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Director’s Message
The field of nanotechnology is ad�ancing rapidly and will likely re�olutionize a broad range of 
consumer, medical, and industrial sectors. As with any new technology, we are faced with many 
unknowns; all of which raise questions concerning occupational safety and health. The National 
Institute for Occupational Safety and Health (NIOSH) is committed to ensuring worker protection 
as nanotechnology de�elops.

NIOSH de�eloped the document Approaches to Safe Nanotechnology in October of 2005. Now 
NIOSH pro�ides a 2006 update. This is intended to be an information exchange with NIOSH to 
raise potential safety and health concerns from exposure to nanomaterials. The document also ad-
dresses current and future research needs essential to understanding the potential risks that nano-
technology may ha�e to workers. 

It is imperati�e that the scientific community come together to ad�ance our understanding of 
nanotechnology and its implications in the workplace. I in�ite you to participate in this process 
and encourage you to pro�ide feedback, comments, or suggestions regarding the Approaches to Safe 
Nanotechnology document. I also encourage you to share any rele�ant information or experience 
pertaining to the field of nanotechnology. 

As our knowledge grows, NIOSH plans to pro�ide �aluable guidance to the safe handling of 
nanoparticles and other safe approaches to nanotechnology. This will be an effort that e�ol�es as 
the technology ad�ances and our knowledge and experience grows.

Thank you,

John Howard, M.D.
Director, National Institute for Occupational  

Safety and Health
Centers for Disease Control and Pre�ention
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VERSION 1.1

Approaches to Safe Nanotechnology: 
An Information Exchange with NIOSH

This information is distributed solely for the purpose of pre-dissemination peer review under applicable 
information quality guidelines. It has not been formally disseminated by CDC/NIOSH and should not 
be construed to represent any agency determination or policy.

Executive Summary
Nanotechnology has the potential to dramatically impro�e the effecti�eness of a number of existing 
consumer and industrial products and could ha�e a substantial impact on the de�elopment of new 
applications ranging from disease diagnosis and treatment to en�ironmental remediation. Because 
of the broad range of possible nanotechnology applications, continued e�aluation of the potential 
health risks associated with exposure to nanomaterials is essential to ensure their safe handling. 
Nanomaterials are engineered materials ha�ing at least one dimension between 1 and 100 nano-
meters. Nanomaterials often exhibit unique physical and chemical properties that impart specific 
characteristics essential in making engineered materials, but little is known about what effect these 
properties may ha�e on human health. Research has shown that the physiochemical characteristics 
of particles can influence their effects in biological systems. These characteristics include: particle 
size, shape, surface area, charge, chemical properties, solubility, and degree of agglomeration. Until 
the results from research studies can fully elucidate the characteristics of nanoparticles that may 
potentially pose a health risk, precautionary measures are warranted. 

NIOSH has de�eloped this document to pro�ide an o�er�iew of what is known about nanomate-
rial hazard and measures that can be taken to minimize workplace exposures. NIOSH is seeking 
comments from occupational safety and health practitioners, researchers, product inno�ators and 
manufacturers, employers, workers, interest group members, and the general public so that appro-
priate existing health and safety guidance can be further refined and disseminated. Opportunities 
to pro�ide feedback and information are a�ailable throughout the document. 

The following is a summary of findings and key recommendations:
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Potential Health  
Concerns

The potential for nanomaterials to en-
ter the body is among se�eral factors 
that scientists examine in determining 
whether such materials may pose an oc-
cupational health hazard.  Nanomateri-
als ha�e the greatest potential to enter the 
body if they are in the form of nanopar-
ticles, agglomerates of nanoparticles, and 
particles from nanostructured materials 
that become airborne or come into con-
tact with the skin.

Based on results from human and ani-
mal studies, airborne nanomaterials can 
be inhaled and deposit in the respira-
tory tract; and based on animal studies, 
nanoparticles can enter the blood stream, 
and translocate to other organs.

Experimental studies in rats ha�e shown 
that equi�alent mass doses of insoluble 
ultrafine particles (smaller than 100 nm) 
are more potent than large particles of 
similar composition in causing pulmo-
nary inflammation and lung tumors in 
those laboratory animals. Howe�er, tox-
icity may be mitigated by surface charac-
teristics and other factors. Results from 
in �itro cell culture studies with similar 
materials are generally supporti�e of the 
biological responses obser�ed in ani-
mals. 

Cytotoxicity and experimental animal 
studies ha�e shown that changes in the 
chemical composition, structure of the 
molecules, or surfaces properties of cer-
tain nanomaterials can influence their 
potential toxicity. 

Studies in workers exposed to aerosols 
of manufactured microscopic (fine) 
and nanoscale (ultrafine) particles ha�e  

•

•

•

•

•

reported lung function decrements and 
ad�erse respiratory symptoms; howe�er, 
uncertainty exists about the role of ul-
trafine particles relati�e to other air-
borne contaminants (e.g., chemicals, fine 
 particles) in these work en�ironments in 
causing ad�erse health effects. 

Engineered nanoparticles whose physi-
cal and chemical characteristics are like 
those of ultrafine particles need to be 
studied to determine if they pose health 
risks similar to those that ha�e been as-
sociated with the ultrafine particles.

Potential Safety  
Concerns

Although insufficient information exists to 
predict the fire and explosion risk associ-
ated with nanoscale powders, nanoscale 
combustible material could present a high-
er risk than coarser material with a simi-
lar mass concentration gi�en its increased 
particle surface area and potentially unique 
properties due to the nanoscale. 

Some nanomaterials may initiate cata-
lytic reactions depending on their com-
position and structure that would not 
otherwise be anticipated from their 
chemical composition alone.

Working with Engineered 
Nanomaterials

Nanomaterial-enabled products such 
as nanocomposites and surface coat-
ings, and materials comprised of nano-
structures such as integrated circuits are 
unlikely to pose a risk of exposure dur-
ing their handling and use. Howe�er, 
some of the processes (formulating and 

•

•

•

•
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 applying nanoscale coatings) used in 
their production may lead to exposure to 
nanoparticles.

Processes generating nanomaterials in the 
gas phase, or using or producing nanoma-
terials as powders or slurries/suspensions/
solutions pose the greatest risk for releas-
ing nanoparticles. Maintenance on pro-
duction systems (including cleaning and 
disposal of materials from dust collection 
systems) is likely to result in exposure to 
nanoparticles if it in�ol�es disturbing de-
posited nanomaterial.

The following workplace tasks may increase 
the risk of exposure to nanoparticles:

working with nanomaterials in liq-
uid media without adequate protec-
tion (e.g., glo�es) will increase the 
risk of skin exposure.

working with nanomaterials in liq-
uid during pouring or mixing op-
erations, or where a high degree of 
agitation is in�ol�ed, will lead to an 
increase likelihood of inhalable and 
respirable droplets being formed.

generating nanoparticles in the gas 
phase in non-enclosed systems will 
increase the chances of aerosol re-
lease to the workplace.

handling nanostructured powders 
will lead to the possibility of aero-
solization.

maintenance on equipment and 
processes used to produce or fab-
ricate nanomaterials or the clean-
up of spills or waste material will 
pose a potential for exposure to 
workers performing these tasks.

cleaning of dust collection systems 
used to capture nanoparticles can 

•

•

—

—

—

—

—

—

pose a potential for both skin and 
inhalation exposure.

machining, sanding, drilling, or oth-
er mechanical disruptions of mate-
rials containing nanoparticles can 
potentially lead to aerosolization of 
nanomaterials.

Exposure Assessment 
and Characterization

Until more information becomes a�ail-
able on the mechanisms underlying 
nanoparticle toxicity, it is uncertain as to 
what measurement technique should be 
used to monitor exposures in the work-
place. Current research indicates that 
mass and bulk chemistry may be less 
important than particle size and shape, 
surface area, and surface chemistry (or 
acti�ity) for nanostructured materials. 

Many of the sampling techniques that 
are a�ailable for measuring airborne 
nanoaerosols �ary in complexity but can 
pro�ide useful information for e�aluat-
ing occupational exposures with respect 
to particle size, mass, surface area, num-
ber concentration, composition, and 
surface. Unfortunately, relati�ely few of 
these techniques are readily applicable to 
routine exposure monitoring. 

Regardless of the metric or measurement 
method used for e�aluating nanoaerosol 
exposures, it is critical that background 
nanoaerosol measurements be conducted 
before the production, processing or han-
dling of the nanomaterial/nanoparticle. 

When feasible, personal sampling is pre-
ferred to ensure an accurate representa-
tion of the worker’s exposure, whereas 
area sampling (e.g., size-fractionated 
aerosol samples) and real-time (direct 

—

•

•

•

•
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reading) exposure measurements may be 
more useful for e�aluating the need for 
impro�ement of engineering controls 
and work practices.

Precautionary Measures
Gi�en the limited amount of informa-
tion about the health risks, it is prudent 
to take measures to minimize worker 
 exposures. 

For most processes and job tasks, the 
control of airborne exposure to nano-
aerosols can be accomplished using a 
wide �ariety of engineering control tech-
niques similar to those used in reducing 
exposure to general aerosols.

The implementation of a risk manage-
ment program in workplaces where ex-
posure to nanomaterials exists can help 
to minimize the potential for exposure 
to nanoaerosols. Elements of such a pro-
gram should include:

e�aluating the hazard posed by the 
nanomaterial based on a�ailable 
physical and chemical property data 
and toxicology or health effects data.

assessing potential worker exposure 
to determine the degree of risk.

the education and training of work-
ers in the proper handling of nano-
materials (e.g., good work practices).

the establishment of criteria and pro-
cedures for installing and e�aluating 
engineering controls (e.g., exhaust,  
�entilation) at locations where ex-
posure to nanoparticles might occur.

the de�elopment of procedures for 
determining the need and selection 

•

•

•

—

—

—

—

—

of personal protecti�e equipment 
(e.g., clothing, glo�es, respirators). 

the systematic e�aluation of expo-
sures to ensure that control measures 
are working properly and that work-
ers are being pro�ided the appropri-
ate personal protecti�e equipment.

Engineering control techniques such as 
source enclosure (i.e., isolating the gen-
eration source from the worker) and local 
exhaust �entilation systems should be effec-
ti�e for capturing airborne nanoparticles. 
Current knowledge indicates that a well-
designed exhaust �entilation system with a 
high-efficiency particulate air (HEPA) filter 
should effecti�ely remo�e nanoparticles.

The use of good work practices can help 
to minimize worker exposures to nano-
materials. Examples of good practices 
include; cleaning of work areas using 
HEPA �acuum pickup and wet wip-
ing methods, pre�enting the consump-
tion of food or be�erages in workplaces 
where nanomaterials are handled, and 
pro�iding hand-washing facilities and 
facilities for showering and changing 
clothes.

No guidelines are currently a�ailable on 
the selection of clothing or other ap-
parel (e.g. glo�es) for the pre�ention of 
dermal exposure to nanoaerosols. How-
e�er, some clothing standards incorpo-
rate testing with nanoscale particles and 
therefore pro�ide some indication of the 
effecti�eness of protecti�e clothing with 
regard to nanoparticles.

Respirators may be necessary when en-
gineering and administrati�e controls do 
not adequately pre�ent exposures. Cur-
rently, there are no specific exposure lim-
its for airborne exposures to engineered 

—

•

•

•

•
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nanoparticles although occupational ex-
posure limits exist for larger particles of 
similar chemical composition. The deci-
sion to use respiratory protection should 
be based on professional judgment that 
takes into account toxicity information, 
exposure measurement data, and the fre-
quency and likelihood of the worker’s ex-
posure. Preliminary e�idence shows that 
for respirator filtration media there is no 
de�iation from the classical single-fiber 
theory for particulates as small as 2.5 nm 
in diameter. While this e�idence needs 
confirmation, it is likely that NIOSH 
certified respirators will be useful for 
protecting workers from nanoparticle 
inhalation when properly selected and fit 
tested as part of a complete respiratory 
protection program. 

Occupational Health 
Surveillance
The unique physical and chemical proper-
ties of nanomaterials, the increasing growth 
of nanotechnology in the workplace, a�ail-
able information about biological and health 
effects in animals associated with exposures 
to some types of engineered nanoparticles in 
laboratory studies, and a�ailable information 
about the occupational health effects of in-
cidental ultrafine particles all underscore the 
need for medical and hazard sur�eillance for 
nanotechnology.  E�ery workplace dealing with 
nanoparticles, engineered nanomaterials, or 
other aspects of nanotechnology should con-
sider the need for an occupational health sur-
�eillance program.  NIOSH is in the process of 
formulating guidance rele�ant to occupational 
health sur�eillance for nanotechnology.
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Introduction
Nanotechnology is the manipulation of mat-
ter on a near-atomic scale to produce new 
structures, materials, and de�ices. This tech-
nology has the ability to transform many in-
dustries and to be applied in many ways to ar-
eas ranging from medicine to manufacturing. 
Research in nanoscale technologies is growing 
rapidly worldwide. By 2015, the National Sci-
ence Foundation estimates that nanotechnol-
ogy will ha�e a $1 trillion impact on the global 
economy and will employ 2 million workers, 1 
million of which may be in the United States 
[Roco and Bainbridge 2001]. 

