideally at least once a year) funding
needs and of tracking and reporting progress toward meeting the needs. GAO
(2012, p. 51) reached a similar conclusion: “We also recommend that, to the
extent possible, the Director of OSTP coordinate the development by the NNI
member agencies of estimates of the costs and types of resources necessary to
meet the EHS research needs.”

3The absence of available funding data prevented the committee from revisiting the
resource estimates presented in its first report (NRC 2012).
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The committee is not aware of any effort by the NNCO to develop such a
set of metrics for estimating funding needs and tracking whether they are met.
We renew our call for the NNCO to do so.

Steps to Ensure Progress Toward Addressing Stakeholder Involvement

In Chapter 3, the committee rated progress toward “actively engaging di-
verse stakeholders in a continuing manner” (NRC 2012, p. 183) as yellow and
noted some specific examples of progress toward meeting this goal. Getting to
green in stakeholder engagement means encouraging the bright spots where
there is some momentum, simultaneously expanding on existing programs and
creating new ones. The NIOSH forum (NIOSH 2012) should be supported as an
annual event, not where the research and development (R&D) community is
located but where the opportunity for the greatest stakeholder engagement can
be found, and should be marketed directly to the stakeholder groups that were
underrepresented in the “first annual” event. Similar forums should be created,
perhaps aligned with the EHS categories of worker—consumer—environment or
value chain (raw materials—intermediates—final products). The forums could be
extended into standing bodies to ensure that stakeholder-engagement processes
are ongoing and inform all aspects of strategy development, implementation,
and revision. The public forums and standing bodies are critical for generating
and building engagement among the various stakeholders and will lead to more
buy-in at the outset of and throughout these processes.

In addition, the committee recommends the creation of a new Stakeholder
Advisory Council by the NNCO. It would help the NNCO to assess the effec-
tiveness of such efforts as those described in the previous paragraph and identify
opportunities to expand such forums to include other stakeholder groups and all
aspects of the research strategy. The members of the Stakeholder Advisory
Council would become key points of contact for the stakeholders that they rep-
resent that might be underserved, marketing such programs directly to their
peers, and collecting responses from them regarding better ways to engage.

There are models for such an advisory council. In its 2012 report (NRC
2012, pp. 170-171), the committee described NIOSH’s National Occupational
Research Agenda (NORA), specifically its establishment of both sector-specific
councils and a cross-sector council. Council members assist the institute in de-
veloping, implementing, and revising national and sector research agendas and
strategies, and in facilitating communications to and from their respective stake-
holder groups. The Stakeholder Advisory Council of Australia’s National Ena-
bling Technologies Strategy offers another model (Australian Government
2013). This standing council with diverse stakeholder representation meets regu-
larly to advise the government on nanotechnology and other enabling technolo-
gies. Its focus is broader than NORA but includes research strategies, including
policy issues, funding needs and priorities, sector and community communica-
tions and engagement, and information dissemination.
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Steps to Ensure Progress Toward Development
of Public—Private Partnerships

The committee determined that little or no progress had been made in cre-
ating well-defined effective partnerships as measured by execution of partner-
ship agreements, issuance of requests for proposals, and the establishment of
governance structure—hence, it denoted this indicator as red. Although there
have been few nanotechnology-based public—private partnerships, blueprints
from other scientific fields exist, such as the HEI. Founded in 1980, the HEI is a
nonprofit corporation chartered to provide scientific research on the health ef-
fects of air pollution. Its mission is to identify and fund high-priority research, to
provide independent review of HEI-based research, and to communicate HEI’s
results.

The HEI has funded and published or presented public reports on more
than 250 studies on a variety of topics, including carbon monoxide, air toxics,
nitrogen oxides, diesel exhaust, ozone, particulate matter, and other pollutants.
Its board of directors includes leaders of corporations, academe, NGOs, and
policy groups. EPA and representatives from the motor-vehicle industry—Ford
Motor Company, General Motors Corporation, and Chrysler LLC—fund the
organization, each with about a 50% share.

In addition to NIOSH’s nanotechnology-focused public—private partner-
ships discussed in Chapter 3, a nanotechnology EHS—focused public—private
partnership that could serve as a model was the Europe-based Nanotechnology
Capacity Building NGOs (NanoCap) (NanoCap 2009). The European Commis-
sion, under the FP6 Science and Society programme, funded the 3-year project
(2006-2009) which was organized to increase understanding of EHS risks and
ethical aspects of nanotechnology. IVAM is an independent research and con-
sulting firm of the University of Amsterdam Holding in the Netherlands that
conducts technologic, environmental, and occupational-health projects with
trade unions, environmental NGOs, industry, and government organizations. It
led a consortium of environmental NGOs (for example, the Baltic Environmen-
tal Forum, the European Environmental Bureau, and the Mediterranean Infor-
mation Office for Environment, Culture and Sustainable Development), trade
unions (such as European Trade Union Institute, Health and Safety Department),
and academic researchers (such as at the University of Aarhus interdisciplinary
Nanoscience center, Katholieke Universiteit Leuven, the Department of Public
health, the University of Amsterdam, and the Institute for Biodiversity and Eco-
system Dynamics). NanoCap developed and publically presented recommenda-
tions that enabled public authorities to address EHS risks related to nanotech-
nology. In addition, NanoCap’s goal was to encourage academe and industry to
focus on reduction of sources of nanoparticles and the inclusion of risk assess-
ment in their work.

The NNI signature initiatives are additional examples of public—private
partnerships, albeit not focused on EHS. The signature initiatives are collabora-
tions intended to spur the advancement of nanotechnology in the service of na-
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tional economic, security, and environmental goals. For example, the signature
initiative Nanotechnology Knowledge Infrastructure: Enabling National Leader-
ship in Sustainable Design is a multistakeholder group of scientists, engineers,
and federal agencies charged with developing a multidisciplinary collaboration
that integrates basic research, modeling, applications development, and ultimate-
ly a nanotechnology data infrastructure to support data-sharing and collaboration
(NNI 2013).

Overall, getting to green on “conducting and communicating the results of
research funded through public—private partnerships” may require a public—
private partnership approach similar to the HEI but with a focus on nanotech-
nology EHS issues, such as NIOSH’s efforts or the European-based NanoCap.
Five critical elements for an effective public—private partnership are a strong
independent and accountable governance structure, adequate and shared fund-
ing, specific and agreed-on goals, transparent sharing of results and information,
and appropriate confidentiality agreements. To that end, the committee recom-
mends that NNI government agencies, individually and jointly, spur the organi-
zation of well-focused public—private partnerships; however, the governance
structure needs to extend well beyond the agency. For example, HEI’s Board of
Directors is a recommended governance model. However, unlike the HEI’s au-
tomotive-industry focus, no single market or industry binds all nanotechnology
research, so there may be a need to establish multiple sector-specific or material-
based public—private partnerships (for example, a CNT-based public—private
partnership that includes CNT manufacturers, researchers, and other key stake-
holders).

Partners should share in the funding of the public—private partnerships;
this would help to ensure active participation of all parties in moving toward
clearly articulated and agreed-on goals. Although the goals will depend on the
nature and scope of the specific partnership, some basic goals modeled on those
of HEI would provide direction applicable to all public—private partnerships.

