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On the cover: A graphical representation of the reach of a highly cited NIOSH journal article spe-
cific to nanomaterials. The scatter plot illustrates the initial publication (red dot) surrounded by the
number of times it was directly cited in other papers (primary citations are yellow dots) and then
the number of times the primary citation papers were cited by other papers (secondary citations
are white dots). This diagram was developed using Cytoscape, an open source platform for complex
network analysis and visualization.
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Foreword

With any new or emerging technology, the greatest period of uncertainty about
hazards and associated risks generally occurs in the early stages of development. This is
true for engineered nanomaterials, where exposures to the pure and most concentrated
form are most likely to occur in the workplace during the research, manufacture, or
use of these materials. In 2004, the National Institute for Occupational Safety and
Health (NIOSH) established the Nanotechnology Research Center (NTRC) to address
the occupational safety and health concerns that might be associated with this new
technology. Through the NTRC, NIOSH forged partnerships with other government
agencies, countries, academia, industry, labor, and nongovernmental organizations to
conduct research on the potential workplace implications and the beneficial applica-
tions of nanotechnology. A critical element of the research program is to conduct
research on the potential health effects of worker exposure to engineered nanomateri-
als and to develop guidance in preventing exposure.

In 2007 and 2009, NIOSH published progress reports detailing the accomplishments
of the NTRC, including the results of ongoing laboratory and field research and the
publication of technical and other guidance documents on the safe handling of en-
gineered nanomaterials (see Progress Toward Safe Nanotechnology in the Workplace,
www.cdc.gov/niosh/topics/nanotech/pubs.html). This 2012 update presents the pro-
gram accomplishments of the NTRC from its inception in 2004 through 2011. It in-
cludes an analysis of the progress made toward accomplishing the goals and objectives
of the NIOSH Strategic Plan for Nanotechnology Research and toward addressing the
goals and research needs identified in the U.S. National Nanotechnology Initiative
(NNI) Environmental, Health, and Safety (EHS) research strategy. The NTRC contin-
ues to support and promote the responsible development of nanotechnology through
its ongoing research program and its contributions to the development of guidelines
for hazard identification, exposure assessment, and risk characterization that can be
used to develop and implement effective risk management practices.

John Howard, M.D.

Director, National Institute for Occupational
Safety and Health

Centers for Disease Control and Prevention
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Executive Summary

The NIOSH Nanotechnology Research Center (NTRC) was established in 2004 to
develop, coordinate, and deliver an organized program of research to identify, inves-
tigate, and develop science-based solutions to workplace health and safety knowledge
gaps in nanotechnology. The NTRC provides overall strategic direction and coordi-
nation of the NIOSH nanotechnology cross-sector research program (http://www.
cdc.gov/niosh/topics/nanotech/). The responsibilities of the NTRC are in accordance
with the legislative mandate issued to NIOSH in Section 20(a) (4) of the Occupational
Safety and Health Act of 1970, which states:

“..conduct special research, experiments, and demonstrations relating to occupa-
tional safety and health as are necessary to explore new problems, including those
created by new technology in occupational safety and health, which may require
ameliorative action beyond that which is otherwise provided for in the operating
provisions of this Act”

Nanotechnology is a rapidly emerging material science technology that has been identi-
fied as a critical U.S. scientific and commercial enterprise with global economic benefits.
Concern over the lack of knowledge about the potential health risks associated with the
handling of pure, unbound engineered nanomaterials has been expressed by inves-
tors, entrepreneurs, government agencies, and public health advocacy groups. Such
concerns create potential barriers to the growth of nanotechnology and the commer-
cialization of products and devices that could help address serious global problems
concerning energy, transportation, pollution, health, and food. Issues that have been
raised about worker health and safety must be addressed to ensure responsible devel-
opment, societal benefit, and associated economic growth.

Vision Statement

The NTRC facilitates responsible development of nanotechnology by identifying
and addressing gaps in occupational safety and health knowledge. This vision is ac-
complished by creating a strategic plan of research, coordinating and facilitating the
delivery of results, developing and disseminating science-based risk management
recommendations, and providing national and world leadership.

Strategic Plan

In 2005, NIOSH developed a strategic research plan for the NTRC to address criti-
cal issues of health and safety associated with nanotechnology. The plan was revised
in 2009, and a final report was published following review by the NIOSH Board of
Scientific Counselors with input from a work group of subject matter experts. The stra-
tegic plan recommended four overarching goals (www.cdc.gov/niosh/docs/2010-105)
[NIOSH 2009a]:
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NIOSH NTRC Strategic Goals

1l

Determine whether nanoparticles and nanomaterials pose risks for
work-related injuries and illnesses.

Conduct research on applying nanotechnology to the prevention of
work-related injuries and illnesses.

Promote healthy workplaces through interventions, recommendations,
and capacity building.

Enhance global workplace safety and health through national and inter-
national collaborations on nanotechnology research and guidance.

Within these four goals, 10 critical areas of research and communication were identi-
fied to serve as the foundation for a comprehensive plan of action:

0o N oL@ B

10.

Toxicity and internal dose

Measurement methods

Exposure assessment

Epidemiology and surveillance

Risk assessment

Engineering controls and personal protective equipment (PPE)
Fire and explosion safety

Recommendations and guidance

Communication and information

Applications of nanotechnology for occupational safety and health
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Executive Summary

By initiating a plan to conduct concurrent and integrated research in each of these
10 critical areas, NIOSH has undertaken the challenge of addressing the informa-
tion and knowledge gaps necessary to protect workers so that the ultimate societal
benefits of nanotechnology can be realized.

In 2012, the activities and outputs of the NTRC from 2004 through 2011 (and some proj-
ects that carried over into 2012) were evaluated to determine the extent of accomplishing
the NTRC Strategic goals. Measurable outputs of the NTRC generally consisted of:

NIOSH guidance documents, scientific journal publications, and presenta-
tions at conferences and workshops

the development of new technologies, including sampling and analytical methods

results from NIOSH collaborations and research (toxicology, workplace expo-
sure measurements, engineering control, and epidemiology) used to develop
risk management recommendations for the safe handling of nanomaterials

creation of strategic collaborations and partnerships.