Nanomaterials present new challenges to un-
derstanding, predicting, and managing po-
tential health risks to workers. As with any 
new material being de�eloped, scientific data 
on the health effects in exposed workers are 
largely una�ailable. In the case of nanoma-
terials, the uncertainties are great because 
the characteristics of nanomaterials may be 
different from those of the larger materials 
with the same chemical composition . Safety 
and health practitioners recognize the critical 
lack of guidance on the safe handling of nano-
materials—especially now, when the degree 
of risk to exposed workers is unknown. In the 
meantime, the extensi�e scientific literature on 
airborne particles—including toxicology and 
epidemiological studies, measurement tech-
niques, and engineering controls—pro�ides 
the best a�ailable data from which to de�elop 
interim approaches for working safely with 
nanomaterials and to de�elop hypotheses for 
studies of new nanomaterials. 

The National Institute for Occupational Safe-
ty and Health (NIOSH) is working in paral-
lel with the de�elopment and implementa-
tion of commercial nanotechnology through  
(1) conducting strategic planning and research, 
(2) partnering with public- and pri�ate-sector 
colleagues from the United States and abroad, 

and (3) making information widely a�ailable. 
The NIOSH goal is to pro�ide national and 
world leadership for incorporating research 
findings about the implications and applica-
tions of nanotechnology into good occupa-
tional safety and health practice for the benefit 
of all nanotechnology workers.

Intent and Purpose
With the launch of the Approaches to Safe 
Nanotechnology Web page, NIOSH hopes to 
do the following:

Raise awareness of the occupational 
safety and health issues being identified 
in the rapidly mo�ing and changing sci-
ence in�ol�ing implications and applica-
tions of nanotechnology.

Use the best information available to 
make interim recommendations on oc-
cupational safety and health practices 
in the production and use of nanoma-
terials. These interim recommendations 
will be updated as appropriate to reflect 
new information. They will address key 
components of occupational safety and 
health, including monitoring, engineer-
ing controls, personal protecti�e equip-
ment, occupational exposure limits, 
and administrati�e controls. They will 
draw from the ongoing NIOSH assess-
ment of current best practices, technical 
knowledge, and professional judgment. 
Throughout the de�elopment of these 
guidelines, the utility of a hazard-based 
approach to risk assessment and control 
will be e�aluated and, where appropriate, 
recommended.

Facilitate an exchange of information 
between NIOSH and its external partners 
from ongoing research, including success 
stories, applications, and case studies.

•

•

•
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Respond to requests from industry, la-
bor, academia, and other partners who 
are seeking science-based, authoritati�e 
guidelines.

Identify information gaps where few or no 
data exist and where research is needed. 

The NIOSH Web site (www.cdc.go�/niosh/
topics/nanotech/) will ser�e as a starting point 
for de�eloping good work practices and will 
set a foundation for de�eloping proacti�e 
strategies for the responsible de�elopment of 
nanotechnologies in the U.S. workplace. This 
site will be dynamic in soliciting stakeholder 
input and featuring regular updates. 

Scope
This document has been de�eloped to pro�ide 
a resource for stakeholders who wish to under-
stand more about the safety and health appli-
cations and implications of nanotechnology in 
the workplace. The information and guidelines 
presented here are intended to aid in e�aluating 
the potential hazard of exposure to engineered 
nanomaterials and to set the stage for the de�el-
opment of more comprehensi�e guidelines for 
reducing potential workplace exposures in the 
wide range of tasks and processes that use nano-
materials. The information in this document 
will be of specific interest to the following:

Occupational safety and health profes-
sionals who must (1) understand how 
nanotechnology may affect occupational 
health and (2) de�ise strategies for work-
ing safely with nanomaterials

Researchers working with or planning to 
work with engineered nanomaterials and 
studying the potential occupational safe-
ty and health impacts of nanomaterials

Policy and decision-makers in go�ern-
ment agencies and industry

•

•

•

•

•

Risk e�aluation professionals

People working with or potentially ex-
posed to engineered nanomaterials in 
the workplace

In making this document available, NIOSH 
is requesting data and information from 
key stakeholders that is relevant to the de-
velopment of occupational safety and health 
guidelines . The purpose will be to de�elop a 
complete resource of occupational safety and 
health information and recommendations 
for working safely with nanomaterials based 
on the best a�ailable science. Particular atten-
tion will be gi�en to questions about the po-
tential health risks associated with exposure to 
nanoparticles and to the steps that can be taken 
to protect worker health. The information pro-
�ided in this document has been abstracted 
from peer-re�iewed literature currently a�ail-
able. This document and resulting guidelines 
will be systematically updated by NIOSH as 
new information becomes available from 
NIOSH research or others in the scientific 
community .

Established safe work practices are generally 
based on an understanding of the hazards as-
sociated with the chemical and physical prop-
erties of a material. Engineered nanomaterials 
may exhibit unique properties that are related 
to their physical size, shape, and structure as 
well as chemical composition. Considerable 
uncertainty still exists as to whether these 
unique properties in�ol�e occupational health 
risks. Current information about the poten-
tial ad�erse health effects of engineered nano-
materials, exposure assessment, and exposure 
control is limited. Howe�er, the large body of 
scientific literature that exists on exposures 
and responses to ultrafine and other airborne 
particles in animals and humans may be use-
ful in making preliminary assessments as to 
the health risks posed by engineered nano-
materials. Until further information is avail-
able, interim safe working practices should be 

•
•
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 developed based on the best available infor-
mation . The information and recommenda-
tions in this document are intended to aid in as-
sessment of the potential hazard of engineered 
nanomaterials and to set the stage for the de�el-
opment of more comprehensi�e guidelines for 
reducing potential workplace exposures.

Descriptions and  
Definitions
Nanotechnology in�ol�es the manipulation of 
matter at nanometer* scales to produce new 
materials, structures, and de�ices. The U.S. 
National Nanotechnology Initiati�e (NNI)   
(see nano.go�/html/facts/whatIsNano.html) 
defines a technology as nanotechnology only 
if it in�ol�es all of the following: 

Research and technology de�elopment 
in�ol�ing structures with at least one di-
mension in the range of 1 to 100 nano-
meters (nm), frequently with atomic/
molecular precision

Creating and using structures, de�ices, 
and systems that ha�e unique prop-
erties and functions because of their 
nanometer-scale dimensions

The ability to control or manipulate on 
the atomic scale

Nanotechnology is an enabling technology 
that offers the potential for unprecedented 
ad�ances in many di�erse fields. The ability 
to manipulate matter at the atomic or mo-
lecular scale makes it possible to form new 
materials, structures, and de�ices that exploit 
the unique physical and chemical properties 
associated with nanometer-scale structures. 
The promise of nanotechnology goes far be-
yond extending the use of current materials. 

1.

2.

3.

New materials and de�ices with intricate and 
closely engineered structures will allow for  
(1) new directions in optics, electronics, and 
optoelectronics; (2) de�elopment of new med-
ical imaging and treatment technologies; and 
(3) production of ad�anced materials with 
unique properties and high-efficiency energy 
storage and generation.

Although nanotechnology-based products are 
generally thought to be at the pre-competiti�e 
stage, an increasing number of products and 
materials are becoming commercially a�ail-
able. These include nanoscale powders, solu-
tions, and suspensions of nanoscale materi-
als as well as composite materials and de�ices 
ha�ing a nanostructure. An in�entory of such 
products was compiled by the Woodrow Wil-
son Center’s Project on Emerging Nanotech-
nologies (www.nanotechproject.org/44/con-
sumer-nanotechnology).

Nanoscale titanium dioxide, for instance, is 
finding uses in cosmetics, sun-block creams, 
and self-cleaning windows. And nanoscale sil-
ica is being used as filler in a range of products, 
including dental fillings. Recently, a number of 
new or “impro�ed” consumer products using 
nanotechnology ha�e entered the market—for 
example, stain and wrinkle-free fabrics in-
corporating “nanowhiskers,” and longer-last-
ing tennis balls using butyl-rubber/nanoclay 
composites. Issues ha�e been raised about the 
adequacy of testing and labeling requirements 
for nanomaterials used in consumer prod-
ucts [The Royal Society, The Royal Academy 
of Engineering 2004]. Further details on cur-
rent and anticipated products can be found at 
www.nano.go�/html/facts/appsprod.html and 
www.nanotechproject.org/44/consumer-nan-
otechnology. 

A. Nanoparticles
Nanoparticles are particles ha�ing a diameter 
between 1 and 100 nm. Nanoparticles may *1 nanometer (nm) = 1 billionth of a meter (109).
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be suspended in a gas (as an nanoaerosol), 
suspended in a liquid (as a colloid or nano-
hydrosol),or embedded in a matrix (as a nano-
composite). The precise definition of “particle 
diameter” depends on particle shape as well as 
how the diameter is measured. Particle mor-
phologies may �ary widely at the nanoscale. 
For instance, carbon fullerenes represent 
nanoparticles with identical dimensions in 
all directions (i.e., spherical), whereas single-
walled carbon nanotubes (SWCNTs) typically 
form con�oluted, fiber-like nanoparticles with 
a diameter below 100 nm. Many regular but 
nonspherical particle morphologies can be en-
gineered at the nanoscale, including “flower” 
and “belt”-like structures. For examples of 
some nanoscale structures, see www.nanosci-
ence.gatech.edu/zlwang/research.html

B. Ultrafine Particles
The term “ultrafine particle” has traditionally 
been used by the aerosol research and occupa-
tional and en�ironmental health communities 
to describe airborne particles typically smaller 
than 100 nm in diameter. Although no formal 
distinction exists between ultrafine particles 
and nanoparticles, the term “ultrafine” is 
frequently used in the context of nanome-
ter-diameter particles that have not been in-
tentionally produced but are the incidental 
products of processes involving combustion, 
welding, or diesel engines . Likewise, the term 
“nanoparticle” is frequently used with respect 
to particles demonstrating size-dependent 
physicochemical properties, particularly from 
a materials science perspecti�e, although no 
formal definition exists. As a result, the two 
terms are sometimes used to differentiate be-
tween engineered (nanoparticle) and inciden-
tal (ultrafine) nanoscale particles.

It is currently unclear whether the use of source-
based definitions of nanoparticles and ultrafine 
particles is justified from a safety and health 

perspecti�e. This is particularly the case where 
data on nonengineered, nanometer-diameter 
particles are of direct rele�ance to the impact of 
engineered particles. An attempt has been made 
in this document to follow the general con�en-
tion of preferentially using the term “nanopar-
ticle” in the context of intentionally-produced 
or engineered nanoscale particles and the term 
“ultrafine” in the context of incidentally-pro-
duced particles (e.g., combustion products). 
Howe�er, this does not necessarily imply specif-
ic differences in the properties of these particles 
as related to hazard assessment, measurement, 
or control of exposures, and this remains an 
acti�e area of research. “Nanoparticle” and “ul-
trafine” are not rigid definitions. For example, 
since the term “ultrafine” has been in existence 
longer, some intentionally-produced particles 
with primary particle sizes in the nanosize 
range (e.g., TiO2) are often called “ultrafine” in 
the literature. 

C. Engineered Nanoparticles
Engineered nanoparticles are intention-
ally produced, whereas incidental nanoscale 
or ultrafine particles are byproducts of pro-
cesses such as combustion and �aporization. 
Engineered nanoparticles are designed with 
�ery specific properties (including shape, size, 
surface properties, and chemistry), and collec-
tions of the particles in an aerosol, colloid, or 
powder will reflect these properties. Incidental 
nanoscale particles are generated in a relati�ely 
uncontrolled manner and are usually physi-
cally and chemically heterogeneous compared 
with engineered nanoparticles.

D. Nanoaerosol
A nanoaerosol is a collection of nanoparticles 
suspended in a gas . The particles may be pres-
ent as discrete nanoparticles, or as assemblies 
(aggregates or agglomerates) of nanoparticles. 
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These assemblies may ha�e diameters larger 
than 100 nm. In the case of an aerosol consist-
ing of micrometer-diameter particles formed 
as assemblies of nanoparticles, the definition 
of nanoaerosol is open to interpretation. It 
is generally accepted that if the nanostruc-
ture associated with the nanoparticles is ac-
cessible (through physical, chemical, or bio-
logical interactions), then the aerosol may 
be considered a nanoaerosol. Howe�er, if the 
nanostructure within indi�idual micrometer-
diameter particles does not directly influence 
particle beha�ior (for instance, if the nanopar-
ticles were inaccessibly embedded in a solid 

matrix), the aerosol would not be described as a  
nanoaerosol.

E. Agglomerate
An agglomerate is a group of particles held to-
gether by relati�ely weak forces, including �an 
der Waals forces, electrostatic forces and sur-
face tension [ISO 2006]. 