Public—private partnerships should foster open sharing of information, both
internally among partners and externally with a broader audience, via reports, con-
ferences, and other media. Public—private partnership agreements should take into
account the confidentiality concerns of industrial partners. It is understood that the
organization of an effective and well-run public—private partnership takes time, but
NNI agencies should increase their efforts to initiate partnership programs because
they are critical for the implementation of the research strategy; without them,
research progress will be slower and more limited.

The committee recognizes that there are mechanisms that allow agencies
to share and pool resources for collaborative projects. An example is the joint
funding of federally funded research and development centers (FFRDCs), such
as the EPA- and NSF-funded University of California Center for Environmental
Implications of Nanotechnology and the Center for Environmental Implications
of Nanotechnology.
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Steps to Ensure Progress Toward Addressing Conflict of interests

Conflict of interest is an issue of public concern that affects many societal
sectors and institutions, both public and private. From government agencies, aca-
demic institutions, and professional organizations to industry, financial insti-
tutions, and nonprofit organizations, that concern has resulted in the proliferation
of conflict-of-interest policies, reporting and disclosure requirements, and training
programs meant to restore or ensure public confidence and trust.

In one widely used definition, conflict of interest is described as “a set of
circumstances that creates a risk that professional judgment or actions regarding a
primary interest will be unduly influenced by a secondary interest” (Lo and Field
2009, p. 46). By statute, the NNI was established with dual functions—promoting
the development and commercialization of nanotechnology applications and un-
derstanding and mitigating their EHS implications—and that created a set of cir-
cumstances in which conflict of interest is almost inherent.

The current allocation of its research dollars ($105 million requested for
EHS research in 2013 of a total NNI request of $1.8 billion) is perhaps the most
visible manifestation of the conflict. It is clear that applications R&D takes pri-
ority over EHS risk research, so it is understandable that some stakeholders may
question or have concerns about the NNI’s ability to pursue research on EHS
implications with vigor and integrity. The tension between the dual roles of NNI
is exacerbated in that the results of EHS research may inform regulatory deci-
sions and affect the developers and users of nanotechnology applications.

Given the almost inherent conflict, it is critical that the NNI focus particu-
lar attention and energy on ensuring that all stakeholders—including workers
and the consuming public—trust the integrity of its EHS research enterprise. As
noted in the committee’s first report, the separation of nuclear-power R&D (as-
signed to the Department of Energy) from risk research and risk management
(assigned to the Nuclear Regulatory Commission) is one model for addressing
the inherent conflict between the federal government’s interest in developing a
new technology and managing the associated risks.

In Chapter 3, the committee assessed progress toward addressing two in-
dicators for managing conflicts of interest. The committee determined that little
progress had been made toward “achieving a clear separation in management
and budgetary authority and accountability between the functions of developing
and promoting applications of nanotechnology and understanding and assessing
its potential health and environmental implications” (NRC 2012, p. 183), and
this indicator was designated red. Some progress was deemed to have been
made in the “continued separate tracking and reporting of EHS research activi-
ties and funding” (NRC 2012, p. 183), so this indicator was yellow.

To move those indicators toward green, actual or perceived conflicts that
arise from the NNI’s dual mission could be addressed through structural and
managerial changes—driven by changes in the NNI’s authorizing statute or by
changes that the NNI and its participating agencies could implement themselves.
Such changes do not seem to be forthcoming; indeed, in its 2013 budget sup-
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plement (NSET 2012b), the NNI noted that such actions are “unlikely or not
needed”. The committee continues to believe that the NNI writ large would ben-
efit from a clearer separation of authority and accountability for its EHS re-
search enterprise. It would not only advance stakeholder trust and confidence in
the seriousness of the NNI’s commitment to responsible development, especially
the integral importance of its EHS research mission, but would help to address
the need for better integration and coordination of EHS research throughout the
NNI. The committee urges the NNI to review and reconsider the variety of mod-
els, mechanisms, and managerial processes noted in the committee’s first report.
Until such changes in structure, management, and budgetary processes are
made, greater transparency will be key in getting to green.

Even within its current remit, greater transparency can help to address
concerns about possible conflicts of interest and real or perceived bias within the
NNI research community.* The NNI has already made some progress in enhanc-
ing transparency for its EHS research, for example, by improving the tracking
and reporting of EHS research activities and funding and by providing narrative
information on agency-specific EHS research activities and projects in the NNI
supplement to the president’s FY 2013 budget. Further efforts to enhance the
timeliness, specificity, and accessibility of information about EHS research pro-
jects are needed, including development of clearer guidance on how agencies
should differentiate between research directly relevant to EHS risk and applica-
tions-oriented research with EHS implications.

Transparency and trust can be further advanced through creation of and
adherence to strong scientific-integrity policies at the agency level. Following a
presidential memo on the topic, OSTP issued guidelines for scientific-integrity
policies in 2010 (Holdren 2010), and most departments have developed policies
and plans in response.’” The NNI should periodically review the scientific-
integrity policies of its participating agencies to ensure continued attention and
adherence to the key principles of scientific integrity—a cornerstone of public
trust in the scientific enterprise of public agencies.

The NSET, the NNCO, and NNI agencies should explore additional
mechanisms to foster transparency and thus minimize and manage any concerns
about conflicts of interest and bias. For example, the NNCO or NNI agencies
could create an ombudsman position to receive, investigate, and resolve com-
plaints or concerns about bias and conflicts of interest in the NNI’s research
portfolio. The NNCO could also develop and disseminate best practices for

“For definitions of conflict of interest and bias, see Appendix B in the Keystone Cen-
ter’s report from the Research Integrity Roundtable, Improving the Use of Science in
Regulatory Decision-making: Dealing with Conflict of Interest and Bias in Scientific
Advisory Panels and Improving Systematic Scientific Reviews (Keystone Center 2012).
For hypothetical examples of conflict of interest and bias, see Appendix 1 in the Biparti-
san Policy Center report Improving the Use of Science in Regulatory Policy (Bipartisan
Policy Center 2009).

SFor an assessment of and link to agency scientific-integrity policies, see UCS (2012).
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identifying, managing, and preventing conflicts of interest and bias in the plan-
ning, conduct, and reporting of research—especially for entities engaged in re-
search on both nanoscience applications and their EHS implications. Identifica-
tion of best practices, with appropriate checks and balances, should be informed
by input provided through a multistakeholder process that includes workers,
consumers, health and environmental NGOs, large and small businesses, and
researchers in the public and private sectors. Attention to frequency, timeliness,
substance, and inclusivity of stakeholder engagement activities can also enhance
trust and transparency.
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INTRODUCTION: A VISION FOR THE FUTURE