Summary of NTRC Program Qutputs and Impacts

Among the many program outputs and impacts, the NTRC researchers:

Developed some of the earliest guidance on the design and conduct of nano-
toxicology studies.

Identified pulmonary and cardiovascular hazards of some types of carbon nano-
tubes in animals.

Determined that the dispersion of ultrafine carbon black nanoparticles in the
lungs of rats following intratracheal instillation results in an inflammatory
response that is greater than agglomerated ultrafine carbon black.

Determined that ultrafine TiO: or carbon black is more inflammogenic than
fine TiO2 or carbon black on a mass-dose basis.

Developed a system to generate nanoparticle aerosols for inhalation toxico-
logic studies.

Conducted over 40 field assessments in nanomaterial manufacturer and
user facilities.

Produced more than 400 peer-reviewed scientific publications, resulting in over
5,000 primary and 82,000 secondary citations.

Provided over 650 invited presentations.
Published a framework for conducting workplace emission testing.
Developed innovative sampling methods for engineered nanomaterials.

Contributed to the development of a bio-mathematical model in rats to
describe clearance, retention, and translocation of inhaled nanoparticles
throughout the body.
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= Developed recommended exposure limits (RELs) for TiO2 and carbon nano-
tubes (CNTs) and carbon nanofibers (CNTs).

= Developed interim guidance for medical screening and hazard surveillance.

= Identified what research will be needed to ensure the health of workers han-
dling nanomaterials.

= Established formal partnerships and collaborations with private, governmen-
tal and academic centers in the U.S. and globally.

= Co-chaired the NNI Nanotechnology Environmental and Health Implications
(NEHI) Working Group and contributed significantly to the development of
the 2011 NEHI environmental health and safety (EHS) strategy.

= Chaired the Organization for Economic Cooperation and Development (OECD)
Working Party on Manufactured Nanomaterials Steering Group 8 on exposure
measurement and exposure mitigation for manufactured nanomaterials.

= Provided widely used guidance on responsible development of nanotechnology.

= Helped to establish the U.S. and international position that a precautionary
approach to controlling exposures to engineered nanoparticles is warranted.

= Have shown how responsible nanotechnology development and worker safety
and health can be achieved.

Responsible development of nanotechnology must include worker
safety and health. NIOSH has been a leader in identifying hazards
of nanomaterials, exposures, and risks to workers and has provided R \ﬁ
extensive guidance to protect workers in the face of broad uncertain- et &
ties in these areas. NIOSH hazard identification has vastly increased
scientific knowledge about potential hazards of nanomaterials. This
increase in scientific knowledge has moved scientists to develop fur-
ther research and more effectively address knowledge gaps. NIOSH
efforts laid the groundwork for generating nanomaterial aerosols so

¥ Current Intelligence Bulletin 60

that realistic animal studies could be developed. The investment of | i
$42.6 million over seven years has served to drive scientific research, et
as illustrated by the large number of citations of NIOSH publica-

Approaches to Safe
tions. Moreover, the pioneering toxicological work served to focus Nanotechnology

exposure assessment so that the actual exposure of workers could
be characterized. Building on the hazard and exposure information,
NIOSH developed a broad range of risk management guidance that
became a cornerstone in the national and global response to nano-
technology. NIOSH has helped define the world’s precautionary
approach to nanotechnology and provided the technical, scien-
tific, and health information to protect workers and develop the
technology responsibly.
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s :I Executive Summary

NTRC Programmatic Reviews

The NTRC will continue to evaluate its research progress in nanotechnology through
a series of programmatic internal and external reviews. For example, past program
evaluations have included a review by the National Academies (nanomaterial section
of the NIOSH Respiratory Disease program) and a review of the NTRC strategic plan
by the NIOSH Board of Scientific Counselors with input from a work group of subject
matter experts. One result of these programmatic reviews was the creation of a more
focused set of research priorities for 2009-2012. The NIOSH research strategy is con-
sistent with the recommendations of the President’s Council of Advisors on Science
and Technology (PCAST) report to the President on the third and fourth assessment
of the NNI (http://nano.gov/node/786). Internally, the NTRC will continue to conduct
annual program reviews, conduct regular project reviews, and publish a biannual or
triannual Progress Report.
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1 Introduction

Historically, the commercial development and application of some potentially useful
substances have turned out to have negative health consequences among producers and
users if those potential impacts are not identified and investigated early. For example,
asbestos was commercially used because of its good insulating and fireproofing proper-
ties, but later it was determined to cause significant health problems 20 to 40 years after
exposure. Other useful chemicals such as DDT (for eradicating mosquitoes and reduc-
ing the incidence of malaria) and lead (for antimicrobial uses and paint formulations)
were also determined to be detrimental to human health and the environment, years
after they were put into commerce. Mass production of chemicals before investigating
potential health concerns and societal impacts has significant human burden and finan-
cial repercussions because of the high cost of remedial actions to remove these hazard-
ous materials (e.g., asbestos, lead) and because of the medical and liability costs incurred
for compensating individuals with an exposure-related disease or injury.

Nanotechnology and the commercialization of nanoenabled products and devices could
help address serious global problems concerning energy, transportation, pollution, health,
medicine, and food. The potential benefits of nanotechnology are huge; however, these ben-
efits may not be realized unless a concerted effort is made to evaluate the safety and health
concerns regarding these new nanomaterials and to develop effective methods for their
responsible introduction. This concern is supported by an industry survey in which nano-
technology business leaders identified health and safety issues as a key barrier to commer-
cialization of their products [Lekus et al. 2006; U.S. Department of Commerce 2007].

NIOSH is committed to promoting the responsible development and advancement of
nanotechnology through its research and communication efforts to protect workers.