F. Aggregate
An aggregate is a heterogeneous particle in 
which the �arious components are held to-
gether by relati�ely strong forces, and thus not 
easily broken apart [ISO 2006].
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Potential Health  
Concerns
Nanotechnology is an emerging field . As such, 
there are many uncertainties as to whether 
the unique properties of engineered nanoma-
terials (which underpin their commercial po-
tential) also pose occupational health risks . 
These uncertainties arise because of gaps in 
 knowledge about the factors that are essential 
for predicting health risks—factors such as 
routes of exposure, translocation of materials 
once they enter the body, and interaction of the 
materials with the body’s biological systems. 
The potential health risk following exposure 
to a substance is generally associated with the 
magnitude and duration of the exposure, the 
persistence of the material in the body, the in-
herent toxicity of the material, and the suscep-
tibility or health status of the person. More data 
are needed on the health risks associated with 
exposure to engineered nanomaterials. Results 
of existing studies in animals or humans on ex-
posure and response to ultrafine or other respi-
rable particles pro�ide a basis for preliminary 
estimates of the possible ad�erse health effects 
from exposures to similar engineered materi-
als on a nano-scale. Experimental studies in 
rodents and cell cultures ha�e shown that the 
toxicity of ultrafine or nanoparticles is greater 
than that of the same mass of larger particles 
of similar chemical composition [Oberdörster 
et al., 1992, 1994a,b; Lison et al., 1997; Tran et 
al., 1999, 2000; Brown et al., 2001; Duffin et al., 
2002; Barlow et al. 2005]. In addition to par-
ticle surface area, other particle characteristics 
may influence the toxicity, including solubil-
ity, shape, and surface chemistry [Duffin et al. 
2002; Oberdörster et al. 2005a; Maynard and 
Kuempel 2005; Donaldson et al. 2006]. More 
research is needed on the influence of particle 
properties on interactions with biological sys-
tems and the potential for ad�erse effects. In-
ternational research strategies for e�aluating 

the safety of nanomaterials are acti�ely being 
de�eloped through cooperati�e efforts [Thom-
as et al. 2006].

Existing toxicity information about a gi�en 
material can also help pro�ide a baseline for 
anticipating the possible ad�erse health effects 
that may occur from exposure to that same 
material on a nano-scale. 

A. Exposure Routes 
The most common route of exposure to air-
borne particles in the workplace is by inhala-
tion . The deposition of discrete nanoparticles 
in the respiratory tract is determined by the 
particle’s aerodynamic or thermodynamic di-
ameter (depending on particle size). Agglom-
erates of nanoparticles will deposit according 
to the diameter of the agglomerate, not constit-
uent nanoparticles. Research is still ongoing to 
determine the physical factors that contribute 
to the agglomeration and de-agglomeration of 
nanoparticles, and the role of agglomerates in 
the toxicity of inhaled nanoparticles.

Discrete nanoparticles are deposited in the 
lungs to a greater extent than larger respirable 
particles [ICRP 1994], and deposition increas-
es with exercise due to increase in breathing 
rate and change from nasal to mouth breath-
ing [Jaques and Kim 2000; Daigle et al. 2003] 
and among persons with existing lung diseases 
or conditions [Brown et al. 2002]. Based on 
animal studies, discrete nanoparticles may en-
ter the bloodstream from the lungs and trans-
locate to other organs [Takenaka et al. 2001; 
Nemmar et al. 2002; Oberdörster et al. 2002].

Discrete nanoparticles (35-37 nm count me-
dian diameter) that deposit in the nasal region 
may be able to enter the brain by transloca-
tion along the olfactory ner�e, as was recently 
obser�ed in rats [Oberdörster et al. 2004; 
Oberdörster et al. 2005a]. The transport of in-
soluble particles from 20 to 500 nm diameter 



Approaches to Safe Nanotechnology 7

to the brain �ia sensory ner�es (including ol-
factory and trigeminus) was reported in earlier 
studies in se�eral animal models [De Lorenzo 
1970; Adams and Bray 1983; Hunter and Dey 
1998]. This exposure route has not been stud-
ied in humans, and research is continuing to 
e�aluate its rele�ance.

Ingestion is another route whereby nanopar-
ticles may enter the body. Ingestion can occur 
from unintentional hand to mouth transfer 
of materials; this can occur with traditional 
materials, and it is scientifically reasonable to 
assume that it also could happen during han-
dling of materials that contain nanoparticles. 
Ingestion may also accompany inhalation ex-
posure because particles that are cleared from 
the respiratory tract �ia the mucociliary esca-
lator may be swallowed [ICRP 1994]. Little is 
known about possible ad�erse effects from the 
ingestion of nanoparticles.

Some studies suggest that nanoparticles also 
could enter the body through the skin during 
occupational exposure. The U.K. Royal Society 
and Royal Academy of Engineers ha�e report-
ed that unpublished studies indicate nanopar-
ticles of titanium dioxide used in sunscreens 
do not penetrate beyond the epidermis [The 
Royal Society and The Royal Academy of Engi-
neering 2004]. Howe�er, the report also makes 
a number of recommendations addressing 
the need for further and more transparent in-
formation in the area of nanoparticle dermal 
penetration. Tinkle et al. [2003] ha�e shown 
that particles smaller than 1 µm in diameter 
may penetrate into mechanically flexed skin 
samples. 

A more recent study reported that nanopar-
ticles with �arying physicochemical proper-
ties were able to penetrate the intact skin of 
pigs (Ryman-Rasmussen et al. 2006). These 
nanoparticles were quantum dots of different 
size, shape, and surface coatings. They were 
reported to penetrate the stratum corenum 
barrier by passi�e diffusion and localize within 

the epidermal and dermal layers within 8 to 
24 hours. The dosing solutions were two- to 
four-fold dilutions of quantum dots as com-
mercially supplied and thus represent occu-
pationally rele�ant doses. This study suggests 
that the skin is a potential route of exposure 
for nanoparticles.

At this time, it is not known if skin penetration 
of nanoparticles would result in ad�erse ef-
fects as these studies ha�e not been reported in  
animal models. Studies conducted in vitro us-
ing primary or cultured human skin cells ha�e 
shown that both SWCNT and multi-walled 
carbon nanotubes (MWCNT) can enter cells 
and cause release of pro-inflammatory cyto-
kines, oxidati�e stress, and decreased �iability 
[Monteiro-Ri�iere et al. 2005; Sh�edo�a et al. 
2003]. It remains unclear, howe�er, how these 
findings may be extrapolated to a potential oc-
cupational risk, gi�en that additional data are 
not yet a�ailable for comparing the cell model 
studies with actual conditions of occupational 
exposure. Research on the dermal exposure of 
nanoparticles is ongoing [www.uni-leipzig.
de/~nanoderm/]. 

B. Effects Seen in Animal 
Studies 

Experimental studies in rats have shown that 
at equivalent mass doses, insoluble ultrafine 
particles are more potent than larger par-
ticles of similar composition in causing pul-
monary inflammation, tissue damage, and 
lung tumors [Lee et al. 1985; Oberdörster and 
Yu 1990; Oberdörster et al. 1992, 1994a,b; Hein-
rich et al. 1995; Driscoll 1996; Lison et al. 1997; 
Tran et al. 1999, 2000; Brown et al. 2001; Duf-
fin et al. 2002; Renwick et al. 2004; Barlow et al. 
2005]. These studies ha�e shown that for poor-
ly-soluble and low toxicity (PSLT) particles, 
the dose-response relationships are consistent 
across particle sizes when dose is expressed as 
particle surface area. In addition to particle 
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size and surface area, studies ha�e also shown 
that other particle characteristics can influence 
toxicity. For example, although the relation-
ship between particle surface area dose and 
pulmonary inflammation is consistent among 
PSLT particles, crystalline silica is much more 
inflammogenic than PSLT particles at a gi�en 
surface area dose [Duffin et al. 2002]. 

These studies indicate that for nanoparti-
cles with similar properties (e.g., PSLT), the  
toxicity of a gi�en mass dose will increase with 
decreasing particle size due to the increasing 
surface area. Howe�er, the dose-response rela-
tionship may differ for particles with different 
chemical composition and other properties. 
Consistent with these findings, a recent study 
reported doses of either fine or ultrafine TiO2

 

in rats at which the lung responses did not sig-
nificantly differ from controls, while crystalline 
silica caused more se�ere lung responses at the 
same dose [Warheit et al. 2006]. That study 
was unable to adequately test hypotheses about 
particle surface area dose and toxicity because 
the rat lung responses to either fine or ultrafine 
TiO2 did not significantly differ from controls. 

PTFE fume

Among ultrafine particles, freshly-generated 
polytetrafluoroethylene (PTFE) fume (gener-
ated at temperatures >425oC) is known to be 
highly toxic to the lungs. Freshly-generated 
PTFE fume caused hemorrhagic pulmonary 
edema and death in rats exposed to less than 
60 µg/m3 [Oberdörster et al. 1995]. In contrast, 
aged PTFE fume was much less toxic and did 
not result in mortality, which was attributed to 
the increase in particle size from accumulation 
and to changes in surface chemistry [Johnston 
et al. 2000; Oberdörster et al. 2005a]. Human 
case studies ha�e reported pulmonary edema 
in workers exposed to PTFE fume and an ac-
cidental death in a worker when an equipment 
malfunction caused o�erheating of the PTFE 

resin and release of the PTFE pyrolysis prod-
ucts in the workplace [Goldstein et al. 1987; 
Lee et al. 1997]. While PTFE fume differs from 
engineered nanoparticles, these studies illus-
trate properties of ultrafine particles that ha�e 
been associated with an acute toxic hazard. 
Enclosed processes and other engineering con-
trols appear to ha�e been effecti�e at eliminat-
ing worker exposures to PTFE fume in normal 
operations, and thus may pro�ide examples of 
control systems that may be implemented to 
pre�ent exposure to nanoparticles that may 
ha�e similar properties.

Carbon nanotubes 

Carbon nanotubes (CNT) are specialized 
forms or structures of engineered nanopar-
ticles that ha�e had increasing production and 
use [Donaldson et al. 2006]. Consequently, a 
number of toxicological studies of CNT ha�e 
been performed in recent years. These studies 
ha�e shown that the toxicity of CNT may dif-
fer from that of other nanoparticles of similar 
chemical composition. For example, single-
walled CNTs (SWCNT) ha�e been shown to 
produce ad�erse effects including granulomas 
in the lungs of mice and rats at mass doses at 
which ultrafine carbon black did not produce 
these ad�erse effects [Sh�edo�a et al. 2005; 
Lam et al. 2004]. While both SWCNTs and 
carbon black are carbon-based, SWCNTs ha�e 
a unique con�oluted fibrous structure and 
specific surface chemistry that offers excellent 
electrical conducti�e properties. How these 
characteristics may influence toxicity is not 
known. CNTs may contain metal catalysts as 
byproducts of their production, which could 
also contribute to their toxicity. 

In a study of SWCNTs instilled into the lungs 
of rats, multi-focal granulomas (without 
transient inflammation or persistent lesions) 
were obser�ed at doses of 1 or 5 mg/kg body 
weight [Warheit et al. 2004]. In a study of 
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mice instilled with one of se�eral types of SW-
CNTs (raw, purified, iron-containing, and  
 nickel-containing) at doses of 0.1 or 0.5 mg/
mouse (approximately 3 or 16 mg/kg body 
weight), dose-dependent epithelioid granulo-
mas were obser�ed at 7 days, which persisted at 90 
days [Lam et al. 2004,2006]. Both the raw and pu-
rified forms produced interstitial inflammation, 
while mortality (5/9 mice) was obser�ed in the 
high dose group of the Ni-containing SWCNT. 

NIOSH researchers recently reported ad�erse 
lung effects following pharyngeal aspiration of 
SWCNTs in mice using doses between 10–40 
µg/mouse (approximately 0.5–2 mg/kg body 
weight) [Sh�edo�a et al. 2005]. The findings 
showed that exposure to SWCNTs in mice lead 
to transient pulmonary inflammation, oxida-
ti�e stress, decrease in pulmonary function, 
decrease in bacterial clearance, and early onset 
of interstitial fibrosis. Deposition of agglom-
erates resulted in de�elopment of granulomas, 
while deposition of more dispersed nanotube 
structures resulted in the rapid de�elopment of 
interstitial fibrosis (within 7 days), which pro-
gressed o�er a 60 day post-exposure period.

SWCNT were more fibrogenic than an equal 
mass of either ultrafine carbon black or fine 
quartz [Sh�edo�a et al. 2005; Lam et al. 2004]. 
Based on their findings in mice, Sh�edo�a et al. 
[2005] estimated that workers may be at risk 
of de�eloping lung lesions if they were exposed 
to SWCNT o�er a period of 20 days at the cur-
rent OSHA Permissible Exposure Limit (PEL) 
for graphite (5 mg/m3). Lam et al. [2004, 2006] 
pro�ided similar estimates and suggested that 
the graphite PEL should not be used (e.g., on 
MSDS) as a safe concentration for workers ex-
posed to CNTs. Compared to instillation, the 
pharyngeal aspiration technique may approxi-
mate more closely the particle deposition that 
occurs during inhalation, although inhalation 
studies of CNTs may pro�ide more definiti�e 
information about their potential toxicity in 
humans [Donaldson et al. 2006]. 