In the previous chapters of this report, the committee examined research
and infrastructure developments related to environmental, health, and safety
(EHS) aspects of engineered nanomaterials (ENMs). The committee assessed
findings from recently released US and European Union reports that provide
global perspectives on the needs for advancing EHS nanotechnology research
(see discussion in Chapter 2). The committee examined trajectories of progress
in the research and infrastructure priorities articulated in its first report (Chapter
3) and identified critical barriers to progress and steps that are needed to ensure
that progress is made (that is, to get to green) (Chapter 4). The present chapter
builds on Chapters 3 and 4 to address overarching issues that are relevant to
ensuring timely progress in the committee’s research priorities. It amplifies is-
sues included in the overall charge on the basis of the committee’s review of
progress since the first report and provides a means to address the criteria for
assessing research progress over the longer-term described in that first report. As
part of this evaluation, the committee presents a construct (Figure 4-1) that pro-
vides an overall vision of a comprehensive research enterprise on the potential
EHS risks posed by ENMs, capturing the interrelated and interdependent re-
search activities that are driven by the evolving production of ENMs. That con-
struct highlights critical interactions among members of the research community
and the wider group of stakeholders and the importance of a coordinated infra-
structure to ensure that the efforts of the research community are optimized.
These themes are reflected in the committee’s longer-term criteria for addressing
research progress and address issues such as the level of interaction and collabo-
ration among key stakeholders; the coordination and integration of the research
strategy with regards to planning, budgeting, and management; accessibility of
information to interested stakeholders; and the feasibility of conducting the re-
search in a timely manner so that it is responsive to stakeholder and decision-
maker needs.
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In this chapter, the committee provides a broader perspective and sugges-
tions for creating a successful portfolio of risk-related research. Both here and in
the first report, the committee has highlighted that Zow a research strategy is
implemented is just as central to its success as is its scientific or technical con-
tent. A strategy for risk research should recognize the inherent technical and
cultural obstacles that researchers and the broader community can face in build-
ing knowledge about potential EHS risks. Such considerations are vital for creat-
ing a robust global research community that can successfully identify the risks
associated with emerging ENMs while providing strategies for minimizing the
risks. A successful research enterprise, as shown in Figure 4-1, will provide
findings of immediate relevance to the responsible development of nanotechnol-
ogy, and sustaining that enterprise will be of interest to all its diverse stakehold-
ers to ensure that risk is effectively managed.

This chapter offers a vision of a global research enterprise that will be the
vehicle for answering current and future questions about the potential risks
posed to human health and the environment by ENMs. The overarching (or ul-
timate) goal of the enterprise is to generate the information needed to design
materials and processes to be safer from the outset—to reduce or eliminate haz-
ards and risks to human health and the environment; for example, see Hutchison
(2008) on “greener nanoscience” and NIOSH (2012) for a more general descrip-
tion of “prevention through design”. In this chapter, the committee projects to a
time beyond the domain of its current research recommendations to consider
how questions about risk can be best approached in an adaptive and continuing
manner so as to update priorities for research and identify concerns constantly.
The chapter is aspirational and goes beyond setting out a prospective research
portfolio to consider how future concerns can be anticipated and addressed.

The general approach recommended by this committee is germane not on-
ly to ENMs but more broadly to any emergent technology or class of materials
that may be perceived to pose a risk. Prospective and continuing assessment of
potential hazard clearly is vital, and Figure 4-1 incorporates three key elements
of the approach that are the focus of this chapter and are discussed below:

e A governance structure, including designation of an institutional lead
with sufficient authority and accountability, clearly defined metrics for gauging
research progress, coordinated communications with and engagement of all
stakeholders, leveraged public—private partnerships, and principles that prevent
conflicts between applications and implications of nanotechnology research.

e Stable, long-term support and incentives for sustaining the research
community and engaging interdisciplinary and international researchers.

e An adaptive decision-making process that integrates the latest nano-
technology EHS information from all over the world into a “knowledge com-
mons” and provides sufficient funding and incentives, with input from multiple
stakeholders, to illuminate the path toward ENM design, application, and high-
priority risk research.
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EFFECTIVE GOVERNANCE

Throughout its deliberations, the committee has repeatedly concluded that
stronger governance of nanotechnology EHS research is needed to manage, di-
rect, and disseminate results of the numerous research activities. Achieving ef-
fective governance is no small task. Considering the applications and implica-
tions of nanotechnology requires enormous scale, input from diverse sectors,
and a comprehensive systems-driven approach to science. Unlike some other
“big science” research approaches, such as the Human Genome Project, the ap-
plications of nanotechnology permeate virtually every sector of our society and
economy. Such broad reach means that nanotechnology and related EHS issues
span the missions and jurisdictions of many government agencies and intersect
with the activities and interests of many stakeholders, including businesses, the
academic community, consumers, workers, and myriad organizations that make
up civil society. Governance should actively engage all those in the process of
managing nanotechnology EHS research.

Nanotechnology’s applications and its EHS implications are closely inter-
twined. That is, the novel or enhanced physical and chemical characteristics of
ENMs (such as greater reactivity or solubility than that of the larger “bulk” ma-
terial of the same chemical composition) that are being exploited in new applica-
tions may also lead to biologic behaviors of potential concern for environmental
or human health. In addition, knowledge of the uncertainties in physical and
chemical ENM characteristics is needed for estimation of design risk in the cas-
es of materials, products, and applications and for estimation of EHS risks. Ap-
plications research is often relevant to our understanding of potential EHS risks
and vice versa, and this highlights the need for close collaboration of researchers
in both fields and for an infrastructure that supports more efficient and facile
information flow between and integration of the applications-research and im-
plications-research communities.

However, close researcher interaction does not necessarily imply that ap-
plications research and implications research should be jointly managed. Many
agencies conduct or fund both applications research and implications research in
nanotechnology under the aegis of the National Nanotechnology Initiative
(NNI). That coordinating body has as its mission both the development of nano-
technology and ensuring that such development is socially and environmentally
responsible. The dual mission contrasts with other big science initiatives that
focus principally or exclusively on technology development and application,
such as the aforementioned Human Genome Project and, more recently, the Na-
tional Institutes of Health (NIH) National Center for Advancing Translational
Sciences (NCATS) and the multiagency Toxicity Testing in the 21st Century
(Tox21) Initiative. Separation of applications research and implications research
in those fields naturally allays concerns that the drive to commercialize emerg-
ing technologies could overshadow the fledgling understanding of possible risks.
In nanotechnology, however, concerns regarding conflicts of interest between
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the dual objectives, the disparities in resource allocations, and the differential
rate of research progress are important to a number of stakeholders.

Strong governance that separates the management of technology develop-
ment from the management of EHS risk research is a potential solution. The
risks associated with early-stage technology are intrinsically riddled with uncer-
tainties; as this report alludes to in earlier chapters, the science needed to pro-
vide definitive answers is highly complex and integrative. Conclusions are not
revealed in a single study but develop from a laborious and consistent set of
work that may span years. When faced with the nuances of risk research, an or-
ganization that is in large measure evaluated by its success in technology devel-
opment may not be perceived as able to set priorities effectively among either
resources or topics for risk research.

If the potential research synergies and cross-fertilization between applica-
tions research and implications research are to be realized, concerns about the
true equality of the dual objectives of “responsible development” must be ad-
dressed. Only then can all stakeholders trust that there is an equitable allocation
of resources and an appropriate focus on the most risk-relevant questions.

One symptom of weak governance is the challenge of maintaining regular
communication and coordination at all levels—between researchers in the Unit-
ed States, foreign researchers, and relevant stakeholders. In the United States,
many research activities on ENMs have been under way for some time and are
supported through coordinated efforts that include conferences and workshops.
But the level of information-sharing and communication among the participants
and with other stakeholders remains primarily informal and in the committee’s
judgment is insufficient. That is also true globally; effective alignment in nano-
technology EHS research strategies could provide enormous leverage to many
countries that have active nanotechnology-research portfolios. It is important to
recognize that constructive collaborative initiatives between the United States
and the European Union are already under way (Finnish Institute of Occupation-
al Health 2012).