It is difficult to estimate how many workers are involved in this field. Nanotechnology
is not one specific type of chemical or industry but more of a scientific understand-
ing and capability that can be used to improve nearly every material in commerce

and to make a wide variety of new types of chemicals, materials, and products. By one
estimate, there are 400,000 workers worldwide in the field of nanotechnology, with an
estimated 150,000 of those in the United States [Roco et al. 2010]. The National Sci-
ence Foundation has estimated that approximately 6 million workers will be employed
in nanotechnology industries worldwide by 2020 (http://nano.gov/node/622).

The total NIOSH Nanotechnology Research Center (NTRC) intramural investment
from FY 2004 to FY 2011 was $42.7 million (Figure 1). In that same timeframe there
was an additional $12 million” investment in the funding of extramural research
through grants from the NIOSH Office of Extramural Programs (OEP). This total
investment included research (e.g., toxicology, field studies) on ultrafine particulates
(i.e., nanoscale particles), during 2004 to 2006, and a portfolio of projects focused
specifically on engineered nanomaterials, from 2006 to 2011. The majority of the NIOSH
investment in nanotechnology research involved reprogrammed funds, with no additional
funds received through or as a part of the National Nanotechnology Initiative (NNT).

“This represents all extranmural projects that in any way include nanomaterials. Projects may not
necessarily be 100% nanotechnology, but rather a portion of the research includes nanomaterials.
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2 Qualitative Assessment on Meeting
the NTRC Goals

In 2005, NIOSH developed a strategic research plan for the NTRC to address criti-
cal issues of health and safety associated with nanotechnology. The plan was updated
in 2009 (Figure 2), and a final report was published following review by the NIOSH
Board of Scientific Counselors with input from a work group of subject matter ex-
perts. The strategic plan recommended four overarching goals [www.cdc.gov/niosh/
docs/2010-105] [NIOSH 2009a]:

NIOSH NTRC Strategic Goals

1. Determine whether nanoparticles and nanomaterials pose risks for work-
related injuries and illnesses.

2. Conduct research on applying nanotechnology to the prevention of work-
related injuries and illnesses.

3. Promote healthy workplaces through interventions, recommendations, and
capacity building.

4. Enhance global workplace safety and health through national and interna-
tional collaborations on nanotechnology research and guidance.

Within these four goals, 10 critical areas of research and communication were identi-
fied to serve as the foundation for a comprehensive plan of action:
1. Toxicity and internal dose
Measurement methods
Exposure assessment
Epidemiology and surveillance
Risk assessment
Engineering controls and personal protective equipment (PPE)
Fire and explosion safety
Recommendations and guidance

© 0 N !

. Communication and information
10. Applications of nanotechnology for occupational safety and health

To ensure an effective nanotechnology research program, projects were initiated to
address each element of the risk management process (Figure 3). Areas of research

were chosen that support and compliment the portfolio of projects within the NTRC
research program, and activity was started in each risk management area. For example,
concurrent with the generation of nanoparticle exposures for toxicology research were
development and assessment of sampling and analytical methods that could be used for
quantifying worker exposures so that comparisons could be made with toxicology study
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Figure 2. Cover of the Strategic Plan for NIOSH Nanotechnology Research
and Guidance, 2009.

results. Parallel research efforts have also been undertaken to determine 1) the strengths
and weaknesses of different risk management strategies for controlling worker expo-
sure to airborne nanoparticles and 2) the types of personal protective equipment (PPE)
that might be required to protect exposed workers. As findings of field investigations
and laboratory research become available, the information will be used to develop and
update guidance for evaluating and managing potential risk from nanomaterials.

Program Evaluation Strategy

The success of a research program is frequently determined by how the results (or
outputs) from research activities meet the intended program objectives and advance

Filling the Knowledge Gaps for Safe Nanotechnology in the Workplace
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2 Qualitative Assessment on Meeting the NTRC Goals

knowledge and ultimately stakeholder needs [Sarli et al. 2010]. The NTRC has identi-
fied the following outputs as a means of measuring the success of its research pro-
gram: 1) scientific journal publications, publication and dissemination of NIOSH
guidance documents, and communication of research through presentations at scien-
tific (technical) and business conferences and workshops; 2) the development and dis-
semination of new technologies, including sampling and analytical methods; and 3)
results from NTRC research (toxicology and workplace exposure measurements) used
to develop risk assessment, characterization, and management strategies. Research
outputs for each of the 10 critical research areas follow.

2.1 Nanotoxicology and Internal Dose

In the early 2000s, little was known about the potential hazards of engineered nano-
materials, but there was concern that smaller particles with increased surface-to-mass
ratios could be highly reactive and cause adverse effects. NTRC nanotoxicologic
research is critical to understanding the potential health risks to workers exposed to
engineered nanomaterials. Results from experimental animal studies with engineered
nanomaterials have provided evidence that some nanoparticle exposures can result in
serious health effects involving pulmonary and cardiovascular systems and possibly
other organ systems. NTRC researchers have conducted or participated in the follow-
ing research activities:

=  Determined that asbestos and carbon nanotubes (CNTs) affect similar mo-
lecular signaling pathways in cultured lung cells, with asbestos exhibiting
greater potency

= Determined that nano or ultrafine titanium dioxide (TiO2) causes pulmonary
inflammation and neuroimmune responses

= Determined that ultrafine TiO2 or carbon black is more inflammogenic than
fine TiO2 or carbon black on a mass-dose basis

= Developed a method to improve dispersion of nanoparticles in biologically
compatible suspension media for use in in vitro studies and in vivo exposures
employing intratracheal instillation or aspiration of nanoparticle suspensions

= Determined that the dispersion of ultrafine carbon black nanoparticles in the
lungs of rats following intratracheal instillation results in an inflammatory
response that is greater than with agglomerated ultrafine carbon black

= Determined that pulmonary exposure to single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs) in mice
causes acute and chronic systemic responses associated with adverse
cardiovascular effects