Multi-walled CNTs (MWCNT) were recently 
studied by intratracheal instillation in Sprague-
Dawley rats recei�ing either 0.5, 2, or 5 mg 
(approximately 2, 9, or 22 mg/kg body weight) 
of either ground MWCNT or unground MW-
CNT [Muller et al. 2005]. Both forms pro-
duced pulmonary inflammation and fibrosis. 
The dispersion in the lungs was greater for the 
ground MWCNT, and fibrotic lesions were  
obser�ed in the deep lungs (al�eolar region) of 
the ground MWCNT-treated rats, while fibro-
sis was primarily seen in the airways of the rats 
treated with unground MWCNT. The biop-
ersistence of the unground CNT was greater 
than that of the ground MWCNT, with 81% 
�s. 36%, respecti�ely, remaining in the lungs at 
day 60. At an equal mass dose, ground MW-
CNT produced a similar inflammatory and 
fibrogenic response as chrysotile asbestos and 
a greater response than ultrafine carbon black 
[Muller et al. 2005]. Effects from the �ehicle 
(1% Tween 80) used for administering ground 
and ungrounded MWCNT to rats were not 
reported; the control group used in the study 
was exposed to only saline. Ground CNTs are 
used in polymer composites and other ma-
trixes, and thus there is a potential for worker 
exposure to either ground or unground CNT. 

These studies indicate the need for more data 
on potential exposures of workers to CNTs. 
Maynard et al. [2004] reported relati�ely low 
airborne mass concentrations of raw SWCNT  
material in one facility, although concentra-
tions increased considerably when the mate-
rial was agitated. Gi�en the unusual toxicity of 
SWCNT obser�ed in rodent lungs at relati�ely 
low mass doses and the uncertainty about po-
tential ad�erse effects in workers if exposed, 
it is prudent to minimize worker exposure 
to airborne CNTs through the use of effec-
ti�e engineering controls, work practices, and 
personal protecti�e equipment (see Section on 
Exposure Control Procedures). 
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C. Observations from 
 Epidemiological Studies 
Involving Fine and Ultrafine 
Particles 

Epidemiological studies in workers exposed to 
aerosols including fine and ultrafine particles 
ha�e reported lung function decrements,  
ad�erse respiratory symptoms, chronic ob-
structi�e pulmonary disease, and fibrosis 
[Kreiss et al. 1997; Gardiner et al. 2001; An-
tonini 2003]. In addition, some studies ha�e 
found ele�ated lung cancer among workers 
exposed to certain ultrafine particles, e.g., die-
sel exhaust particulate [Steenland et al. 1998; 
Garshick et al. 2004] or welding fumes [Anto-
nini 2003]. The implications of these studies 
to engineered nanoparticles, which may ha�e 
different particle properties, are uncertain. 

Epidemiological studies in the general popula-
tion ha�e shown associations between particu-
late air pollution and increased morbidity and 
mortality from respiratory and cardio�ascular 
diseases [Dockery et al. 1993; HEI 2000; Pope 
et al. 2002; Pope et al. 2004]. Some epidemio-
logical studies ha�e shown ad�erse health ef-
fects associated with exposure to the ultrafine 
particulate fraction of air pollution [Peters et 
al. 1997; Penttinen et al. 2001; Ibald-Mulli et al. 
2002; Timonen et al. 2004; Ruckerl et al. 2005], 
although uncertainty exists about the role of 
ultrafine particles relati�e to the other air pol-
lutants in causing the obser�ed ad�erse health 
effects. The associations in these studies ha�e 
been based on measurements of the particle 
number or mass concentrations of particles 
within certain size fractions (e.g., PM2.5). In 
an experimental study of healthy and asthmat-
ic subjects inhaling ultrafine carbon particles, 
changes were obser�ed in the expression of 
adhesion molecules by blood leukocyte, which 
may relate to possible cardio�ascular effects 
of ultrafine particle exposure [Frampton et al. 
2006]. 

D. Hypotheses from Animal 
and Epidemiological  
Studies

The existing literature on particles and fi-
bers pro�ides a scientific basis from which to 
e�aluate the potential hazards of engineered 
nanoparticles. While the properties of engi-
neered nanoparticles can �ary widely, the basic 
physicochemical and toxicokinetic principles 
learned from the existing studies are rele�ant 
to understanding the potential toxicity of 
nanoparticles. For example, we know from 
studies in humans that a greater proportion 
of inhaled nanoparticles will deposit in the re-
spiratory tract (both at rest and with exercise) 
compared to larger particles [ICRP 1994; Jaques 
and Kim 2000; Daigle et al. 2003; Kim and 
Jaques 2004]. We know from studies in animals 
that nanoparticles in the lungs can be translo-
cated to other organs in the body, although it 
is not well known how this may be influenced 
by the chemical and physical properties of the 
nanoparticles [Takenaka et al. 2001; Kreyling 
et al. 2002; Oberdörster et al. 2002, 2004; Sem-
mler et al. 2004; Geiser et al. 2005]. Due to their 
small size, nanoparticles can cross cell mem-
branes and interact with subcellular structures 
such as mitochondria, where they ha�e been 
shown to cause oxidati�e damage and impair 
function of cells in culture [Möller et al. 2002, 
2005; Li et al. 2003; Geiser et al. 2005]. Animal 
studies ha�e shown that nanoparticles are more 
biologically acti�e due to their greater surface 
area per mass compared with larger-sized par-
ticles of the same chemistry [Oberdörster et al. 
1992; 1994a,b; 2005a; Driscoll 1996; Lison et al. 
1997; Brown et al. 2001; Duffin et al. 2002; Ren-
wick et al. 2004; Barlow et al. 2005]. While this 
increased biological acti�ity of nanoparticles 
is a fundamental component to the utility of 
nanoparticles for industrial, commercial, and 
medical applications, the consequences of un-
intentional exposures of workers to nanopar-
ticles are uncertain. 
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Research reported from laboratory animal 
studies and from human epidemiological 
studies ha�e lead to hypotheses regarding the 
potential ad�erse health effects of engineered 
nanoparticles. These hypotheses are based on 
the scientific literature of particle exposures 
in animals and humans. This literature has 
been recently re�iewed [Donaldson et al. 2005; 
Maynard and Kuempel 2005; Oberdörster et 
al. 2005a, Donaldson et al. 2006; Kreyling et 
al. 2006]. In general, the particles used in past 
studies ha�e not been characterized to the ex-
tent recommended for new studies in order to 
more fully understand the particle properties 
influencing toxicity [Oberdörster et al. 2005b; 
Thomas et al. 2006]. As this research contin-
ues, more data will become a�ailable to sup-
port or refute these hypotheses for engineered 
nanoparticles. 

Exposure to engineered nanoparticles 
is likely to cause adverse health effects 
similar to well-characterized ultrafine 
particles that have similar physical 
and chemical characteristics .

Studies in rodents and humans support the 
hypothesis that exposure to incidental ultra-
fine particles pose a greater respiratory hazard 
than the same mass of larger particles with a 
similar chemical composition. Studies of exist-
ing particles ha�e shown ad�erse health effects 
in workers exposed to ultrafine particles (e.g., 
diesel exhaust particulate, welding fumes), 
and animal studies ha�e shown that ultrafine 
particles are more inflammogenic and tu-
morigenic in the lungs of rats than an equal 
mass of larger particles of similar composition 
[Oberdörster and Yu 1990; Driscoll 1996; Tran 
et al. 1999, 2000]. If engineered nanoparticles 
have the same physiochemical characteris-
tics that are associated with reported effects 
from ultrafine particles, they may also pose 
the same health concerns . 

Although the physiochemical characteristics 
of existing ultrafine particles and engineered 

1 .

nanoparticles can differ substantially, the 
toxicological and dosimetric principles de-
ri�ed from a�ailable studies may be rele�ant 
to postulating the health concerns for new 
engineered particles. The biological mecha-
nisms of particle-related lung diseases (e.g., 
 oxidati�e stress, inflammation, and pro-
duction of cytokines, chemokines, and cell 
growth factors) [Mossman and Churg 1998; 
Castrano�a 2000, Donaldson and Tran 2002] 
appear to be a consistent lung response for 
respirable particles including ultrafine or 
nanoparticles [Donaldson et al. 1998; Don-
aldson and Stone 2003; Oberdörster et al. 
2005]. Toxicological studies ha�e shown that 
the chemical and physical properties that are 
important factors influencing the fate and 
toxicity of ultrafine particles may also be sig-
nificant for other nanoparticles [Duffin et al. 
2002; Kreyling et al. 2002; Oberdörster et al. 
2002; Semmler et al. 2004]. 

Surface area and activity, particle 
number may be better predictors of 
potential hazard than mass .

The greater potential hazard may relate to the 
greater number or surface area of nanopar-
ticles compared with that for the same mass 
concentration of larger particles [Oberdörster 
et al. 1992; Oberdörster et al. 1994a,b; Driscoll 
et al. 1996; Tran et al. 2000; Brown et al. 2001; 
Peters et al. 1997; Moshammer and Neuber-
ger 2003]. This hypothesis is based primarily 
on the pulmonary effects obser�ed in studies 
of rodents exposed to �arious types of ultra-
fine or fine particles (e.g., titanium dioxide, 
carbon black, barium sulfate, diesel soot, coal 
fly ash, and toner) and in humans exposed to 
aerosols including nanoparticles (e.g., diesel 
exhaust and welding fumes). These stud-
ies indicate that for a gi�en mass of particles, 
relati�ely insoluble nanoparticles are more 
toxic than larger particles of similar chemical 
composition and surface properties. Studies 
of fine and ultrafine particles ha�e shown that 

2 .
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 particles with less biologically reacti�e surfac-
es are less toxic [Tran et al. 1999; Duffin et al. 
2002]. Howe�er, e�en particles with low inher-
ent toxicity (e.g., titanium dioxide) ha�e been 
shown to cause pulmonary inflammation,  
tissue damage, and fibrosis at sufficiently high 
particle surface area doses [Oberdörster et al. 
1992, 1994a,b; Tran et al. 1999, 2000].

Through engineering, the properties of 
nanomaterials can be modified. For example, 
a recent study has shown that the cytotoxic-
ity of water-soluble fullerenes can be reduced 
by se�eral orders of magnitude by modifying 
the structure of the fullerene molecules (e.g., 
by hydroxylation) [Sayes et al. 2004]. These 
structural modifications were shown to re-
duce the cytotoxicity by reducing the genera-
tion of oxygen radicals—which is a probable 
mechanism by which cell membrane damage 
and death occurred in these cell cultures. In-
creasing the sidewall functionalization of SW-
CNT also rendered these nanomaterials less 
cytotoxic to cells in culture [Sayes et al. 2005]. 
Cytotoxicity studies with quantum dots ha�e 
shown that the type of surface coating can 
ha�e a significant effect on cell motility and 
�iability [Hoshino et al. 2004; Shiohara et al. 
2004; Lo�ric et al. 2005]. Differences in the 
phase composition of nanocrystalline struc-
tures can influence their cytotoxicity; in a re-
cent study comparing two types of titanium 
dioxide nanoparticles, anatase was more cy-
totoxic and produced more reacti�e species 
than did rutile with similar specific surface 
area (153 and 123 m2g, respecti�ely) [Sayes et 
al. 2006]. Reacti�e oxygen species were also 
associated with the cytotoxicity of titanium 
dioxide nanoparticles to mouse microglia 
(brain cells) grown in culture [Long et al. 
2006]. 

The studies of ultrafine particles may pro�ide 
useful data to de�elop preliminary hazard or 
risk assessments and to generate hypotheses 
for further testing. The studies in cell cultures 

pro�ide information about the cytotoxic 
 properties of nanomaterials that can guide 
further research and toxicity testing in whole 
organisms. More research is needed of the spe-
cific particle properties and other factors that 
influence the toxicity and disease de�elopment 
associated with airborne particles, including 
those characteristics that may be most predic-
ti�e of the potential safety or toxicity of new 
engineered nanoparticles.

Potential Safety 
Hazards
Very little is known about the safety risks 
that engineered nanomaterials might pose, 
beyond some data indicating that they possess 
certain properties associated with safety haz-
ards in traditional materials. From currently 
a�ailable information, the potential safety 
concerns most likely would in�ol�e catalytic 
effects or fire and explosion hazards if nano-
materials are found to beha�e similarly to tra-
ditional materials in key respects. 