With or without infusion of additional funds, the value of communication
among investigators who are generating new nanomaterials and those who are
studying EHS issues will need to be substantially improved. Improvements in
collaboration and coordination among federal and nonfederal researchers would
enhance the likelihood that research produces information that supports effective
public-policy and private-sector decisions and ultimately protects the environ-
ment and human health. An integrated and well-coordinated program on both
national and global scales would help to ensure that research findings provide
the evidence needed to inform decisions so as to effectively manage and, ideally,
prevent EHS risks. The continued challenges of communication and coordina-
tion, in spite of many good-faith efforts, are notable. There have been many ef-
forts in the United States and abroad to identify and address research needs re-
lated to the safe use of nanotechnology but little continuity and follow-through
to ensure that the needs are being addressed.
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The committee summarizes below several core aspects of effective gov-
ernance that reinforce recommendations that it offered in its first report (NRC
2012). The suggestions help to address the challenges of coordination among
researchers, communication with external stakeholders, and perceptions of con-
flict of interest.

Empowered leadership. 1f all agencies are responsible, to some degree, for
nanotechnology EHS research, no agency can be held clearly accountable for its
management and progress. Our nation needs empowered leadership for nano-
technology risk research directed through a governance structure that clearly
defines the metrics used to gauge progress and the roles and means of engage-
ment of researchers and stakeholders. Without such leadership, efforts are likely
to result in wasteful and duplicative efforts, fractured results, and knowledge
gaps that could seriously dilute the science that underpins policy and regulatory
decisions. Moreover, the gap in empowered leadership of nanotechnology EHS
research at the federal level has made coordination and communication chal-
lenging and left the enterprise open to perceptions of conflicts between technol-
ogy development and risk research.

Such leadership requires a stronger central convening authority than the
NNI can now provide—one that has sufficient management and budgetary au-
thority to direct implementation of a research strategy throughout all the NNI
agencies and to ensure its integration with EHS research undertaken in the pri-
vate sector, the academic community, and international organizations (NRC
2012, pp. 16-17). The committee recognizes that attaining that objective fully
may require changes in the statute that established the NNI; as noted in our first
report, such legislation was introduced but not adopted in the 111th Congress
(NRC 2012, p. 166). Movement in the desired direction could be achieved
through the designation of one of the NNI agencies whose mission includes EHS
as the lead agency for directing EHS research throughout the federal govern-
ment. Alternatively, it may be possible to establish a new entity to serve this
function in analogy to the NIH NCATS.

Metrics of research progress. Delineation and tracking of clearly identi-
fied metrics of research progress are well suited to the capabilities of a central
organization devoted to oversight of nanotechnology EHS research. Establish-
ment of defined metrics that measure progress toward goals of a research strate-
gy has been recommended by this committee (NRC 2012) and in other reviews
of the NNI to increase the accountability of agencies and researchers. The spe-
cific needs include development and implementation of performance metrics
that can be used to track research progress against core objectives, establishment
of a rigorous means of assessing whether funded programs are conducting risk
research, and periodic estimation of the levels and identification of the sources
of funding needed to meet the specific goals and priorities defined by the agen-
cies and the broader community.

As part of this activity, it is vital to strive for greater transparency in
communicating the distribution of research in one’s portfolio. Agencies need
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clearer guidance in differentiating between research directly relevant to EHS
risk and applications-oriented research that has more indirect EHS implications.
If research that centers on risk questions is clearly differentiated from research
that develops applications with more distant EHS relevance, information on the
relative amounts of funding allocated to the two will be viewed as more credible
by many stakeholders.

Sustained coordination and communication with all relevant stakeholders.
In spite of good-faith efforts, the committee finds that more structured, reliable,
and continuing forums are needed both for communication among researchers
(in the United States and globally) and for stakeholder engagement. For exam-
ple, as uses of ENMs extend globally, research on the potential EHS conse-
quences of ENMs should be considered globally. The committee’s workshop
that informed the present report provided a perspective on an extensive slate of
research under way in Europe and elsewhere. The government should invest in
such a way as to ensure that the research enterprise outlined in Figure 4-1 fully
engages the global research community. Such engagement will widen the array
of materials covered, provide analyses that address diverse and heterogeneous
exposures and outcomes, and facilitate development of validated models.

Another important audience that needs to be engaged is stakeholders who
are not part of the nanotechnology EHS research community. With that in mind,
the committee has identified a number of attributes of effective stakeholder en-
gagement that are largely missing from the NNI’s efforts. It is especially im-
portant to provide a process to continuously engage stakeholders and to receive
their input on research progress and priorities. That could be accomplished
through, for example, the establishment of standing advisory bodies that meet
regularly to review strategy development, implementation, and priorities. Such
stakeholder groups may be best formed around application-specific sectors of
nanotechnology and nanomaterials and encompass each of the links in the value
chain (for example, workers, consumers, environmental advocates, and produc-
ers of raw materials, intermediates, and final products). As an initial step, the
committee recommends that the National Nanotechnology Coordination Office
(NNCO) establish its own stakeholder advisory council to develop best practices
for this vital function and commit to funding regular workshops to bring togeth-
er US and foreign researchers who are working on nanotechnology EHS re-
search and other stakeholders.

Public—private partnerships. Engagement with stakeholders is important
for shaping research on nanotechnology-related risk, but it does not fully lever-
age the opportunity to expand and enrich risk research through focused partner-
ships with them. To implement the ambitious strategies outlined by the NNI
effectively, this committee and others will require substantial leveraging of fed-
eral funds, and the committee believes that public—private partnerships need to
be more fully developed. Not only do such structures create the potential for
greater resources, but direct stakeholder participation in partnerships that have
defined research or communication goals is optimal for engagement.
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The committee has identified five elements that are critical for effective
public—private partnerships: a strong independent and accountable governance
structure that provides transparency in selecting projects, conducting research,
ensuring quality, and disseminating results; commitments of adequate and
shared funding; open processes to develop priorities and specific goals; trans-
parent sharing and peer review of research, including a commitment to release
all research results and underlying data (NRC 2012, p. 173); and confidentiality
agreements that balance the proprietary needs of industry participants with the
public need to share information and make decision-making processes transpar-
ent.

Minimizing the potential for conflicts between applications research and
implications research. The committee maintains that the NNI would benefit
from a clearer separation of authority and accountability for its EHS research
enterprise and its mandate to promote nanotechnology development and com-
mercialization. The committee also acknowledges that, in the absence of a
change in its statutory mandate, establishment of wholly separate management
and budgetary structures and authorities for the NNI’s dual functions may not be
realistic. Nonetheless, steps can be taken at both the agency level and across the
initiative as a whole to address this concern.

Agencies should create and adhere to strong scientific-integrity policies
that govern both intramural and extramural research and should consider creat-
ing an ombudsman position to receive, investigate, and resolve complaints or
concerns about bias and conflicts of interest related to nanotechnology research.