= Determined that SWCNTs, MWCNTS, and carbon nanofibers (CNFs) have
equal or greater potency in causing adverse health effects in laboratory animals,
including pulmonary inflammation and fibrosis, in comparison with other
inhaled particles (ultrafine TiO2, carbon black, crystalline silica, and asbestos)
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= Determined that CNTs are genotoxic and can transform lung epithelial cells
after long-term, low-dose in vitro exposure

= Developed methods for labeling CNTs so that their potential translocation
from the lungs to other organs can be studied

= Developed some of the earliest guidance on the design and conduct of nano-
toxicology studies

= Co-sponsored a number of nanotoxicology conferences to promote dissemi-
nation and growth of scientific information

By conducting some of the world’s leading animal and cellular laboratory studies,
NTRC researchers have identified a broad range of potential health effects associ-
ated with exposure to engineered nanoparticles as well as the physical and chemical
characteristics of these nanomaterials that potentially contribute to their biologic
activity. The significance of this research is evidenced by the number of times the
results of NTRC research have been cited by other researchers. To date, the most
highly cited NTRC paper is a sentinel toxicologic study report authored by Anna
Shvedova and colleagues, Exposure to Carbon Nanotube Material: Assessment of
Nanotube Cytotoxicity using Human Keratinocyte Cells. This report has generated
505 primary and 16,482 secondary publication citations (Figure 4) [Shvedova et al.
2003]. This sentinel paper was also cited in 14 patents (or patent applications) from
three patent offices [World Intellectual Property Organizations, European Patent
Office, and US Patent and Trademark Office] as well as in university theses and dis-
sertations from the US, Germany, United Kingdom, Hong Kong, Switzerland, and
France [Elsevier SciVerse Scopus database]. The paper was published in 2003 prior
to the official formation of the NIOSH NTRC but after NIOSH began conducting
nanotoxicology research.

Other frequently cited NTRC research results include those reported by Maynard et
al. [2004] (Exposure to Carbon Nanotube Material during the Handling of Unrefined
Single Walled Carbon Nanotube Material), with 363 primary and 14,587 secondary
publication citations (Figure 5) and cited in 8 patent applications, and those reported
by Shvedova et al. [2005] (Unusual Inflammatory and Fibrogenic Pulmonary Responses
to Single Walled Carbon Nanotubes in Mice), with 449 primary and 9,777 second-

ary publication citations and cited in 1 patent. Citation data were compiled by using
Google Scholar, Thomson Reuters Web of Knowledge, and Elsevier SciVerse Scopus
database.

The research published by Li et al. [2007] entitled Cardiovascular Effects of Pulmo-
nary Exposure to Single-Wall Carbon Nanotubes was nominated for the Charles C.
Shepard Science Award (given by the Centers for Disease Control and Prevention
[CDC], Department of Health and Human Services). This research was also high-
lighted as the “Hot-off-the-Presses Peer-Reviewed Research Article” in the EH&S
Nano News [www.chsnanonews.com/] as one of the first investigations on the poten-
tial cardiovascular effects of pulmonary exposure to SWCNTs.
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Shvedova AA, Castranova, V, Kisin E, Schwegler-Berry D,
Murray AR, Gandelsman VZ, Maynard A, Baron P
[2003]. Exposure to carbon nanotube material:
Assessment of nanotube cytotoxicity using human
keratinocyte cells. J Toxicol Environ Health, 66(Part
A):1901-1918. .

Original Article

. Primary Citation (505)

. Secondary Citation (16482)

Figure 4. A graphical representation of the 505 primary and 16,482 secondary cita-
tions of the 2003 article Exposure to Carbon Nanotube Material: Assessment of Nano-
tube Cytotoxicity using Human Keratinocyte Cells. The scatter plotillustrates the initial
publication (red dot) surrounded by the number of times it was directly cited in other
papers (primary citations are yellow dots) and then the number of times the primary
citation papers were cited by other papers (secondary citations are white dots). This
diagram was developed with Cytoscape, an open source platform for complex network
analysis and visualization.

Maynard AD, Baron PA, Foley M, Shvedova AA,
Kisin ER, Castranova V [2004]. Exposure to carbon
nanotube material during the handling of unrefined
single walled carbon nanotube material. J Toxicol
Environ Health Part A 67:87-107.

Original Article
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Figure 5. A graphical representation of the 363 primary and 14,587 secondary cita-
tions of the 2004 article Exposure to Carbon Nanotube Material during the Handling
of Unrefined Single Walled Carbon Nanotube Material.




2.1.1 Development of Innovative Technologies

To conduct experimental animal studies with nanoparticles, NTRC researchers
designed an innovative aerosol exposure system to generate particles of specific size
for animal inhalation studies [McKinney et al. 2009] (Figures 6 and 7). This system
has allowed NTRC researchers to generate airborne exposures to various nanoscale
materials (e.g., CNT, crystalline silica, TiO-) for toxicological studies. The results from
these studies have provided the scientific evidence necessary to make workplace risk
management recommendations. The scientific community has expressed interest in
the design of this technology, and groups from Japan, England, and Germany have
requested information. Researchers from Fraunhofer-Institut, Germany, also visited
the NIOSH facilities to learn how to construct their own inhalation exposure system
for generating nanofiber exposures.

2.2 Measurement Methods

Accurate exposure measurement methods are important for assessing the poten-

tial health risk to workers and for validating the effectiveness of exposure controls.
Since 2004, NTRC researchers have set the precedent for characterizing occupational
exposures to engineered nanoparticles by using both standardized and nonstandard-
ized sampling and analytical techniques. Experience gained from this research has
led to the publication of the Nanomaterial Emission Assessment Technique (NEAT),
which established the initial framework for NTRC researchers and others in evaluat-
ing workplace nanomaterial emissions [Methner et al. 2010]. This stratified (or tiered)
exposure emission strategy recommended the assessment of workplace exposures us-
ing both commonly applied measurement techniques (e.g., determination of particle
count and elemental mass) and more sophisticated nanoparticle analysis (e.g., charac-
terization by electron microscopy). Information gained from the evaluation of work-
place exposures was incorporated in the NIOSH 2009 document Approaches to Safe
Nanotechnology: Managing the Health and Safety Concerns Associated with Engineered
Nanomaterials [http://www.cdc.gov/niosh/docs/2009-125/].