A. Fire and Explosion
Although insufficient information exists to 
predict the fire and explosion risk associated 
with nanoscale powders, nanoscale com-
bustible material could present a higher 
risk than coarser material of similar quan-
tity given its unique properties [HSE 2004]. 
Decreasing the particle size of combustible 
materials can reduce minimum ignition en-
ergy and increase combustion potential and 
combustion rate, leading to the possibility 
of relati�ely inert materials becoming high-
ly combustible. Dispersions of combustible 
nanomaterial in air may present a greater 
safety risk than dispersions of non-nano-
materials with similar compositions. Some 
 nanomaterials are designed to generate heat 



Approaches to Safe Nanotechnology 13

through the progression of reactions at the 
nanoscale. Such materials may present a fire 
hazard that is unique to engineered nanoma-
terials. In the case of some metals, explosion 
risk can increase significantly as particle 
size decreases .

The greater acti�ity of nanoscale materials 
forms a basis for research into nanoenerget-
ics. For instance, nanoscale Al/MoO3 ther-
mites ignite more than 300 times faster than 
 corresponding micrometer-scale material 
[Granier and Pantoya 2004].

B. Catalytic reaction
Nanometer-diameter particles and nano-
structured porous materials ha�e been used 
for many years as effecti�e catalysts for in-
creasing the rate of reactions or decreas-
ing the necessary temperature for reactions 
to occur in liquids and gases. Depending 
on their composition and structure, some 
nanomaterials may initiate catalytic reac-
tions and increase their fire and explosion 
potential that would not otherwise be an-
ticipated from their chemical composition 
alone [Pritchard 2004]. 
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Guidelines for Work-
ing with Engineered 
 Nanomaterials
Engineered nanomaterials are di�erse in their 
physical, chemical, and biological nature. The 
processes used in research, material de�elop-
ment, production, and use or introduction 
of nanomaterials ha�e the potential to �ary 
greatly. Until further information on the pos-
sible health risks and extent of occupational 
exposure to nanomaterials becomes avail-
able, interim precautionary measures should 
be developed and implemented . These mea-
sures should focus on the de�elopment of 
safe working practices tailored to the specific  
processes and materials where workers might 
be exposed. Hazard information that is a�ail-
able about common materials that are being 
manufactured in the nanometer range (for 
example, TiO2) should be considered as a 
starting point in de�eloping appropriate work 
practices and controls. 

The following guidelines are designed to aid in 
the assessment of hazard for engineered nano-
materials and for reducing exposures in the 
workplace. Using a hazard-based approach to 
e�aluate exposures and for de�eloping precau-
tionary measures is consistent with good oc-
cupational safety and health practices, such as 
those recommended by the UK Royal Society 
and Royal Academy of Engineers [The Royal 
Society and The Royal Academy of Engineer-
ing 2004].

A. Potential for Occupational 
Exposure

Few workplace measurement data exist on 
airborne exposure to nanoparticles that are 
purposely produced and not incidental to an 
industrial process. In general, it is likely that 

processes generating nanomaterials in the gas 
phase, or using or producing nanomaterials 
as powders or slurries/suspensions/solutions 
(i.e. in liquid media) pose the greatest risk for 
releasing nanoparticles. In addition, main-
tenance on production systems (including 
cleaning and disposal of materials from dust 
collection systems) is likely to result in expo-
sure to nanoparticles if it involves disturbing 
deposited nanomaterial . Exposures associat-
ed with waste streams containing nanomateri-
als may also occur.

The magnitude of exposure to nanoparticles 
when working with nanopowders depends 
on the likelihood of particles being released 
from the powders during handling. NIOSH 
researchers are acti�ely conducting research to 
quantitati�ely determine how �arious nano-
materials are comparati�ely dispersed. Studies 
on exposure to SWCNTs ha�e indicated that 
although the raw material may release �isible 
particles into the air when handled, the particle 
size of the agglomerate can be a few millime-
ters in diameter and the release rate of inhal-
able and respirable particles relati�ely low (on 
a mass or number basis) compared with other 
nanopowders; howe�er, pro�iding energy to 
the bulk dust (�ortexing) generated significant 
le�els of respirable dust [Maynard et al. 2004]. 
Since data are generally lacking with regard to 
the generation of inhalable/respirable particles 
during the production and use of engineered 
nanomaterials, further research is required 
to determine exposures under �arious condi-
tions. NIOSH researchers are conducting both 
laboratory and field-based e�aluations in or-
der to address some of these knowledge gaps.

De�ices comprised of nanostructures, such 
as integrated circuits, pose a minimal risk of 
exposure to nanoparticles during handling. 
Howe�er, some of the processes used in their 
production may lead to exposure to nanopar-
ticles (for example, exposure to commercial 
polishing compounds that contain nanoscale 
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 particles, or exposure to nanoscale particles 
that are inad�ertently dispersed or created dur-
ing the manufacturing and handling process-
es). Likewise, large-scale components formed 
from nanocomposites will most likely not pres-
ent significant exposure potential. Howe�er, if 
such materials are used or handled in such a 
manner that can generate nanostructured par-
ticles (e.g., cutting, grinding), or undergo deg-
radation processes that lead to the release of 
nanostructured material, then exposure may 
occur by the inhalation, ingestion, and/or der-
mal penetration of these particles.

B. Factors Affecting Exposure 
to Nanoparticles

Factors affecting exposure to engineered 
nanoparticles include the amount of mate-
rial being used and whether the material can 
be easily dispersed (in the case of a powder) 
or form airborne sprays or droplets (in the 
case of suspensions) . The degree of contain-
ment and duration of use will also influence 
exposure. In the case of airborne material, 
particle or droplet size will determine wheth-
er the material can enter the respiratory tract 
and where it is most likely to deposit. Inhaled 
 particles smaller than 10 µm in diameter ha�e 
some probability of penetrating to and being 
deposited in the gas exchange (al�eolar) re-
gion of the lungs, but there is at least a 50% 
probability that particles smaller than 4 µm in 
diameter will reach the gas-exchange region 
[Lippmann 1977; ICRP 1994; ISO 1995]. Par-
ticles that are capable of being deposited in the 
gas exchange region of the lungs are consid-
ered respirable particles. The mass deposition 
fraction of nanoparticles is greater in the 
human respiratory tract than that for larger 

respirable particles . Up to 50% of inhaled 
nanoparticles may deposit in the gas-exchange 
region [ICRP 1994]. For inhaled nanoparticles 
smaller than approximately 30 nm, an increas-
ing mass fraction of particles is also predicted 
to deposit in the upper airways of the human 
respiratory tract [ICRP 1994]. 

At present there is insufficient information 
to predict all of the situations and workplace 
scenarios that are likely to lead to exposure to 
nanomaterials. Howe�er, there are some work-
place factors that can increase the potential for 
exposure. These include:

Working with nanomaterials in liquid 
media without adequate protection (e.g., 
glo�es) will increase the risk of skin ex-
posure.

Working with nanomaterials in liquid 
media during pouring or mixing opera-
tions, or where a high degree of agitation 
is in�ol�ed, will lead to an increased like-
lihood of inhalable and respirable drop-
lets being formed. 

Generating nanoparticles in the gas phase 
in nonenclosed systems will increase the 
chances of aerosol release to the work-
place. 

Handling nanostructured powders will 
lead to the possibility of aerosolization.

Maintenance on equipment and process-
es used to produce or fabricate nanoma-
terials will pose a potential exposure risk 
to workers performing these tasks. 

Cleaning of dust collection systems used 
to capture nanoparticles will pose a po-
tential for both skin and inhalation ex-
posure.

•

•

•

•

•

•
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Exposure  
Assessment and 
 Characterization
There are currently no national or interna-
tional consensus standards on measurement 
techniques for nanoparticles in the work-
place . However, information and guidance 
for monitoring nanoparticle exposures in 
workplace atmospheres has recently been 
developed by the International Organiza-
tion for Standardization and is in press [ISO 
2006] . If the qualitati�e assessment of a process 
has identified potential exposure points and 
leads to the decision to measure nanoparticles, 
se�eral factors must be kept in mind. Current 
research indicates that mass and bulk chem-
istry may be less important than particle size, 
surface area, and surface chemistry (or acti�ity) 
for nanostructured materials [Oberdörster et 
al. 1992, 1994a,b; Duffin et al. 2002]. Research 
is ongoing into the relati�e importance of these 
different exposure metrics, and how to best 
characterize exposures to nanoparticles in the 
workplace. In addition, the unique shape and 
properties of some nanomaterials may pose 
additional challenges. For example, the tech-
niques used to measure fiber concentrations in 
the workplace (e.g., phase contrast microscopy) 
would not be able to detect indi�idual carbon 
nanotubes (diameter <100 nm), nor bundles 
of carbon nanotubes with diameters less than 
250 nm [Donaldson et al. 2006]. 

A. Monitoring Workplace 
 Exposures

While research continues to address questions 
of nanoparticle toxicity, a number of exposure 
assessment approaches can be initiated to help 
determine worker exposures. These assess-
ments can be performed using traditional in-
dustrial hygiene sampling methods that include 

the use of samplers placed at static locations 
(area sampling), samples collected in the 
breathing zone of the worker (personal sam-
pling), or real-time measurements of exposure 
that can be personal or static. In general, per-
sonal sampling is preferred to ensure an accu-
rate representation of the worker’s exposure, 
whereas area samples (e.g., size-fractionated 
aerosol samples) and real-time (direct-read-
ing) exposure measurements may be more use-
ful for e�aluating the need for impro�ement of 
engineering controls and work practices. 

Many of the sampling techniques that are 
a�ailable for measuring airborne nanoaero-
sols �ary in complexity but can pro�ide use-
ful information for e�aluating occupational 
exposures with respect to particle size, mass, 
surface area, number concentration, compo-
sition, and surface chemistry. Unfortunately, 
relati�ely few of these techniques are readily 
applicable to routine exposure monitoring. 
These measurement techniques are described 
below along with their applicability for moni-
toring nanometer aerosols.

For each measurement technique used, it is 
�ital that the key parameters associated with 
the technique and sampling methodology be 
recorded when measuring exposure to nano-
aerosols. This should include the response 
range of the instrumentation, whether person-
al or static measurements are made, and the 
location of all potential aerosol sources. Com-
prehensi�e documentation will facilitate com-
parison of exposure measurements using dif-
ferent instruments and exposure metrics and 
will aid the re-interpretation of historic data as 
further information is de�eloped on appropri-
ate exposure metrics. Regardless of the metric 
and method selected for exposure monitor-
ing, it is critical that measurements be con-
ducted before production or processing of 
a nanomaterial to obtain background expo-
sure data . Measurements made during pro-
duction or processing can then be e�aluated 
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to determine if there has been an increase in 
exposure from background measurements. 
NIOSH is presently conducting research to 
e�aluate �arious measurement techniques and 
will release those results on this site when they 
become a�ailable. 

Size-fractionated aerosol  
sampling 

Studies indicate that particle size plays an im-
portant role in determining the potential ad-
�erse effects of nanoparticles in the respiratory 
system, by influencing the physical, chemical, 
and biological nature of the material; by af-
fecting the surface area dose of deposited par-
ticles, and by enabling deposited particles to 
more readily translocate to other parts of the 
body. Animal studies indicate that the toxic-
ity of nanometer aerosols is more closely as-
sociated with the particle surface area and 
particle number than with the particle mass 
concentration when comparing aerosols with 
different particle size distributions. Howe�er, 
mass concentration measurements may be ap-
plicable for e�aluating occupational exposure 
to nanometer aerosols where a good correla-
tion between the surface area of the aerosol 
and mass concentration can be determined or 
if toxicity data based on mass dose are a�ail-
able for a specific nanometer aerosol associ-
ated with a known process (e.g., diesel exhaust 
particulate). 

Aerosol samples can be collected using inhal-
able, thoracic, or respirable samplers, depend-
ing on the region of the respiratory system most 
susceptible to the inhaled particles. Current 
information suggests that a large fraction of 
inhaled nanoparticles will deposit in the gas-
exchange region of the lungs [ICRP 1994], 
suggesting the use of respirable samplers . 
Respirable fraction samplers will also collect a 
nominal amount of nanometer-diameter par-
ticles that can deposit in the upper airways and 

ultimately be cleared or transported to other 
parts of the body. 

Respirable fraction samplers allow mass-
based exposure measurements to be made 
using gra�imetric and/or chemical analysis 
[NIOSH 1994a]. Howe�er, they do not pro-
�ide information on aerosol number, size, or 
surface area concentration, unless the rela-
tionship between different exposure metrics 
for the aerosol (e.g., density, particle shape) 
has been pre�iously characterized. Currently, 
no commercially a�ailable personal samplers 
are designed to measure the particle number, 
surface area, or mass concentration of nano-
meter aerosols. Howe�er, se�eral methods are 
a�ailable that can be used to estimate surface 
area, number, or mass concentration for par-
ticles smaller than 100 nm. 