The NNCO should also develop and disseminate best practices for identi-
fying, managing, and preventing conflicts of interest and bias in the planning,
conduct, and reporting of research. Different offices and senior staff members
that have parallel and comparable degrees of authority should be independently
responsible for program management of the two lines of research within an
agency. Moreover, agency scientists trained in the health or environmental sci-
ences should be engaged in management of EHS risk-related research where
possible.

SUSTAINING AND NURTURING RESEARCH EXCELLENCE

Whatever organization oversees the nanotechnology EHS research strate-
gy, among its most important functions will be to secure and maintain adequate
funding for the program. The research strategies outlined by the NNI and by this
committee cannot be accomplished without a sustained commitment over at
least the next decade. Such an investment will yield a more acceptable and ulti-
mately more successful nanotechnology economy. It is only through a clear un-
derstanding of the scientific data and uncertainties that possible EHS risks posed
by ENMs can be reduced. Such information accelerates nanotechnology devel-
opment, lowers barriers to the introduction of new nanotechnology-containing
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products in the marketplace, and ensures public trust in the regulatory processes
that protect the health of workers, the public, and the environment.

Multiple sources of funding are needed to support the research strategy,
but a sustained high level of management and funding through a single agency is
needed if indeed the critical research on EHS is to be accomplished. A success-
ful knowledge commons requires strong leadership. Such commitments of fund-
ing will not be possible in the absence of a lead agency or organization that sees
the issues as an essential part of its mission. Without such a lead organization to
sustain support for the EHS agenda in the competition for government resources,
the EHS nanotechnology research enterprise will falter, and we will not be able
to achieve the ideal of responsible nanotechnology development.

Funding is only part of the challenge, howevers; it is vital that the best re-
searchers in this country and beyond remain interested in and willing to tackle
this problem. Various cultures in government, academe, and industry both sup-
port and sustain individual scientists and investigative teams. “Cultural and in-
stitutional obstacles often discourage attempts to perform research across disci-
plines, agencies, and institutions (including public and private organizations).
Such obstacles can reflect historical tendencies to conduct research within par-
ticular disciplinary or organizational boundaries—for example, toxicology vs
epidemiology and government vs industry” (NRC 2001, p. 141). Moreover, a
scientist’s career advancement requires attention to institutional, rather than na-
tional, agendas. A role as coauthor of a multidisciplinary manuscript may do
little to advance an academic career if recognition is attached only to first or
senior authorship. Similarly, scientific journals typically focus on particular
fields and are reluctant to publish outside of their own scopes. Meetings of pro-
fessional societies often run parallel sessions with researchers partitioned into
focused sessions on physical science or biologic science, and this limits oppor-
tunities for cross-fertilization. All those factors taken together make it difficult
to assemble the best teams to tackle the research outlined in Chapter 4.

In recognizing such disincentives as they apply to multidisciplinary re-
search on EHS aspects of ENMs, the committee recommends that incentives be
established to foster joint planning and information exchange. Examples of such
incentives are enhanced support to give higher priority to multidisciplinary, in-
tegrated EHS aspects of ENMs; frequent multisponsor, multidisciplinary meet-
ings to build a community of investigators addressing EHS aspects of ENMs;
and a cross-agency budget for key multidisciplinary research initiatives. Such
efforts might go a long way toward eliminating or at least decreasing the barriers
that limit the broad perspective required in tackling the complex subject of EHS
aspects of ENMs.

ADAPTIVE DECISION-MAKING AND KNOWLEDGE-SHARING

All stakeholders in nanotechnology EHS research, whether they are citi-
zens or academic researchers, should have access to the growing body of
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knowledge surrounding nanotechnology-related EHS concerns. Such a resource
would help to improve public understanding, inform policy-makers, offer data
for future researchers, and shape the future focus of the research. As envisioned
in Chapter 4, the diverse audiences would be served by the same resource—
termed a knowledge commons—because it would provide information relevant
to nanotechnology EHS research at multiple levels of detail. The resource would
also provide an archival function: all data collected during the course of nano-
technology EHS research would be available to future generations of research-
ers.

For researchers, the most important aspect of the knowledge commons is
access to existing data. The knowledge commons would provide storage for raw
data or links to data derived from the processed data and would offer some cura-
tion, annotation, and linkages of datasets. Those features would make it possible
to establish the provenance, reproducibility, and uncertainty of future data and in
effect “bank” them for consideration by future researchers. The knowledge
commons would provide a means of augmenting the current print literature digi-
tally to access and compare raw data; evaluate their quality, uncertainty, and
reproducibility; and augment collaboration to evaluate risk associated with both
applications and implications of nanotechnology (Priem 2013). As presented in
Chapter 4, research on nanotechnology-related risk is a highly multidisciplinary,
systems-level scientific challenge; shared databases and knowledge commons
are vital for rapid progress in that they permit the integration of information
among material types, species, and exposure routes.

For interested stakeholders (such as regulators, scientists, workers, and
consumers) who are not actively engaged in the research, the knowledge com-
mons could serve as an excellent resource for meta-analysis of multiple publica-
tions, continuing research projects, and datasets. Summaries of research projects
that lay out the key participants, goals, methods, models, underlying hypotheses,
resource levels, schedules, and expected deliverables, and resulting publications
or other avenues to access findings could be vital for adapting the priorities of
nanotechnology EHS research in the United States. The availability of such in-
formation on line and regularly updated would serve to stimulate interactions,
identify gaps, and avoid unnecessary duplication by researchers. It would also
facilitate oversight of the nanomaterial research program and provide greater
accountability for research progress. It may be possible to engage researchers to
offer snapshots or meta-analyses of the state of knowledge in their own fields,
and this information could feed into an adaptive decision-making process that
constantly evaluates the evolving consensus developing in the research commu-
nity on such key issues as those presented in Chapter 4.

Finally, the knowledge commons would provide context for addressing
and satisfying the widely recognized need for improved terminology for ENM
structures, experiments, characteristics, models, effects, and uses. It is vital that
the terminology used in one study be compatible with that used in other studies.
An ideal solution envisions a common taxonomy for all nanomaterials, methods,
and risk-related data; however, attempts at even the simplest nomenclature have
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been under way for years and have yet to yield universally accepted definitions
of even the most basic ENMs.

A more pragmatic approach would be to develop ontologies and thesau-
ruses that in effect map a given set of defined terms onto other commonly used
sets to permit data to be fully shared even if researchers in different disciplines
adopt different conventions for nomenclature formatting and reporting. Bioin-
formatics provides relevant examples of what can be accomplished with these
techniques; for example, the National Cancer Institute’s Metathesaurus provides
synonyms that link cancer research and trial resources (NCI 2013) and linkages
to hundreds of resources accessible through the National Library of Medicine
(NLM 2013). There is far less controversy in defining ontologies for particular
domains of knowledge and practice, but ontologies require the deep engagement
of the research community in mapping terms among disciplines, conventions,
and business practices. Without such tools, progress toward the ideal laid out in
Chapter 4 and the NNI’s own research strategy will be severely compromised.