NTRC researchers were the first to utilize elemental carbon as a selective marker for
quantifying CNF and CNT worker exposure [Mether et al. 2007, Birch et al. 2011].
From a direct reading instrument perspective, NTRC researchers observed that re-
spirable particle mass was a more practical monitoring metric than particle number,
because the latter metric may be dominated by other particle sources in the workplace
[Evans et al. 2010]. As a result, NIOSH field investigations routinely include continu-
ous monitoring of respirable particle mass in addition to other particle metrics (Fig-
ure 8). The Evans et al. [2010] publication received the NIOSH 2011 Alice Hamilton
Award in the category of Engineering and Physical Sciences.

NTRC researchers continue to refine nanomaterial exposure characterization strategies,
using data gathered from ongoing workplace exposure measurement studies and from
participation in the global dialogue on this topic. The results from workplace studies on
CNT and CNF during 2010-2011 have contributed to the development and advance-
ment of measurement techniques for these carbonaceous nanomaterials [Evans et al.
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2010; Birch et al. 2011; Birch 2011]. For example, in the draft 2010 NIOSH Current
Intelligence Bulletin (CIB) Occupational Exposure to Carbon Nanotubes and Nanofibers,
a modified NTOSH sampling and analytical method (NMAM 5040 for CNTs/CNTs) was
recommended to provide the means for quantifying occupational exposures to CNTs
and CNFs. This modified method is currently in use for an ongoing NIOSH industry-
wide study of workers exposed to CN'Ts and CNFs [Dahm et al. 2011].

NTRC researchers are also collaborating with the National Institute of Standards and
Technology (NIST) and National Research Council Canada to identify and develop
nanoscale reference materials (RMs) for use in calibrating and evaluating measure-
ment instruments and for toxicology studies. NIOSH provided technical input and
aided in the organization of the interlaboratory study for a titanium dioxide RM,
NIST SRM 1898: Titanium Dioxide Nanopowder. Current efforts focus on qualifying
nanocrystalline cellulose (powder and suspension) and SWCN'Ts as RMs.

2.2.1 Development of Innovative Technologies

NTRC researchers have pioneered the development of new sampling equipment to
measure nanomaterials. NTRC researchers developed a hand-held electrostatic precipi-
tator (ESP) particle sampler that permits the collection of airborne nanoparticles onto a
sample grid that can be directly used for electron microscopy (EM) analysis. The hand-
held ESP eliminates the need for a conventional pump-and-filter to collect airborne
nanoparticle samples and provides the ability to quickly assess multiple processes and

Filling the Knowledge Gaps for Safe Nanotechnology in the Workplace
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areas. This sample collection method also reduces the time needed to prepare samples
for EM analysis. The prototype (developed by NIOSH in 2004-2007) was subsequently
licensed to a commercial supplier, Dash Connector Technology, Inc., which is market-
ing the instrument for aerosol and industrial hygiene sampling (Figures 9 and 10).

Two additional nanomaterial sampling instruments have been developed by NTRC
researchers: a Portable Aerosol Mobility Spectrometer (PAMS) and a Personal Nano-
aerosol Sizer (PNS). Both instruments can continuously measure and record (in near-
real-time) particle number, surface area, and mass concentrations of nanoparticle and
ultrafine aerosols in the workplace. PAMS is a handheld instrument that uses a con-
densation particle counter as a detector and allows reliable measurement of aerosols
over a wide nanoparticle size range. PNS is a low-cost, robust personal sampler that
allows the measurement of personal exposures to nanoaerosols. These instruments are
expected to be valuable tools for workplace nanoaerosol exposure measurements. A
prototype of PAMS has been successtully developed in collaboration with Kanomax,
USA, Inc. (Figure 11). A prototype of PNS has been designed and fabricated, and its
performance is being evaluated.

NTRC researchers are continuing to evaluate measurement methods and technologies and
conducting research to link the measurements to toxicologic data and health end points.

2.3 Exposure Assessment

Workplace exposure assessments are vital to developing accurate risk characteriza-
tions of exposure of workers to engineered nanomaterials. The NTRC has direct
responsibility for conducting exposure assessments at nanomaterial production and
user facilities to support epidemiologic and control research, as well as the develop-
ment of comprehensive risk management guidance. Since 2006, NTRC researchers
have conducted over 40 workplace investigations at research facilities, pilot plants,
and manufacturing sites that are actively making or using engineered nanomateri-
als. This research effort has been one of the most productive activities of the NTRC

Particle Characterization

Figures 9 and 10. Hand-held electrostatic precipitator developed by NIOSH researchers
and licensed to Dash Connector Technology, Inc.
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Figure 11. Portable Aerosol Mobility Spectrometer (PAMS) developed in collaboration with
Kanomax, USA, Inc.

because of the success of engaging the private sector as partners. From these efforts,
NIOSH has developed partnerships with large and small nanomaterial manufactur-
ing companies and has gained invaluable insight on how nanomaterials are being
handled. This activity has also resulted in formal agreements with other government
agencies and several major nanotechnology research centers and business consortia for
conducting workplace exposure assessments. Three companies that have voluntarily
received site evaluations from NTRC researchers were interviewed by Nanowerk, LLC,
for its August/September 2007 issue of Nanorisk (www.nanorisk.org/). Overall, the
companies described the collaborations as beneficial and encouraged other companies
to take advantage of NIOSH’s expertise, services, instrumentation, and objective as-
sessments. At the 2010 Nanomanufacturing Summit, sponsored by the NanoBusiness
Commercialization Association, four companies publically described their experience
with NTRC researchers as being extremely helpful in providing guidance on the safe
handling of engineered nanomaterials. One of those companies, NanoComp Tech-
nologies, Inc., listed NIOSH as a key partner in developing an effective environmental
health and safety (EHS) program that supported the growth of its company (M. Banash,
2010 presentation: Managing NanoEHS: Moving from the Lab to the Plant).