In the absence of specific exposure limits or 
guidelines for engineered nanoparticles, ex-
posure data gathered from the use of respi-
rable samplers [NIOSH 1994b] can be used 
to determine the need for engineering con-
trols or work practices and for routine expo-
sure monitoring of processes and job tasks . 
When chemical components of the sample 
need to be identified, chemical analysis of the 
filter samples can permit smaller quantities 
of material to be quantified, with the limits 
of quantification depending on the technique 
selected [NIOSH 1994a]. The use of con�en-
tional impactor samplers to assess nanopar-
ticle exposure is limited, to a lower collection 
efficiency of 200 to 300 nm. Low-pressure cas-
cade impactors that can measure particles to 
50 nm may be used for static sampling, since 
their size and complexity preclude their use as 
personal samplers [Marple et al. 2001, Hinds 
1999]. A personal cascade impactor is a�ail-
able with a lower aerosol cut point of 250 nm 
[Misra et al. 2002], allowing an approximation 
of nanometer particle mass concentration in 
the worker’s breathing zone. For each method, 
the detection limits are of the order of a few 
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micrograms of material on a filter or collection 
substrate [Vaughan et al. 1989]. Cascade im-
pactor exposure data gathered from worksites 
where nanomaterials are being processed or 
handled can be used to make assessments as to 
the efficacy of exposure control measures. 

Real-time aerosol sampling 

The real-time (direct-reading) measurement 
of nanometer aerosol concentrations is lim-
ited by the sensitivity of the instrument to 
detect small particles . Many real-time aero-
sol mass monitors used in the workplace rely 
on light scattering from groups of particles 
(photometers). This methodology is generally 
insensiti�e to particles smaller than 300 nm 
[Hinds 1999]. Optical instruments that size 
indi�idual particles and con�ert the measured 
distribution to a mass concentration are simi-
larly limited to particles larger than 100 to 300 
nm. Quantitati�e information gained by op-
tical particle counters may also be limited by 
relati�ely poor counting efficiencies at smaller 
(< 500 nm) particle diameters. Similarly, the 
response of optical particle counters may be 
highly material dependent. The Scanning Mo-
bility Particle Sizer (SMPS) is widely used as 
a research tool for characterizing nanometer 
aerosols, although its applicability for use in 
the workplace may be limited because of its 
size, cost, and the inclusion of a radioacti�e 
source. Additionally, the SMPS may take from 2 
to 3 minutes to scan an entire size distribution; 
thus, it may be of limited use in workplaces 
with highly �ariable aerosol size distributions, 
such as close to a strong particle source. Fast (< 
1 second) mobility based particle sizing instru-
ments are now a�ailable commercially; howe�-
er, because they ha�e fewer channels they lack 
the finer sizing resolution of the SMPS. The 
Electrical Low Pressure Impactor (ELPI) is an 
alternati�e instrument that combines diffusion 
 charging and a cascade impactor with real-time 
(< 1 second) aerosol charge measurements 

pro�iding aerosol size distributions by aero-
dynamic diameter [Keskinen et al. 1992]. 

Surface area measurements

Relatively few techniques exist to monitor ex-
posures with respect to aerosol surface area . 
Isothermal adsorption is a standard off-line 
technique used to measure the specific surface 
area of powders that can be adapted to mea-
sure the specific surface area of collected aero-
sol samples. For example, the surface area of 
particulate material (e.g., using either a bulk 
or an aerosol sample) can be measured in the 
laboratory using a gas adsorption method (e.g., 
Brunauer, Emmett, and Teller, BET) [Brunau-
er et al. 1938]. Howe�er, the BET method re-
quires relati�ely large quantities of material, 
and measurements are influenced by particle 
porosity and adsorption gas characteristics. 

The first instrument designed to measure 
aerosol surface-area was the epiphaniometer 
[Baltensperger et al. 1988]. This de�ice mea-
sures the Fuchs or acti�e surface-area of the 
aerosols by measuring the attachment rate 
of radioacti�e ions. For aerosols less than ap-
proximately 100 nm in size, measurement of 
the Fuchs surface area is probably a good in-
dicator of external surface-area (or geometric 
surface area). Howe�er, for aerosols greater 
than approximately 1 µm the relationship with 
geometric particle surface-area is lost [Fuchs 
1964]. Measurements of acti�e surface-area 
are generally insensiti�e to particle porosity. 
The epiphaniometer is not well suited to wide-
spread use in the workplace because of the in-
clusion of a radioacti�e source and the lack of 
effecti�e temporal resolution. 

This same measurement principle can be ap-
plied with the use of a portable aerosol diffu-
sion charger. Studies ha�e shown that these 
de�ices pro�ide a good estimate of aerosol  
surface area when airborne particles are smaller 
than 100 nm in diameter. For larger particles, 
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diffusion chargers underestimate aerosol sur-
face area. Howe�er, further research is needed 
to e�aluate the degree of underestimation. 
Extensi�e field e�aluations of commercial in-
struments are yet to be reported. Howe�er, 
laboratory e�aluations with monodisperse sil-
�er particles ha�e shown that 2 commercially 
a�ailable diffusion chargers can pro�ide good 
measurement data on aerosol surface area for 
particles smaller than 100 nm in diameter but 
underestimate the aerosol surface area for par-
ticles larger than 100 nm in diameter [Ku and 
Maynard 2005, 2006].

Particle number concentration 
measurement

Particle number concentration has been as-
sociated with ad�erse responses to air pollu-
tion in some human studies [Timonen et al. 
2004; Ruckerl et al. 2005], while in toxicologi-
cal studies, particle surface area has generally 
been shown to be a better predictor than either 
particle number, mass, or �olume concentra-
tion alone [Oberdörster and Yu 1990; Tran et 
al. 1999; Duffin et al. 2002]. A two-�ariable 
dose metric of particle size and �olume was 
shown to be the best predictor of lung cancer 
in rats from �arious types of particles [Borm 
et al. 2004; Pott and Roller 2005]. This illus-
trates some of the complexity of interpreting 
the existing data on particle dose metric and 
response. While ad�erse health effects appear 
to be more closely related with particle surface 
area the number of particles depositing in the 
respiratory tract or other organ systems may 
also play an important role. 

Aerosol particle number concentration can be 
measured relati�ely easily using Condensation 
Particle Counters (CPCs). These are a�ailable 
as hand-held static instruments, and they are 
generally sensiti�e to particles greater than 10 
to 20 nm in diameter. CPCs designed for the 
workplace do not ha�e discrete size-selecti�e 

inputs, and so they are typically sensiti�e to 
particles up to micrometers in diameter. Com-
mercial size-selecti�e inlets are not a�ailable to 
restrict CPCs to the nanoparticle size range; 
howe�er, the technology exists to construct 
size-selecti�e inlets based on particle mobil-
ity, or possibly inertial pre-separation. An al-
ternati�e approach to estimating nanoparticle 
concentrations using a CPC is to use the in-
strument in parallel with an optical particle 
counter. The difference in particle count be-
tween the instruments will pro�ide an indica-
tion of particle number concentration between 
the lower CPC detectable particle diameter 
and the lower optical particle diameter (typi-
cally 300 to 500 nm).

A critical issue when characterizing exposure 
using particle number concentration is selec-
ti�ity. Nanoparticles are ubiquitous in many 
workplaces, from sources such as combustion, 
�ehicle emissions, and infiltration of outside 
air. Particle counters are generally insensiti�e 
to particle source or composition making it 
difficult to differentiate between inciden-
tal and process-related nanoparticles using 
number concentration alone . In a study of 
aerosol exposures while bagging carbon black, 
Kuhlbusch et al. [2004] found that peaks in 
number concentration measurements were 
associated with emissions from fork lift trucks 
and gas burners in the �icinity, rather than 
the process under in�estigation. In a similar 
manner, during an ultrafine particle mapping 
exercise in an automoti�e facility, Peters et 
al. [2006] found that direct gas-fired heating 
systems systematically produced high particle 
number concentrations throughout the facil-
ity where the heating system was in operation. 
Although this issue is not unique to particle 
number concentration measurements, orders 
of magnitude difference can exist in aerosol 
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number concentrations depending on con-
comitant sources of particle emissions. 

Although using nanoparticle number con-
centration as an exposure measurement may 
not be consistent with exposure metrics being 
used in animal toxicity studies, such measure-
ments may be a useful indicator for identify-
ing nanoparticle emissions and determining 
the efficacy of control measures . Portable 
CPCs are capable of measuring localized aero-
sol concentrations, allowing the assessment of 
particle releases occurring at �arious processes 
and job tasks [Brouwer et al. 2004].

Surface area estimation

Information about the relationship between 
different measurement metrics can be used 
for estimating aerosol surface area . If the size 
distribution of an aerosol remains consistent, 
the relationship between number, surface area, 
and mass metrics will be constant. In particu-
lar, mass concentration measurements can be 
used for deri�ing surface area concentrations, 
assuming the constant of proportionality is 
known. This constant is the specific surface 
area (surface to mass ratio). 

Size distribution measurements obtained through 
sample analysis by transmission electron micros-
copy may also be used to estimate aerosol sur-
face area. If the measurements are weighted by 
particle number, information about particle 
geometry will be needed to estimate the sur-
face area of particles with a gi�en diameter. If 
the measurements are weighted by mass, addi-
tional information about particle density will 
be required. 

If the airborne aerosol has a lognormal size dis-
tribution, the surface-area concentration can 
be deri�ed using three independent measure-
ments. An approach has been proposed using 
three simultaneous measurements of aerosol 
that included mass concentration, number 

concentration, and charge [Woo et al. 2001]. 
With knowledge of the response function of 
each instrument, minimization techniques 
can be used to estimate the parameters of the 
lognormal distribution leading to the three 
measurements used in estimating the aerosol 
surface area. 

An alternati�e approach has been proposed 
whereby independent measurements of aero-
sol number and mass concentration are made, 
and the surface area is estimated by assuming 
the geometric standard de�iation of the (as-
sumed) lognormal distribution [Maynard 
2003]. This method has the ad�antage of sim-
plicity by relying on portable instruments 
that can be used in the workplace. Theoretical 
calculations ha�e shown that estimates may 
be up to a factor of ten different from the ac-
tual aerosol surface-area, particularly when 
the aerosol has a bimodal distribution. Field 
measurements indicate that estimates are 
within a factor of three of the acti�e surface-
area, particularly at higher concentrations. In 
workplace en�ironments, aerosol surface-area 
concentrations can be expected to span up to 
5 orders of magnitude; thus, surface-area esti-
mates may be suited for initial or preliminary 
appraisals of occupational exposure concen-
trations. 

Although such estimation methods are un-
likely to become a long-term alternati�e to 
more accurate methods, they may pro�ide 
a �iable interim approach to estimating the 
surface area of nanometer aerosols in the ab-
sence of precise measurement data. Additional 
research is needed on comparing methods 
used for estimating aerosol surface area with 
a more accurate aerosol surface area measure-
ment method. NIOSH is conducting research 
in this area and will communicate results as 
they become a�ailable. In the interim, NIOSH 
welcomes additional information and input 
on this topic.
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B. Proposed Sampling  
Strategy

Currently, there is not one sampling method 
that can be used to characterize exposure to 
nanosized aerosols . Therefore, any attempt to 
characterize workplace exposure to nanopar-
ticles must in�ol�e a multifaceted approach in-
corporating many of the sampling techniques 
mentioned abo�e. Brouwer et al. [2004] rec-
ommend that all rele�ant characteristics of 
nanoparticle exposure be measured, and a 
sampling strategy similar to theirs would pro-
�ide a reasonable approach to characterizing 
workplace exposure.

The first step would in�ol�e identifying the 
source of nanoparticle emissions. A CPC pro-
�ides acceptable capability for this purpose. 
It is critical to determine ambient or back-
ground particle counts before measuring 
particle counts during the manufacture or 
processing of the nanoparticles in�ol�ed. If a 
specific nanoparticle is of interest (e.g. TiO2), 
then area sampling with a filter suitable for 
analysis by electron microscopy should also be 
employed. Transmission electron microscopy 
(TEM) can identify specific particles and can 
estimate the size distribution of the particles.

Once the source of emissions is identified, 
aerosol surface area measurements should be 
conducted with a portable diffusion charger 
and aerosol size distributions should be de-
termined with an SMPS or ELPI using static 
(area) monitoring. A small portable sur-
face area instrument could be adapted to be 
worn by a worker, although depending on 

the nature of the work, this may be cumber-
some. Further, losses of aerosol with the ad-
dition of a sampling tube would need to be 
calculated if this were used. The location 
of these instruments should be considered 
carefully. Ideally they should be placed close 
to the work areas of the workers, but other 
factors such as size of the instrumentation, 
power source, etc. will need to be considered.

Lastly, personal sampling using filters or grids 
suitable for analysis by electron microscopy or 
chemical identification should be employed, 
particularly if measuring exposures to specific 
nanoparticles is of interest. Electron micros-
copy can be used to identify the particles, and 
can pro�ide an estimate of the size distribution 
of the particle of interest. The use of a personal 
cascade impactor or a respirable cyclone sam-
pler with a filter, though limited, will help to 
remo�e larger particles that may be of limited 
interest and allow a more definiti�e determina-
tion of particle size. Analysis of these filters for 
air contaminants of interest can help identify 
the source of the respirable particles. Standard 
analytical chemical methodologies should be 
employed [NIOSH 1994a].