Ultimately, the goal would be to encourage all researchers to label and or-
ganize their materials by using one of several accepted and defined ontologies.
There will need to be a working convention that describes target materials of
interest and presents several options for their nomenclature. The terminology
challenge extends to the description of the key characteristics and properties of
ENMs at different levels of granularity—from atomistic and molecular through
single particles, aggregates, structures, and systems for use in experiments,
models, manufacture, and application. ENMs’ properties determine their novel
or enhanced physical, chemical, and biologic behavior, and future definitions
can incorporate readily measurable properties, such as particle diameter and size
distribution. Decision-makers charged in the near term with inventorying or reg-
istering ENMs have sometimes adopted definitions out of necessity, and these
frameworks could be the basis of ontologies. If those approaches are coupled
with the ability to adapt rapidly to new findings or growing consensus in the
research community, they are likely to become widely adopted.

Ontologies are tools for researchers and should not be used to generalize
ENM properties or risks. As has been shown in multiple studies, the starting
features of an ENM are only a few of the many attributes that define their ac-
tions in biologic or environmental systems. As scientific understanding grows,
the best terms for describing ENM properties will become clearer to the com-
munity. Ontologies provide an excellent approach for capturing that evolution in
that they will allow publications from the 1990s to be related to more recent
literature. However, achieving such results will require continuing investment in
not only the informatics infrastructure but the personnel required to maintain the
enterprise: the data scientists, curators, and informaticists necessary to define
terms authoritatively, evaluate the quality and reproducibility of experimental
data and models, conduct validations, and aid users. Support of these activities
by research scientists will be necessary, particularly in providing expert opinion
and analyses. Equally important is the recognition that informatics specialists
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provide crucial capabilities for planning, developing, and using the infrastruc-
ture discussed here (Monastersky 2013).

CONCLUSION

Characterization of the risks posed by ENMs throughout their life cycle is a
scientific challenge that requires integrated, quantitative, and systems-level ap-
proaches. It is also an institutional challenge that stretches the conventional roles
of agencies and researchers alike. Strong governance will be vital for ensuring
effective, timely, and actionable research results. Ideally, empowered leadership at
the federal level with oversight by a single agency would solve many of the organ-
izational barriers perceived by the committee. Centralized attention to the argu-
ments for sustained funding for this research and for the infrastructure needed to
support data-sharing would be wise investments. The ideal of responsible devel-
opment of nanotechnology is both daunting, but there is no doubt that it is attaina-
ble if we plan well for the substance of the research and for the management infra-
structure needed to shape and disseminate its findings.
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Statement of Task

The National Research Council will develop and will monitor the imple-
mentation of an integrated research strategy to address the environmental,
health, and safety aspects of engineered nanomaterials. This study will create a
conceptual framework for environmental, health, and safety-related research;
develop a research plan with short- and long-term research priorities; estimate
resources necessary to implement this research plan; and subsequently evaluate
research progress over a three year period. The committee will take into consid-
eration current and emerging uses of engineered nanomaterials and the scientific
uncertainties related to physical and chemical properties, potential exposures,
toxicity, toxicokinetics, and environmental fate of these materials. In its evalua-
tion the committee will also consider existing research roadmaps and progress
made in their implementation.

Two reports will be prepared over a 4-year period. The first report, which
will be released within 18 months of study inception, will present a conceptual
framework and priorities for the research program, identify the most important
short-term and longer-term research priorities, develop a strategy for monitoring
and evaluating research progress, and estimate the resources needed to imple-
ment this strategy. A second and final report at the end of the study will evaluate
research progress and update the research priorities and resource estimates based
on results of studies and emerging trends in the nanotechnology industry. The
committee will not estimate actual risks or benefits associated with environmen-
tal, health, and safety aspects of nanomaterials.

The first report will consider:
e What properties of engineered nanomaterials need to be considered to

assess their potential exposures, toxicity, toxicokinetics, and environmental fate?
What standardization of testing materials is needed?
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e What methods and technologies are needed for detecting, measuring,
analyzing, and monitoring engineered nanomaterials? What gaps in analytical
capability need to be addressed?

e What exposure, toxicology, toxicokinetic, human health and environ-
mental fate studies are needed for assessing the risks of engineered nanomateri-
als?

e What testing methods should be developed for assessing the potential
toxicity, toxicokinetics, and environmental fate of engineered nanomaterials?

e What models should be developed for predicting the impacts of engi-
neered nanomaterials on human health and the environment?

e What are the research priorities for understanding lifecycle risks to hu-
mans and the environment from applications of nanotechnology?

e What criteria should be used to evaluate research progress?

The second report will address the following issues:

e What research progress has been made in understanding the health, en-
vironmental, and safety aspects of nanotechnology? How does the research pro-
gress affect relevance of the initial set of research priorities?

e How have market and regulatory conditions changed and how does this
affect the research priorities?

e Are the criteria for evaluating the research progress on the health, envi-
ronmental, and safety aspects of nanotechnology appropriate?

o Considering the criteria developed, to what extent have short-term and
long-term research priorities been initiated and implemented?

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18475

Research Progress on Environmental, Health, and Safety Aspects of Engineered Nanomaterials

Appendix C

Workshop Summary:
Research Progress on
Environmental, Health, and
Safety Aspects of Nanotechnology

On November 7, 2012, the National Research Council Committee to Devel-
op a Research Strategy for Environmental, Health, and Safety Aspects of Engi-
neered Nanomaterials held a workshop to obtain input on research progress since
release of the committee’s first report, 4 Research Strategy for Environmental,
Health, and Safety Aspects of Engineered Nanomaterials (NRC 2012) and to learn
of other efforts that were under way to address scientific uncertainties and infra-
structure needed for a robust approach to research on EHS issues related to ENMs.
The workshop featured presentations by federal agency and foreign officials, aca-
demic researchers, and representatives of nongovernment organizations and indus-
try on the scientific and regulatory framework for EHS research, on recent re-
search progress, and on applications of the results of research to risk management.
Panel discussions provided opportunities for expanded discussion of many of the
issues raised during the presentations. The information gathered in the workshop
informs the committee’s present report.

Setting the Stage—Emerging Issues and Emerging Materials

In response to questions regarding the possible EHS risks posed by ENMs,
the workshop documented increased efforts by government agencies—in partic-
ular the NNI, academic institutions, and industry—to investigate, translate, and
communicate information on the environmental and health aspects of nanotech-
nology. This workshop was part of the committee’s information-gathering effort
to improve understanding of the evolving research landscape as it developed its
report. In opening remarks to the workshop participants, Jonathan Samet, of the
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University of Southern California, chair of the committee, reviewed the charge
to the committee and key messages from the committee’s first report, which was
released in January 2012.

Maxine Savitz, a member of the President’s Council of Advisors on Science
and Technology, described the NNI’s investment in nanotechnology and specifi-
cally in EHS research. She commented on recommendations in the Report to the
President and Congress on the Fourth Assessment of the National Nanotechnolo-
gy Initiative (PCAST 2012). Specifically, Dr. Savitz highlighted needs for a high-
er-level authority that is accountable for EHS research to ensure that better policy
is made; for an increase in the EHS nanotechnology research budget to about $25
million in cross-cutting fields, including informatics and instrumentation devel-
opment (a recommendation originally made in the present committee’s first re-
port); for an emphasis on partnerships and interagency collaborations; for greater
attention to worker safety by industry; and for individual agencies to have imple-
mentation plans that result from the federal strategic plan.