Filling the Knowledge Gaps for Safe Nanotechnology in the Workplace
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The most recent demonstration of the effectiveness of NIOSH partnerships comes in
a study of NNI EHS by the Government Accountability Office [GAO 2012]. The GAO
made inquiries of seven select NNI agencies engaged in EHS research on the extent
to which they collaborate with each other and with external partners. The intent of
the inquiry was to evaluate the effectiveness of the collaborations. GAO surveyed 100
private sector stakeholders and found that the stakeholders placed greatest value in
partnerships with NIOSH, over other NNI agencies (Figure 12). In the same inquiry,
the GAO asked how often these same stakeholders went to one of the NNI agencies
for information, and which agency. Among those who indicated they went to agency
sources “often,” NIOSH was identified as the lead agency.

Workplace exposure assessment studies conducted by NTRC researchers have pro-
vided 1) identification of the types of nanomaterials being considered for commer-
cialization, 2) information on the potential for worker exposure associated with the
processes that manufacture or use those materials, and 3) the basis for risk manage-
ment guidance. Early investigations have identified nanomaterial processes and tasks

Usefulness of collaborative EHS research or related activities with nni member agencies,
according to gao questionnaire respondents

NIOSH

EPA

NSF

NIST

FDA

CPSC

10 20 30 40 50 60 70
Number of respondents
Very useful
Generally useful

- As useful as not

Not very useful

Not at all useful

[ ]
)

Source: GAO analysis of questionnaire of nonfederal stakeholders.

Note: Excludes respondents who selected “No basis to judge” and those who did not check a response.

Figure 12. Summary of the GAO questionnaire on the usefulness of collaborative studies
with select Federal agencies working on EHS [GAO 2012].
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that were good candidates for detailed follow-up studies to evaluate the effectiveness
of in-place exposure control measures (e.g., engineering controls). Recommendations
by NTRC researchers on the effective use of exposure controls have resulted in com-
panies adopting improved engineering controls, including local exhaust ventilation
(LEV) [Methner and Old (Ed.) 2008, Methner 2010, Evans et al. 2010]. For example:

1. Recommendations from NTRC researchers to a graphene manufacturer re-
sulted in the company taking the following steps to reduce exposures:

= running the spray dryer ventilation system while scraping out the inside of
the spray dryer during equipment cleaning.

= delaying the product harvest of graphene for at least 15 minutes after process
completion to reduce the potential for emissions and worker exposure.

2. Birch etal. [2011] reported respirable elemental carbon concentrations (area
samples) inside a nanofiber manufacturing facility that were about 6-68 times
higher than outdoors, whereas personal breathing zone samples were up to 170
times higher. Elevated particle number concentrations and high concentrations
of carbon monoxide (CO) were also identified at the same facility [Evans et
al. 2010]. The report to these companies included recommended engineering
control measures for reducing the exposures.

3. In the industrywide exposure assessment study of primary and secondary
manufacturers of CNT and CNFE, Dahm et al. [2011] identified short-term
peak exposures to CNTs and CNFs at various job tasks and processes. Various
risk management practices (e.g., engineering controls) were recommended to
assist in preventing worker exposure.

By 2011, findings from the NTRC exposure investigations at various workplaces handling
engineered nanomaterials (Figures 13-16) had yielded the knowledge and experience
needed to conduct more comprehensive exposure assessment studies to quantitate workers’
exposure. The findings from these studies supported the initiation of a health effects study
of workers exposed to carbonaceous nanomaterials (primarily CNTs and CNFs) and the
initiation of studies to evaluate the effectiveness of engineering controls to reduce worker
exposure. These research activities will build upon existing partnerships and forge new
partnerships to accomplish objectives. Outcomes from this research are expected to provide
additional guidance on the safe handling of these materials during commercial application.

2.4 Epidemiology and Surveillance

In 2009, NIOSH published the CIB 60: Interim Guidance for Medical Screening and Haz-
ard Surveillance for Workers Potentially Exposed to Engineered Nanoparticles [www.cdc.gov/
niosh/docs/2009-116/], which provided the first (interim) guidance on medical surveillance
and medical screening for workers potentially exposed to engineered nanoparticles [NIOSH
2009c]. To address gaps in information needed to implement an effective occupational
health surveillance program for nanotechnology workers, NIOSH and the University of
Colorado Mountain and Plains Education and Research Center (ERC) organized the 2010
workshop Nanomaterials and Worker Health: Medical Surveillance, Exposure Registries, and
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16

Figures 13-16. Nanomaterial workers participating in the NTRC field research efforts.

Epidemiologic Research. The workshop was convened to catalyze the thinking behind the
research necessary to support human health studies needed to more completely characterize
potential health risks. The proceedings from this workshop were subsequently published in

a June 2011 supplemental issue of the Journal of Occupational and Environmental Medicine
[Schulte, Trout, and Hodson 2011] (Figure 17). In 2010, NIOSH drafted the CIB Occupational
Exposure to Carbon Nanotubes and Nanofibers, which includes recommendations for medical
surveillance and screening specific for workers potentially exposed to these materials.

In 2008, NTRC researchers undertook a pilot study to determine whether the conduct
of an epidemiological or other health study of workers exposed to carbonaceous nano-
materials was feasible [Schubauer-Bergian et al. 2011]. The initial steps of the study
involved identifying potentially eligible U.S. companies producing engineered carbona-
ceous materials, to determine workforce size, location, and estimated growth. Compa-
nies were contacted by telephone and a questionnaire was administered to confirm the
use of carbonaceous materials and their interest in participating in the study. A total of
35 U.S. manufacturers and users of carbonaceous nanomaterials completed the survey.
Follow-up site visits to 16 of the facilities was conducted to confirm workforce size, loca-
tion, characteristics of the nanomaterials produced, and whether the reported use of
engineering controls and personal protective equipment was accurate (Table 1).