By using a combination of these techniques, 
an assessment of worker exposure to nanopar-
ticles can be conducted. This approach will 
allow a determination of the presence and 
identification of nanoparticles and the char-
acterization of the important aerosol metrics. 
Howe�er, since this approach relies primarily 
on static or area sampling some uncertainty 
will exist in estimating worker exposures.
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Exposure Control 
 Procedures
Gi�en the limited information about the health 
risks associated with occupational exposure to 
engineered nanoparticles, work practices and 
engineering controls should be tailored to 
the processes and job tasks in which exposure 
might occur. For most processes and job tasks, 
the control of airborne exposure to nanopar-
ticles can most likely be accomplished using 
a wide variety of engineering control tech-
niques similar to those used in reducing 
exposures to general aerosols [Ratherman 
1996; Burton 1997]. To ensure that the appro-
priate steps are taken to minimize the risk of 
exposure, a risk management program should 
be implemented. Elements of such a program 
should include the establishment of guidelines 
for installing and e�aluating engineering con-
trols (e.g., exhaust �entilation), the education 
and training of workers in the proper handling 
of nanomaterials (e.g., good work practices), 
and the de�elopment of procedures for select-
ing and using personal protecti�e equipment 
(e.g., clothing, glo�es, respirators). 

A. Engineering Controls
In general, control techniques such as source 
enclosure (i.e., isolating the generation source 
from the worker) and local exhaust �entilation 
systems should be effecti�e for capturing air-
borne nanoparticles, based on what is known 
of nanoparticle motion and beha�ior in air. The 
use of �entilation systems should be designed, 
tested, and maintained using approaches rec-
ommended by the American Conference of 
Go�ernmental Industrial Hygienists [ACGIH 
2001]. In light of current scientific knowledge 
about the generation, transport, and capture 
of aerosols, these control techniques should be 

effecti�e for controlling airborne exposures to 
nanometer-scale particles [Seinfeld and Pan-
dis 1998; Hinds 1999].

Dust collection efficiency of filters

Current knowledge indicates that a well-
 designed exhaust �entilation system with a 
high- efficiency particulate air (HEPA) fil-
ter should effecti�ely remo�e nanoparticles 
[Hinds 1999]. Filters are tested using particles 
that ha�e the lowest probability of being cap-
tured (typically around 300 nm in diameter). 
It is expected that the collection efficiencies 
for smaller particles should exceed the mea-
sured collection efficiency at this particle 
 diameter [Lee and Liu 1982]. NIOSH is con-
ducting research to �alidate the efficiency 
of HEPA filter media used in en�ironmental 
control systems and in respirators in remo�-
ing nanoparticles. As results of this research 
become a�ailable, they will be posted on the 
NIOSH Web site. 

If HEPA filters are used in the dust collection 
system, they should be coupled to a well-
 designed filter housing. If the filter is improp-
erly seated, nanoparticles ha�e the potential to 
bypass the filter, leading to filter efficiencies 
much less than predicted [NIOSH 2003]. 

B. Work Practices 
The incorporation of good work practices 
in a risk management program can help to 
minimize worker exposure to nanomateri-
als . Examples of good practices include the 
following:

Work areas should be cleaned at the end of 
each work shift (at a minimum) using either 
a HEPA-filtered �acuum cleaner or wet wiping 
methods. Dry sweeping or air hoses should not 
be used to clean work areas. Cleanup should be 
conducted in a manner that pre�ents worker 



Approaches to Safe Nanotechnology 23

contact with wastes; the disposal of all waste 
material should comply with all applicable 
Federal and State, and local regulations.

The storage and consumption of food or be�-
erages in workplaces should be pre�ented 
where nanomaterials are handled. 

Hand-washing facilities should be pro�ided 
and workers encouraged using them before 
eating, smoking, or lea�ing the worksite. 

Facilities for showering and changing clothes 
should be pro�ided to pre�ent the inad�ertent 
contamination of other areas (including take-
home) caused by the transfer of nanoparticles 
on clothing and skin. 

C. Personal Protective  
Clothing 

Currently, no guidelines are available on the 
selection of clothing or other apparel for the 
prevention of dermal exposure to nanopar-
ticles . Published research has shown that 
penetration efficiencies for 8 widely different 
fabrics (including wo�en, non-wo�en, and 
laminated fabrics) against 0.477 µm particles 
range from 0.0 % to 31%, with an a�erage of 
12% [Shale� et al. 2000]. Penetration efficien-
cies for nanoparticles ha�e not been studied. 
Howe�er, e�en for powders in the macro scale, 
it is recognized that skin protecti�e equipment 
(i.e. suits, glo�es and other items of protecti�e 
clothing) is �ery limited in its effecti�eness to 
reduce or control dermal exposure [Schneider 
et al. 2000]. In any case, although nanopar-
ticles may penetrate the epidermis, there has 
been little work to suggest that penetration 
leads to disease; and no dermal exposure stan-
dards ha�e been proposed.

Some existing clothing standards already in-
corporate testing with nanometer-sized par-
ticles, and therefore pro�ide some indication 

of the effecti�eness of protecti�e clothing to 
nanoparticles. For instance, ASTM standard 
F1671–03 specifies the use of a 27 nm bacte-
riophage to e�aluate the resistance of materials 
used in protecti�e clothing from the penetra-
tion of bloodborne pathogens [ASTM Sub-
committee F23.40 2003]. 

NIOSH plans to conduct laboratory research 
on test methods to determine particle pen-
etration through fabrics used into protecti�e 
clothing and ensembles. As results from this 
research become a�ailable, they will be posted 
to the NIOSH website.

D. Respirators 
The use of respirators is often required when 
engineering and administrati�e controls do 
not adequately keep worker exposures to an 
airborne contaminant below a regulatory limit 
or an internal control target. Currently, there 
are no specific exposure limits for airborne ex-
posures to engineered nanoparticles although 
occupational exposure limits and guidelines 
(e.g., OSHA, NIOSH, ACGIH) exist for larger 
particles of similar chemical composition. Cur-
rent scientific e�idence indicates that nanopar-
ticles may be more biologically reacti�e than 
larger particles of similar chemical composi-
tion and thus may pose a greater health risk 
when inhaled. In determining the effecti�eness 
of controls or the need for respirators, it would 
therefore be prudent to consider both the cur-
rent exposure limits or guidelines (e.g., PELs, 
RELs, TLVs) and the increase in surface area 
of the nanoparticles relati�e to that of particles 
for which the exposure limits or guides were 
de�eloped. 

The decision to institute respiratory protec-
tion should be based on a combination of 
professional judgment and the results of the 
hazard assessment and risk management prac-
tices recommended in this document. The 
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 effecti�eness of administrati�e, work practice, 
and engineering controls can be e�aluated us-
ing the measurement techniques described 
in Exposure Assessment and Characterization. 
If worker airborne exposure to nanoparticles 
remains a concern after instituting measures 
to control exposure, the use of respirators 
can further reduce worker exposures. Se�eral 
classes of respirators exist that can pro�ide 
different le�els of protection when properly fit 
tested on the worker. Table 1 lists �arious types 
of particulate respirators that can be used; in-
formation is also pro�ided on the le�el of ex-
posure reduction that can be expected from 
each and the ad�antages and disad�antages of 
each respirator type. To assist respirator users, 
NIOSH has published the document NIOSH 
Respirator Selection Logic (RSL) that pro�ides 
a process that respirator program administra-
tors can use to select appropriate respirators 
(see www.cdc.go�/niosh/docs/2005-100/de-
fault.html). As new toxicity data for indi�idual 
nanomaterials become a�ailable, NIOSH will 
re�iew the data and make recommendations 
for respirator protection. When respirators 
are required to be used in the workplace, the 
Occupational Safety and Health Administra-
tion (OSHA) respiratory protection standard 
[29 CFR* 1910.134] requires that a respiratory 
program be established that includes the fol-
lowing program elements: (1) an e�aluation 
of the worker’s ability to perform the work 
while wearing a respirator, (2) regular train-
ing of personnel, (3) periodic en�ironmen-
tal monitoring, (4) respirator fit testing, and  
(5) respirator maintenance, inspection, clean-
ing, and storage. The standard also requires 
that the selection of respirators be made by 
a person knowledgeable about the workplace 
and the limitations associated with each type 
of respirator. OSHA has also issued guidelines 
for employers who choose to establish the �ol-
untary use of respirators [29 CFR 1910.134 
Appendix D].

Table 1 lists the NIOSH assigned protection 
factors (APF) for �arious classes of respira-
tors. The APF is defined as the minimum an-
ticipated protection pro�ided by a properly 
functioning respirator or class of respirators 
to a gi�en percentage of properly fitted and 
trained users. The APF �alues de�eloped by 
NIOSH are based in part on laboratory studies 
and take into consideration a �ariety of factors 
including the inward leakage caused by pen-
etration through the filter and leakage around 
the face seal of the respirator. NIOSH is not 
aware of any data specific to the face seal leak-
age of nanoparticles. Numerous studies ha�e 
been conducted on larger particles and on  
gases/�apors. For example, work done by re-
searchers at the U.S. Army RDECOM on a 
head-form showed that mask leakage (i.e., 
simulated respirator fit factor) measured us-
ing submicron aerosol challenges (0.72 µm 
polystyrene latex spheres) was representati�e 
of �apor challenges such as sulfur hexafluoride 
(SF6) and isoamyl acetate (IAA) [Gardner et al, 
2004]. NIOSH plans to conduct a laboratory 
study to determine whether nanoparticle face 
seal leakage is consistent with the leakage seen 
by larger particles and gases/�apors. As results 
from this research become a�ailable, they will 
be posted to the NIOSH website.

NIOSH tests and certifies the filtration per-
formance of air purifying respirators. One 
NIOSH certification test uses a polydisperse 
distribution of NaCl particles with a count 
median diameter (CMD) of 0.075 +/− 0.020 
µm and a geometric standard de�iation (GSD) 
of less than 1.86 for N- designated respirators 
[NIOSH, 2005a]. For R- and P- designated 
respirators, NIOSH tests using a polydisperse 
distribution of dioctyl phthalate (DOP) par-
ticles with a CMD of 0.185 +/− 0.020 µm and 
a GSD of less than 1.60 [NIOSH, 2005b]. For 
the lognormal distribution of NaCl aerosols 
used in the certification test, a broad range 
of particle sizes (e.g., 95% of the particles lie 
in the range of 22 nm – 259 nm) with a mass *Code of Federal Regulations. See CFR in references.
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median diameter (MMD) of about 0.24 µm 
(or 240 nm) is used to determine whether the 
respirator filter performance is at least 95%, 
99%, or 99.97% efficient. All of the particles 
penetrating through the filter are measured 
simultaneously using a forward light scatter-
ing photometer. According to single fiber fil-
tration theory, particles larger than 0.3 µm are 
collected most efficiently by impaction, inter-
ception, and gra�itational settling, while par-
ticles smaller than 0.3 µm are collected most 
efficiently by diffusion or electrostatic attrac-
tion [Hinds 1999]. Penetration of approxi-
mately 0.3 µm particles represents the worst 
case because these particles are considered to 
be in the range of the most penetrating par-
ticle size [Ste�ens and Moyer 1989, TSI 2005; 
NIOSH 1996]. Howe�er, the most penetrat-
ing particle size range for a gi�en respirator 
can �ary based on the type of filter media em-
ployed and the condition of the respirator. For 
example, the most penetrating particle size for 
N95 respirators containing electrostatically 
charged filter media can range from 50–100 
nm [Martin and Moyer, 2000; Richardson et 
al, 2005] to 30–70 nm [Balazy et al, 2006]. 

According to single fiber filtration theory, be-
low the most penetrating particle size, filtra-
tion efficiency will increase as particle size 
decreases. This trend will continue until the 
particles are so small that they beha�e like �a-
por molecules. As particles approach molecular 
size, they may be subject to thermal rebound 
theory, in which particles literally bounce 
through a filter. As a result, particle penetra-
tion will increase. The exact size at which ther-
mal rebound will occur has not been reported 
in the literature. Howe�er, a recent study by 
Heim et al [2005] found that there was no dis-
cernable de�iation from classical single-fiber 
theory for particles as small as 2.5 nm diam-
eter. NIOSH recently funded a contract with 
the Uni�ersity of Minnesota to study the col-
lection efficiency of respirator filter media for 
particles in the 3–100 nm range. In this study, 

the researchers obser�ed that penetration of 
nanoparticles through filter media decreased 
down to 3 nm as expected by traditional filtra-
tion theory [Pui and Kim, 2006]. No e�idence 
for thermal rebound of nanoparticles in the 
size ranges studied was found. Based on these 
preliminary findings, NIOSH certified respi-
rators should pro�ide the expected le�els of 
protection if properly selected and fit tested as 
part of a complete respiratory protection pro-
gram. NIOSH plans to continue studying the 
nanoparticle collection efficiency of NIOSH 
certified respirators to �alidate these findings. 
As results from this research become a�ailable, 
they will be posted to the NIOSH website.