Michael Holman, of Lux Research, described trends in nanotechnology
commercialization. The nanotechnology industry is no longer focused on manu-
facture of novel nanomaterials but is interested in integrating the materials into
intermediate products. For example, he commented that most of the industry’s
effort will focus not on novel material classes but on successful integration (and
novel uses) of known nanomaterials—carbon nanotubes, metal nanoparticles,
ceramic nanoparticles (silicon dioxide and aluminum and zinc oxides), quantum
dots, nanostructured metals and ceramics, and nanoporous materials. Dr. Hol-
man also described movement away from improvement of existing products to
enabling new ones. The shift is evident in the solar and nanomedicine fields. In
addition, small and large companies are shifting from emphasizing “nano per se”
to emphasizing how nanotechnology innovations solve problems. For example,
in 2002-2007, many large companies had central nanotechnology initiatives;
now, nanotechnology activities are typically incorporated into the business
(functional) teams. Startups are less likely to term themselves nanotech compa-
nies and more likely to define themselves by the applications of their products.

Jim Alwood, of the US Environmental Protection Agency (EPA) Office of
Pollution Prevention and Toxics, reported that under the Toxics Substances
Control Act more than 140 new chemical notices for ENMs have been received
since 2005 (30 related to carbon nanotubes or fibers). However, Mr. Alwood, a
regulator, commented that there is not much information on existing uses of
ENMs and on what materials are being manufactured. He acknowledged that
materials cannot be regulated case by case, but stated that categories of nano-
materials need to be developed, as happens in EPA’s chemical program, and
data on nanomaterials need to be integrated into risk assessments to identify
those that are of concern for risk management. Mr. Alwood commented that the
most important data needs are for characterization of ENMs and for understand-
ing exposures.

Georgios Katalagarianakis, of the European Commission (EC), discussed
initiatives in the European Union (EU), including the Communities of Research
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(CoR) launched in a joint EU-US effort by the EC and the National Nanotech-
nology Coordination Office (NNCO), to address EHS questions about ENMs
and to advance the field collaboratively.

Institutional Needs to Support the Research Enterprise

In its first report (NRC 2012), the committee identified institutional ar-
rangements and mechanisms that need to be addressed better to support implemen-
tation of the research enterprise, including fostering interagency interaction, col-
laboration, and accountability; developing and implementing mechanisms for
stakeholder engagement; advancing integration among sectors and institutions
involved in EHS research, including public—private partnerships; and implement-
ing structural changes aimed at conflicts of interest. Representatives of federal
organizations—including Sally Tinkle, NNCO; Tina Bahadori, EPA; Christopher
Weis, National Institute of Environmental Health Sciences (NIEHS); Charles
Geraci, National Institute for Occupational Safety and Health (NIOSH); Mike
Roco, National Science Foundation (NSF); Teresa Croce, US Food and Drug Ad-
ministration (FDA); and Scott McNeil, National Cancer Institute (NCI)—
addressed a number of those themes and provided examples of recent efforts.

Dr. Tinkle reviewed efforts to map the NNI’s EHS research-strategy goals
to its strategic plan; further mapping will occur in the NNI’s supplement to the
president’s 2014 budget. The NNI is trying to establish a process for tracking re-
search progress. Dr. Tinkle commented that the NNI is considering requesting an
Office of Management and Budget data call-in every 3 years, as was conducted in
2006 and 2009, to obtain EHS nanotechnology project-by-project data from all the
federal agencies’ NNI projects. She stated that a much higher-level review would
occur during the intervening years.

Dr. Weis described coordination efforts within NIEHS and with other feder-
al agencies, including FDA, NIOSH, and EPA. He commented on the successful
coordination involved in the development of the NIEHS strategic plan, which is
now being implemented, and emphasized that quality assurance and careful char-
acterization of ENMs are needed for communication and exchange of data and
findings.

Dr. Geraci discussed how NIOSH’s work is closely aligned with that of oth-
er agencies’ goals and how NIOSH coordinates with the NNI and external partners
in the private, academic, government, and international sectors. He described ef-
forts aimed at stakeholder engagement, including direct engagement with the na-
nomaterial industry through the site-visit program for nanomaterial manufacture
and use and through evaluation of materials and processes that are under devel-
opment. Dr. Geraci also described efforts to communicate results from NIOSH
public—private partnerships, including publication of research results from NIOSH
and development of memoranda of understanding at key research and develop-
ment centers; he stated that further development of public—private interactions is
needed.
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Dr. McNeil reported that NCI-Frederick (now called the Frederick National
Laboratory for Cancer Research or the Frederick National Lab [Reynolds 2012])
recently became a national laboratory and is able to conduct research through pub-
lic—private partnerships and with other agencies. It offers a niche where material
scientists, toxicologists, and others can, for example, examine specific questions
regarding interactions between nanomaterials and biologic systems. Dr. McNeil
provided several examples of the laboratory’s work with NIEHS and FDA on na-
nomaterials and an industry partnership to assess toxicity of nanocrystalline cellu-
lose.

Perspectives of Researchers

Several researchers discussed directions and initiatives that they considered
to have the highest priority for addressing uncertainties about EHS aspects of
ENMs. Martin Philbert, of the University of Michigan School of Public Health,
discussed the need to learn lessons from nanomedicine, emphasizing that drug
development takes longer than it used to and that public—private partnerships are
needed. He suggested the need to consider the “rule of six” for nanotechnology
EHS research that was originally developed to move clinical drug development
forward by identifying a simple set of physicochemical parameter ranges that the
compounds needed to meet for design and selection (see Keller et al. 2006). He
emphasized that there are few chronic safety studies on ENMs and that we need to
move beyond classical toxicology to less expensive, higher-throughput analyses.

Robert Tanguay, of Oregon State University, noted that ENM behavior
depends completely on a material’s inherent properties and that the goal of EHS
research is to develop methods for predicting behaviors from the inherent prop-
erties. He described progress toward filling research gaps: distribution of some
reference materials and their use in cross-evaluation of models, wider ac-
ceptance of minimum characterization standards (although perhaps not yet suffi-
cient), greater understanding of the dynamic behavior of ENMs, greater under-
standing of the need for precision engineering to support structure—response
relationship studies, and application of Tox21' principles to in vitro and in vivo
studies (for example, in zebrafish). However, the focus remains on simple mate-
rials with a heavy emphasis on silver ENMs and metal oxides. Apart from that
progress, Dr. Tanguay commented that the key toxicologic question remains:
What are the unique properties that influence toxicity? Dr. Tanguay described
research that is needed to explore the unique properties of ENMs systematically
and to understand how these properties influence molecular interactions and
biocompatibility. The needs include further development of characterization

Tox21 is a collaboration among EPA, NIEHS, the National Human Genome Research
Institute, the National Institutes of Health Chemical Genomics Center, and the Food and
Drug Administration that was established to leverage resources to advance the recommen-
dations in the 2007 National Research Council report Toxicity Testing in the 21st Century:
A Vision and a Strategy.
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methods for understanding the principles that drive the dynamic behavior of
materials, identification of a minimum set of testing platforms for comparative
ENM bioactivity assessments, development and distribution of standard materi-
als for calibrating assays, identification of more diverse sets of materials for
comparative testing, more aggressive data-sharing strategies, and implementa-
tion of an informatics platform for data-mining.