Filling the Knowledge Gaps for Safe Nanotechnology in the Workplace
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Figure 17. The 2010 Nanomaterials and Worker Health conference resulted in a 2011 supple-
mental issue of the Journal of Occupational and Environmental Medicine dedicated to nanoma-
terials and worker health, medical surveillance, exposure regjstries, and epidemiologic health.

Table 1. Statistics on use of administrative and engineering controls, as well as personal
protective equipment, in the carbonaceous nanomaterials industry in the United States

June 2011 Supplement - ‘Volume 53 © | Number 65

www.joem.org.

Jeiirprell of
Cleeitipziiionell zioiel
EnvironmenialVICEHICINE:

Medical Survelllance, Exposure Registries, and
Epidemiclogic Research Conference
Sponsored by the National Institute for
Oceupational Safety and Health (NIOSH).
Keystone, Colorado, July 21-23, 2010
Selected Papers

&) Wolters Kluwer | Uppincott
e | Wiliams 8 Wikins

NIOSH survey result

Concordance of field observations
with survey reports

Observed exactly

Observed as

Variable (2008-2011)* as reported reported or better

Total N 35 16 16

Wet-wipe cleanup methods 22 (63%) 69% 94%
Use of HEPA vacuum for cleanup 18 (51%) 94% 94%
Lab coats/Tyvek suits 29 (83%) 88% 94%
Gloves 33 (94%) 94% 100%
Respirators 28 (80%) 81% 100%
Local exhaust ventilation 25 (71%) 88% 88%
Chemical fume hoods 29 (83%) 75% 75%
Ventilated enclosures 14 (40%) 75% 88%
Glove boxes 14 (40%) 81% 88%
Enclosed production 12 (34%) 63% 88%

*Among sites surveyed by NTRC researchers. Includes producers and users of engineered

carbonaceous nanomaterials.
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2 Qualitative Assessment on Mee

The follow-up site visits also included assessments of exposure to CNTs and CNFs, as
described in Section 2.3 and reported by Dahm et al. [2011]. These assessments led
to the recognition that the conduct of an epidemiologic study of workers potentially
exposed to CNTs and CNFs was feasible. Therefore, NIOSH researchers in FY12 de-
veloped a draft protocol to conduct a cross-sectional epidemiologic study among 100
workers at facilities manufacturing or using CN'Ts or CNFs. This protocol focuses on
identifying early markers of pulmonary or cardiovascular health effects, together with
the collection of worker CNT and CNF personal exposure data.

'The NIOSH survey of companies handling CNT and CNFs found that 70% reported
having a health and safety program for the use of nanomaterials [Dahm et al. 2011].
The supplemented survey data (n = 35) show that 83% of the companies reported using
chemical fume hoods, 71% reported using local exhaust ventilation, 40% reported using
ventilated enclosures or gloveboxes, 34% were using enclosed production processes, and
more than 80% were using each type of PPE (Table 1). NIOSH subsequently visited 16
of the 35 companies responding to the survey. On-site evaluation confirmed that nearly
all companies visited used administrative and engineering controls and PPE as reported
or more stringently than reported (Table 1). More than 90% of the CNT and CNF com-
panies used all PPE types, wet-wipe cleanup methods, and HEPA vacuums, as reported
in the survey or better. At least 75% were using engineering controls as reported in the
survey or better.

NIOSH also conducted field investigations between 2006 and 2012 in 46 facilities
(including the 16 handling CNT and CNFs) handling other types of nanomateri-

als. These field evaluation reports and field notes were evaluated to assess the level

of adherence with risk management principles within the participating companies.
Since 16 of the ECN facilities participating in the survey were also part of the 46
field evaluations, this created the opportunity to assess the accuracy of self-reported
administrative and engineering control and PPE use. Of the 46 companies visited for
a field evaluation, PPE use was observed somewhat more frequently than administra-
tive and engineering control use: 89% used some form of PPE and 83% used a hood
or other enclosure for at least some processes. Of the 46 companies evaluated, 54%
used chemical fume hoods, 59% used local exhaust ventilation, 50% used ventilated
enclosures or gloveboxes, 48% used enclosed production processes, and 78% used
respiratory protection (Figure 18).

2.5 Risk Assessment

NTRC researchers continue to investigate how exposure-response data (human or
animal) for fine and ultrafine particles can be used to quantitate the risk of exposure
for workers. NTRC researchers conducted a risk assessment on the pulmonary effects
seen in experimental animal studies following exposure to fine and ultrafine TiOz,
CNTs, and CNFs. The results of these assessments supported the development of
NIOSH recommended exposure limits (RELs) for ultrafine TiO2, CNTs, and CNFs.
These are the first occupational exposure limits for these classes of nanomaterials is-
sued by a U.S. government agency.

Filling the Knowledge Gaps for Safe Nanotechnology in the Workplace
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Controls and PPE Observed in Use

Figure 18. A summary of the use of engineering controls and PPE use in 46 nanomaterial
facilities visited by NTRC researchers.

NTRC risk assessors continue to collaborate with the following researchers in the devel-
opment of particle dosimetry models and risk assessment techniques for nanomaterials:

These

Institute of Occupational Medicine (IOM), Edinburgh, UK, and EU 7th Frame-
work Program on Risk Assessment of Engineered Nanoparticles (ENPRA)

Toxicology Excellence for Risk Assessment (TERA)

Applied Research Associates (ARA), Raleigh, NC

Lovelace Respiratory Research Institute (LRRI), Albuquerque, NM

The Hamner Institutes for Health Sciences, Research Triangle Park, NC

collaborations have resulted in 1) the completion of an olfactory deposition

model of spherical nanoparticles in humans and in rats (Hamner Institute/NIOSH
research collaboration), 2) modeling methods to predict human respiratory tract
deposition for carbon nanofiber/nanotube structures, based on fiber aerosol theory
(Hamner Institute and ARA/NIOSH research collaboration), and 3) experiments to
characterize deposition of airborne CNTs in a human respiratory tract replica. Data
from this later study are being used in the human lung deposition model for carbon
nanotubes/nanofibers that is being developed by ARA (LRRI/NIOSH collaboration).
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2 Qualitative Assessment on Meeting the NTRC Goals

Because of the lack of hazard data on each type of engineered nanomaterial, NTRC
researchers are investigating the utility of risk assessment methods that can be applied
to categories of nanomaterials (Figure 19).