E. Cleanup and Disposal of 
Nanomaterials

No specific guidance is currently a�ailable on 
cleaning up nanomaterial spills or contaminat-
ed surfaces. Until rele�ant information is a�ail-
able, it would be prudent to base strategies for 
dealing with spills and contaminated surfaces 
on current good practices, together with a�ail-
able information on exposure risks and the rel-
ati�e importance of different exposure routes. 
Standard approaches to cleaning up powder 
and liquid spills include the use of HEPA- 
filtered �acuum cleaners, wetting powders 
down, using dampened cloths to wipe up pow-
ders and applying absorbent materials/liquid 
traps. 

Damp cleaning methods with soaps or clean-
ing oils is preferred. Cleaning cloths should be 
properly disposed. Drying and reuse of con-
taminated cloths can result in re-dispersion of 
particles. Use of commercially a�ailable wet or 
electrostatic microfiber cleaning cloths may 
also be effecti�e in remo�ing particles from 
surfaces with minimal dispersion into the air. 

Energetic cleaning methods such as dry sweep-
ing or the use of compressed air should be 



26 Approaches to Safe Nanotechnology

Table 1 .  Air-purifying particulate respirators

Respirator type

NIOSH 
assigned 

protection 
factor (106) Advantages Disadvantages

Cost 
(2004 dollars)

Filtering facepiece 
(disposable)

10 Lightweight

No maintenance or 
cleaning needed

No effect on  
mobility 

−

−

−

Pro�ides no eye 
protection

Can add to heat 
burden

Inward leakage at 
gaps in face seal

Some do not ha�e 
adjustable head 
straps

Difficult for a 
user to do a seal 
check

Le�el of  
protection �aries 
greatly among 
models

Communication 
may be difficult

Fit testing  
required to select 
proper facepiece 
size

Some eyewear 
may interfere 
with the fit 

Respirator must 
be replaced 
whene�er it is 
soiled, damaged 
or has noticeably 
increased  
breathing  
resistance.

−

−

−

−

−

−

−

−

−

−

$0.70 to $10 

(Continued)
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Table 1 (Continued) .  Air-purifying particulate respirators

Respirator type

NIOSH 
assigned 

protection 
factor (106) Advantages Disadvantages

Cost 
(2004 dollars)

Elastomeric  
half-facepiece 

10 Low maintenance

Reusable facepiece 
and replaceable  
filters and cartridges

No effect on  
mobility 

−

−

−

Pro�ides no eye 
protection

Can add to heat 
burden

Inward leakage at 
gaps in face seal

Communication 
may be difficult

Fit testing  
required to select 
proper facepiece 
size

Some eyewear 
may interfere 
with the fit 

−

−

−

−

−

−

Facepiece: $12 
to $35

Filters: $4 to $8 
each 

Powered with 
loose-fitting 
facepiece 

25 Pro�ides eye  
protection

Protection for 
people with beards, 
missing dentures or 
facial scars

Low breathing resis-
tance

Flowing air creates 
cooling effect

Face seal leakage is 
generally outward

Fit testing is not 
required

Prescription glasses 
can be worn

−

−

−

−

−

−

−

Added weight 
of battery and 
blower

Awkward for 
some tasks

Battery requires 
charging

Air flow must be 
tested with flow 
de�ice before use 

−

−

−

−

Unit: $400 to 
$1,000

Filters: $10 to 
$30 

(Continued)
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Table 1 (Continued) .  Air-purifying particulate respirators

Respirator type

NIOSH 
assigned 

protection 
factor (106) Advantages Disadvantages

Cost 
(2004 dollars)

Powered with 
loose-fitting 
facepiece 
(Continued)

Communication less 
difficult than with 
elastomeric  
half-facepiece or 
full-facepiece  
respirators

Reusable  
components and 
replaceable filters

−

−

Elastomeric  
full-facepiece 
with N-100, 
R-100, or P-100 
filters

50 Pro�ides eye  
protection

Low maintenance

Reusable facepiece 
and replaceable  
filters and cartridges

No effect on  
mobility

More effecti�e face 
seal than that of 
filtering facepiece or 
elastomeric  
half-facepiece  
respirators 

−

−

−

−

−

Can add to heat 
burden

Diminished  
field-of-�ision 
compared to  
half-facepiece

Inward leakage at 
gaps in face seal

Fit testing  
required to select 
proper facepiece 
size

Facepiece lens can 
fog without nose 
cup or lens treat-
ment

Spectacle kit 
needed for people 
who wear  
correcti�e glasses 

−

−

−

−

−

−

Facepiece: $90 
to $240

Filters: $4 to $8 
each

Nose cup: $30 

(Continued)
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Table 1 (Continued) .  Air-purifying particulate respirators

Respirator type

NIOSH 
assigned 

protection 
factor (106) Advantages Disadvantages

Cost 
(2004 dollars)

Powered with 
tight-fitting 
half-facepiece or 
full-facepiece 

50 Pro�ides eye protec-
tion with  
full-facepiece

Low breathing  
resistance

Face seal leakage is 
generally outward

Flowing air creates 
cooling effect

Reusable  
components and 
replaceable filters 

−

−

−

−

−

Added weight 
of battery and 
blower

Awkward for 
some tasks

No eye protection 
with  
half-facepiece

Fit testing  
required to select 
proper facepiece 
size

Battery requires 
charging

Communication 
may be difficult

Spectacle kit 
needed for people 
who wear  
correcti�e glasses 
with full  
face-piece  
respirators

Air flow must be 
tested with flow 
de�ice before use 

−

−

−

−

−

−

−

−

Unit: $500 to 
$1,000

Filters: $10 to 
$30 

Note: The assigned protection factors in this table are from the NIOSH Respirator Selection Logic [NIOSH 2004]. When the 
table was prepared, OSHA had proposed amending the respiratory protection standard to incorporate assigned protection 
factors. The Internet sites of NIOSH (www.cdc.go�/niosh) and OSHA (www.osha.go�) should be periodically checked for the 
current assigned protection factor �alues. 
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a�oided or only be used with precautions that 
assure that particles suspended by the cleaning 
action are trapped by HEPA filters. If �acuum 
cleaning is employed, care should be taken 
that HEPA filters are installed properly and 
bags and filters changed according to manu-
facturer’s recommendations. 

While �acuum cleaning may pro�e to be ef-
fecti�e for many applications, the following 
issues should be considered. Forces of attrac-
tion may make it difficult to entrain particles 
off surfaces with a �acuum cleaner. The elec-
trostatic charge on particles will cause them to 
be attracted to oppositely charge surfaces and 
repelled by similarly charged surfaces. An op-
positely charged �acuum brush or tool may 
repel particles, making it difficult to capture 
the aerosol or e�en causing it to be further 
dispersed. Vigorous scrubbing with a �acuum 
brush or tool or e�en the friction from high 
flow rates of material or air on the �acuum 
hose can generate a charge. The �acuum clean-
ers recommended for cleaning copier and 
printer toners ha�e electrostatic-charge-neu-
tralization features to address these issues. 

When de�eloping procedures for cleaning up 
nanomaterial spills or contaminated surfaces, 
consideration should be gi�en to the potential 
for exposure during cleanup. Inhalation expo-
sure and dermal exposure will likely present 
the greatest risks. Consideration will there-
fore need to be gi�en to appropriate le�els of 
personal protecti�e equipment. Inhalation 
exposure in particular will be influenced by 
the likelihood of material re-aerosolization. 
In this context, it is likely that a hierarchy of 
potential exposures will exist, with dusts pre-
senting a greater inhalation exposure potential 
than liquids, and liquids in turn presenting a 
greater potential risk than encapsulated or im-
mobilized nanomaterials and structures.

As in the case of any material spill or cleaning 
of contaminated surfaces, handling and dis-
posal of the waste material should follow exit-
ing Federal, State, or local regulations.

Occupational Health 
Surveillance
The unique physical and chemical properties of 
nanomaterials, the increasing growth of nano-
technology in the workplace, and information 
suggesting that engineered nanoscale mate-
rials may pose a health and safety hazard to 
workers all underscore the need for medical 
and hazard sur�eillance for nanotechnology. 
E�ery workplace dealing with nanoparticles, 
engineered nanomaterials, or other aspects of 
nanotechnology should consider the need for 
an occupational health sur�eillance program. 
NIOSH is in the process of formulating guid-
ance rele�ant to occupational health sur�eil-
lance for nanotechnology. The intent of the 
guidance is to pro�ide a framework for utiliz-
ing existing medical and hazard sur�eillance 
mechanisms to create occupational health sur-
�eillance programs for nanotechnology work-
ers. The NIOSH guidance will not be a pro-
scripti�e set of recommendations for a specific 
type of sur�eillance program, but rather will 
pro�ide information that can be used to create 
appropriate occupational health sur�eillance 
to fit the needs of workers and organizations 
in�ol�ed with nanotechnology. The frame-
work will present information to help initiate 
 occupational health sur�eillance where none 
exists. It is likely that, as the field of nanotech-
nology changes o�er time, continual reassess-
ment of potential hazards and exposures will 
be required to initiate and maintain an effec-
ti�e sur�eillance program. 
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Research
NIOSH has de�eloped a strategic plan for re-
search on the occupational safety and health as-
pects of nanotechnology. The plan is a�ailable 
at www.cdc.go�/niosh/topics/nanotech/strat_
plan.html. Re�iew and feedback on the plan is 
welcomed. 

Critical Research Topics
NIOSH has focused its research efforts in the 
following 10 critical topic areas to guide in ad-
dressing knowledge gaps, de�eloping strate-
gies, and pro�iding recommendations. 

Toxicity: In�estigating and determining 
the physical and chemical properties (ex: 
size, shape, solubility) that influence the 
potential toxicity of nanoparticles; e�al-
uating short and long-term effects that 
nanomaterials may ha�e in organ sys-
tems and tissues (ex: lungs); determining 
biological mechanisms for potential tox-
ic effects; creating and integrating mod-
els to assist in assessing possible hazards; 
and determining if a measure other than 
mass is more appropriate for determin-
ing toxicity.

Epidemiology and Surveillance: E�alu-
ating existing epidemiological work-
place studies where nanomaterials are 
used; identifying knowledge gaps where 
epidemiological studies could ad�ance 
understanding of nanomaterials and 
e�aluating the likelihood of conducting 
new studies; integrating nanotechnol-
ogy health and safety issues into existing 
hazard sur�eillance methods and deter-
mining whether additional screening 
methods are needed; and using existing 
systems to share data and information 
about nanotechnology.

•

•

Risk Assessment: Determining the like-
lihood that current exposure-response 
data (human or animal) could be used 
in identifying and assessing potential 
occupational hazards; and de�eloping a 
framework for e�aluating potential haz-
ards and predicting potential occupa-
tional exposure to nanomaterials.

Measurement Methods: E�aluating 
methods of measuring mass of respi-
rable particles in the air and determin-
ing if this measurement can be used to 
measure nanomaterials; de�eloping and 
field-testing practical methods to accu-
rately measure airborne nanomaterials 
in the workplace; and de�eloping testing 
and e�aluation systems to compare and 
�alidate sampling instruments.

Exposure and Dose: Determining key 
factors that influence the production, 
dispersion, accumulation, and re-entry 
of nanomaterials into the workplace; as-
sessing possible exposure when nanoma-
terials are inhaled or settle on the skin; 
determining how possible exposures 
differ by work process; and determin-
ing what happens to nanomaterials once 
they enter the body.

Controls: E�aluating the effecti�eness of 
engineering controls in protecting work-
ers from nanoaerosols and de�eloping 
new controls in reducing occupational 
exposures to nanoaerosols and de�elop-
ing new controls where needed; e�alu-
ating and impro�ing current personal 
protecti�e equipment; de�eloping rec-
ommendations to pre�ent or limit occu-
pational exposures from nanoaersols (ex: 
respirator fit testing); e�aluating suitabil-
ity of control banding techniques where 
additional information is needed; and 
e�aluating the effecti�eness of alternati�e 
materials.

•

•

•

•
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Safety: Identifying current work practices 
that do not pro�ide adequate precautions 
against exposures; and recommending 
alternati�e work practices to eliminate or 
reduce workplace exposures.

Communication and Education: Estab-
lishing partnerships to allow for identi-
fication and sharing of research needs, 
approaches, and results; and de�eloping 
and disseminating training and educa-
tional materials to workers and health 
and safety professionals.

Recommendations and Guidance: Us-
ing the best a�ailable science to make 

•

•

•

 interim recommendations for workplace 
safety and health practices during the 
production and use of nanomaterials. 
E�aluating and updating occupational 
exposure limits for mass-based airborne 
particles to ensure good continuing pre-
cautionary practices.

Applications: Identifying uses of nano-
technology for application in occupa-
tional safety and health; and e�aluating 
and disseminating effecti�e applications 
to workers and occupational safety and 
health professionals. 

•
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