Mark Wiesner, of Duke University and a member of the committee, dis-
cussed work of the Center for the Environmental Implications of Nanotechnolo-
gy (funded by EPA and NSF) and the need to elucidate principles that determine
environmental behavior of nanomaterials and to translate data on the environ-
mental behavior of ENMs into risk. Dr. Wiesner asked, What nanomaterial
properties and environmental conditions control the spatial and temporal distri-
butions of nanomaterials in the environment? He emphasized the need to look at
next-generation nanotechnologies, in that much of the EHS community is still
focused on first-generation materials.

Development of Tools

Speakers talked about progress and innovations in the development of
tools—standard test and reference materials, methods to measure ENMs in
complex media, exposure and effects models, and informatics—to address the
research priorities. Vincent Hackley, of the National Institute of Standards and
Technology, described progress in detecting and measuring ENMs. He noted the
challenge posed by the lack of adequate characterization of materials in the pub-
lished toxicologic literature. That problem frustrates efforts to link ENM proper-
ties with biologic responses. There was discussion of how the research commu-
nity can meet the needs for reference materials better in light of the fact that
there is a gray area between traditional reference materials and “study” materials
that are sufficiently homogeneous, widely available, and well characterized.

Jamie Lead, of the University of South Carolina, described integration of
experimental data and their use in informing environmental-exposure models.
Exposure, aggregation, bioavailability, and toxicity models are available. Dr.
Lead commented that the models are more conceptual than quantitative and do
not treat complex media and systems accurately. There is a need to obtain better
data (coordinated with these models) so that values can be assigned to parame-
ters and models can be validated.

Nathan Baker, of the Pacific Northwest National Laboratory, commented
on the increasing number of informatics tools available for EHS nanotechnology
research. A number of communities have been established to facilitate develop-
ment and use of the tools, including the US-EU CoR for Databases/Ontology
and Modeling, the National Cancer Informatics Program Nanotechnology work-
ing group, and the National Nanomanufacturing Network Nanoinformatics
meetings. There are efforts to collect and archive metadata for data-mining and
meta-analyses, such as the Nanomaterial Registry, the Nano-Bio Interactions
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Knowledgebase, and the caNanoLab. However, data-mining is complicated by
several factors, including the sparseness of datasets collected on different mate-
rials with different conditions and the lack of systematic variation in collected
data. More incentives are needed for data-sharing and for integration of the vari-
ous informatics tools. During the discussion, the role of journal editors in help-
ing to tackle some of the issues was addressed. Dr. Baker commented that in the
future it will be essential to provide a standard format for sharing data but that at
this point it is important to engage the communities in the discussion.

Perspectives of Federal Agency Technical-Program Managers

Technical-program managers in EPA, NIEHS, NSF, and NIOSH discussed
current and planned research efforts to address high-priority research needs, in-
cluding how agency research projects and extramural funding efforts are being
shaped by emerging data.

Dr. Bahadori described some of the current EHS nanotechnology research
efforts in EPA, including projects in fundamental material characterization, fate
and transport of materials, ecosystem health, and human health. Dr. Bahadori
commented that the committee’s first report will not have an immediate impact
on inhouse research, but it does provide an opportunity to influence emerging
fields of research through requests for application.

Barbara Karn, NSF, described efforts to move the EHS nanotechnology
research program toward more complex generations of materials. Dr. Karn dis-
cussed program directions, including detailed material characterization; preven-
tion of adverse effects; development of instrumentation, sensors, methods, and
standards; a systems approach; and research to support sustainability. She de-
scribed the partnership of NSF and the Consumer Products Safety Commission
that was established in 2012 and expressed a hope that other research agree-
ments can be established.

Sri Nadadur, NIEHS, discussed research funding, including the NIEHS
Centers for Nanotechnology Health Implications Research (an interdisciplinary
program that comprises five U19” and three cooperative centers and other grant-
ees and is intended to learn how the “properties of ENMs influence their interac-
tions with biologic systems and potential health risks) and the Nano Grand Op-
portunity Consortium (whose major goals are to develop reliable and
reproducible assays, methods, and models that can be used to predict exposure
and biologic response to ENMs in different systems and laboratories)” (NIEHS
2012). He also described the National Toxicology Program (NTP) EHS nano-

2U19 is part the National Institute of Environmental Health Sciences Centers for Nan-
otechnology Health Implications Research. It is an interdisciplinary program that com-
prises five U19 and three cooperative centers and other grantees and is intended to in-
crease understanding of how the properties of ENMs influence their interactions with
biologic systems and potential health risks.
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technology research efforts. Dr. Nadadur related how the Chemical Effects in
Biological Systems database is being used to integrate and share EHS nanotech-
nology data generated by the NIEHS and NTP research programs.

Paul Schulte, NIOSH, commented that workers are the first people to be ex-
posed to nanomaterials. He described a recently released report, Filling the
Knowledge Gaps for Safe Nanotechnology in the Workplace (NIOSH 2012), that
documents research progress. Dr. Schulte discussed how the research priorities
outlined in the committee’s first report align with NIOSH initiatives. For example,
regarding the quantification and characterization of the origins of nanomaterial
releases, Dr. Schulte commented that NIOSH is conducting field assessments for a
variety of scenarios, including where materials are manufactured. Committee
members discussed NIOSH’s focus on more typical materials (for example, na-
nosilver), and Dr. Schulte said that the agency is trying to be more aggressive in
investigating them.

There was some discussion regarding the generation of large quantities of
data resulting from various federal research efforts and how to integrate the data.
Committee members questioned whether there is a cross-agency effort to syn-
thesize EHS nanotechnology data. Dr. Tinkle responded that there are efforts to
coordinate planning but no collective effort in interpretation of data, which is
left to the academic community. Another member rephrased the question in
terms of the committee’s desire to understand outcomes of federally funded re-
search, and Dr. Tinkle responded that the NNI is looking at metrics for assessing
funding programs but does not have the answers yet.

Perspectives of Stakeholders

In this session, representatives of academe, industry, labor, and environ-
mental groups provided their perspectives on the extent of research progress and
the effectiveness of stakeholder engagement in developing and implementing
needed research. Consumers do not know which products that they use contain
nanomaterials, and workers do not know that they may be exposed to nano-
materials in the workplace. Those comments were expressed by Carolyn Cairns,
Consumers Union, and Anna Fendley, United Steel Workers, when addressing
the needs of the stakeholders with whom they work. Ms. Cairns emphasized the
need for linkages between research and policy. Similarly, Ms. Fendley discussed
the need for better sharing of information with workers and the need to dissemi-
nate and apply information in research strategies among those who are potential-
ly exposed. Robert (Skip) Rung, Oregon Nanoscience and Microtechnologies
Institute (an economic-development organization), echoed the need for more
attention to workers, given that they receive the greatest exposures. Mr. Rung
expressed concern about continued regulatory uncertainty and stated that an op-
tion for companies would be to move their operations outside the United States.
Seth Coe-Sullivan, a member of the committee and founder and chief technolo-
gy officer of QD Vision, pointed out the need for an approach to determine what
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tools are needed to inform stakeholders better and to move development of the
technologies forward. Dr. Coe-Sullivan, picking up on comments by Mr. Al-
wood, recognized that a case-by-case approach for regulating nanomaterials is
not sustainable and that we need to look at categories. He stated that the research
strategies are good enough but that implementation of the strategies is the prob-
lem.
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