NTRC researchers also participate in the Organization for Economic Cooperation and
Development (OECD) Steering Group 6 (SG6) to develop guidance on critical issues
in nanotechnology risk assessment.

Develop and Issue Guidance: Impact of the Level of Information
Available Toxicity &
Physical-Chemical Data
| i |

I

Quantitative Risk Structure-Activity Comparative Reason by
Assessment Relationship Potency Analogy
| l

l l Benchmark l

Derive Health-Based Particles
OEL

II<_

4_
—ERt

Hazard
Banding

v

Control
Banding

I<_I

[Adapted from Schulte et al. 2010 and Kuempel et al. 2011]

Figure 19. Steps to developing occupational exposure limits or control bands, according
to availability of toxicologic data.

2.6 Engineering Controls and Personal Protective Equipment

Given the uncertainty about the hazard potential of many nanomaterials, there remains
the need for information on engineering controls and PPE. NTRC researchers are inves-
tigating the effectiveness of various engineering control techniques and PPE in prevent-
ing worker exposure to engineered nanoparticles (Figure 20). Results from NTRC field
activities (described in 2.3 Exposure Assessment) conducted to assess engineering con-
trol measures have been published in the following NIOSH workplace survey reports
and peer-reviewed literature:
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Figure 20. Local exhaust ventilation and PPE used during reactor cleanout.

Methner MM, Old L (Ed.) [2008]. Engineering case study: effectiveness of
local exhaust ventilation in controlling engineered nanomaterial emissions
during reactor cleanout operations. ] Occup Environ Hyg 5(6):D63-D69.
Methner MM [2010]. Effectiveness of a custom-fitted flange and LEV system
in controlling the release of nano-scale metal oxide particulate. Intl ] Occup
Environ Health 16:475-487.
Evans DE, Ku Ki B, Birch ME, Dunn KH [2010]. Aerosol monitoring during
carbon nanofiber production: mobile direct-reading sampling. Ann Occup
Hyg 54(5):514-531.
Lo LM, Dunn KH, Hammond D, Almaguer D, Bartholomew I, Topmiller J,
Tsai CJ, Ellenbecker M, Huang CC [2011]. Evaluation of engineering con-
trols for manufacturing nanofiber sheets and yarns. Cincinnati, OH: U.S.

Department of Health and Human Services, Centers for Disease Control and
Prevention, National Institute for Occupational Safety and Health, DHHS

(NIOSH) Report No. EPHB 356-11a.
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2 Qualitative Assessment on Meeting the NTRC Goals

= NIOSH [2012]. General safe practices for working with engineered nanoma-
terials in research laboratories. Cincinnati, Ohio: U.S. Department of Health
and Human Services, Centers for Disease Control and Prevention, National
Institute for Occupational Safety and Health, Publication No. 2012-147
(Figure 21).

= A NIOSH draft document on engineering control guidance for nanomaterial
manufacturers and users, entitled Current Strategies for Engineering Controls in
Nanomaterial Handling Processes, is scheduled for publication in late 2012.

NTRC researchers have evaluated and published the results on the effectiveness of respira-
tory protection for capturing nanoparticles, as well as created an information blog on the
NIOSH Web page [http://blogs.cdc.gov/niosh-science-blog/category/respiratory-health/].

General Safe Practices for Working
with Engineered Nanomaterials in
Research Laboratories

DEPARTMENT OF HEALTH AND HUMAN SERVICES / CDC ’ ‘
Centers for Disease Control and Prevention £ { o (NIOSH (3

National Institute for Occupational Safety and Health

Figure 21. The cover of the NIOSH guidance document detailing best practices for work-
ing with engineered nanomaterials in research laboratories.
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Respirator performance studies conducted by NTRC researchers have shown that
NIOSH-approved respirators should provide levels of performance consistent with their
assigned protection factors [Rengasamy et al. 2008; Shaffer and Rengasamy 2009; Ren-
gasamy and Eimer 2011; Rengasamy and Eimer 2012].

Research with other types of PPE (gloves and clothing) is ongoing (Figure 22). NTRC
researchers developed and evaluated a multidomain magnetic passive aerosol sampler
for measuring particulate penetration through protective ensembles. The design of
this sampler was submitted as an employee invention to the CDC Technology Trans-
fer Office (Ref. #1-007-08). This new sampler significantly enhances collection of mag-
netically susceptible particles, better simulates the user’s real situation in the work-
place than alternative filtration-based approaches, and improves the capability for
determining particle penetration through protective clothing materials. Results from
a study evaluating the penetration of nanoparticle and submicron particle penetration
through different fabrics show that particle penetration increased with increasing face
velocity and also increased with increasing particle size up to about 300 to 500 nm
[Gao et al. 2011]. Penetrations measured by the wind-driven method were lower than
those obtained with the filtration method for most of the fabrics selected, and the rela-
tive penetration performances were very different because of the vastly different pore
structures of the fabric.

2.7 Fire and Explosion Safety

Research is ongoing into the physical and chemical properties that contribute to dusti-
ness, combustibility, flammability, and conductivity of nanomaterials. Explosion testing
was performed on 20 types of carbonaceous particles, including SWCNTs, MWCNTs,
CNFs, graphene, diamonds, fullerene, and carbon black graphite. The typical overpres-
sure and deflagration indexes were observed to be similar to those of cotton or wood
dust. The explosion parameters did not appear to correlate with particle size. For se-
lected materials, explosion testing was conducted at scans of dust concentration, which

Figure 22. (Left) An improperly connected glove and garment. (Right) A properly connected
glove and coverall do not permit the nanomaterials to touch (reach) the skin.
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