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Abstract  In the absence of scientific clarity about
the potential health effects of occupational expo-
sure to nanoparticles, a need exists for guidance in
decisionmaking about hazards, risks, and controls.
An identification of the ethical issues involved may
be useful to decision makers, particularly employ-
ers, workers, investors, and health authorities. Be-
cause the goal of occupational safety and health is
the prevention of disease in workers, the situations
that have ethical implications that most affect work-
ers have been identified. These situations include
the a) identification and communication of haz-
ards and risks by scientists, authorities, and em-
ployers; b) workers’ acceptance of risk; c) selection
and implementation of controls; d) establishment
of medical screening programs; and e) investment
in toxicologic and control research. The ethical is-
sues involve the unbiased determination of hazards
and risks, nonmaleficence (doing no harm), auton-
omy, justice, privacy, and promoting respect for per-
sons. As the ethical issues are identified and ex-
plored, options for decision makers can be devel-
oped. Additionally, societal deliberations about
workplace risks of nanotechnologies may be en-
hanced by special emphasis on small businesses and
adoption of a global perspective.
Key words  Ethics, Hazards, Nanotechnology, Oc-
cupational safety and health, Toxicology

Resumo  Na ausência de evidência quanto a po-
tenciais efeitos da exposição a nanopartículas so-
bre a saúde ocupacional, existe necessidade de
orientação para os gestores a respeito dos riscos,
perigos e dos possíveis controles. A identificação
de questões éticas envolvidas é útil, particularmen-
te para empregadores, empregados, investidores e
autoridades de saúde, uma vez que o sentido e a
meta da segurança ocupacional e de saúde é a pre-
venção de doenças para os trabalhadores. Essa si-
tuação inclui: (a) identificação e comunicação de
riscos por cientistas, autoridades e empregadores;
(b) aceitação dos riscos por parte dos trabalhado-
res; (c) seleção e implementação de controles; (d)
estabelecimento de programas de detecção preco-
ce; e (e) investimento em toxicologia e pesquisas
de vigilância. A questão ética envolve determina-
ção imparcial de riscos, não maleficência, auto-
nomia, justiça, privacidade e promoção do respeito
às pessoas. Identificadas e exploradas as questões
éticas, várias opções se abrem ao gestor. Adicio-
nalmente, deliberações societais acerca dos riscos
no local de trabalho com nanotecnologia podem
fundamentar a escolha por pequenos negócios den-
tro de uma perspectiva global.
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Introduction

Science and technology have identified unique
properties in materials with dimensions in the
range of 1–100 nm1, 2. These properties may yield
many far-reaching societal benefits, but they may
also pose hazards and risks. One area of concern
about hazards is the workplace - be it a research
laboratory, start-up company, production facili-
ty, or operation in which engineered nanomate-
rials are processed, used, disposed, or recycled.
These are the workplaces in which some of the
first societal exposures to engineered nanoparti-
cles are occurring. Such exposures are likely to
be inadvertent and unintended. Despite a con-
scious effort by governments, corporations, non-
governmental organizations (NGOs), trade asso-
ciations, academics, and workers to anticipate and
address potential workplace hazards3,4,5,6,7,8, work-
ers are still likely to be exposed to nanomaterials.

Much research on the ethical aspects of nan-
otechnology has focused on generalized issues
such as equity, privacy, security, environmental
impact, and metaphysical applications concern-
ing human–machine interactions9,10,11. No ethics
research has been carried out that pertains spe-
cifically to the workplace. To help anticipate the
impact of nanotechnology, it is important to pro-
vide a framework for the ethical and scientific
issues involved with nanotechnology in the work-
place. Ethical analysis may assure society that the
expansive promise of nanotechnology does not
conceal hazards and risks for workers. An emerg-
ing belief is that nanoscience and technology can-
not be based on past practices in which ethical
and social reflection is a second step to using new-
ly developed science; rather, ethical reflections
must accompany research every step of the way12.
Our goal in this paper is to identify ethical issues
that are directly related to nanotechnology in the
workplace and their implications for workers’
health and safety.

Framework for Ethical Assessment

The framework for considering the ethical issues
can be drawn from the work of Gert et al.13

Gewirth14,15, and Schrader-Frechette16 as well as
from the “principlist” approach of Beauchamp
and Childress17. The ethical issues that most af-
fect workers in jobs involving nanomaterials are
linked to identification and communication of
hazards and risks by scientists, authorities, and
employers; acceptance of risk by workers; imple-

mentation of controls; choice of participation in
medical screening; and adequate investment in
toxicologic and exposure control research (Table
1). The ethical issues involve the identification
and assessment of hazards and risks, nonmalefi-
cence (doing no harm), autonomy (self-determi-
nation), justice (fairness in distribution of risks),
privacy (in handling of medical information), and
respect for persons.

Factual scientific knowledge—which is the
basis for ethical decisions about occupational
safety and health—may be influenced by biases
and values18. Scientific knowledge is unavoidably
value laden. No scientific theory can be consid-
ered to be wholly objective, but one theory may
be more objective than another16. Underlying the
ethical decisions are the way in which nanotech-
nology is depicted, the potential benefits, and the
associated hazards and risks. When information
about the hazards of nanoparticles is in doubt,
the critical question is where to draw the line
about the necessary level of protection and the
residual risk at a given level of protection.

Risk assessments are partly subjective and like-
ly to be highly politicized. Thus all risk projections
are value laden. No single scenario for describing
risks and controls can suffice because of the het-
erogeneous and developmental nature of nano-
technology. The ethical issues will be specific only
for the knowledge base at a given time and for a
specified production and use scenario. Research-
ers have suggested that even with that type of spec-
ificity, alternative assessments are needed to cap-
ture the ethical and political values that inform
policies such as those involving nanotechnology19.

Current State of Knowledge about
Nanotechnology Hazards and Risks

The way in which nanotechnology is depicted may
influence society’s reactions to research, develop-
ment, and prevention and control of potential
nanomaterial hazards in the workplace20. The term
“nanotechnology” is misleading, since it is not a
single technology but a multidisciplinary group-
ing of physical, chemical, biological, engineering,
and electronic processes, materials, applications,
and concepts in which size is the defining charac-
teristic21. However, the issues of size, surface char-
acteristics, durability, chemical composition, and
other physiochemical features are not well resolved
in the definition. A fuller definition also includes
structures with novel properties that can be ma-
nipulated on the atomic scale2, 22.
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Nanoparticles can be considered in at least
two broad categories: engineered nanoparticles
and incidental (or adventitious) nanoparticles.
Engineered nanoparticles are designed with very
specific properties. Incidental nanoparticles (nat-
ural and anthropogenic) are generated in a rela-
tively uncontrolled manner and are usually phys-
ically and chemically heterogeneous compared
with engineered nanoparticles5. Although the
four current major production methods of engi-
neered nanoparticles (gas-phase synthesis, vapor
deposition, and colloidal and attrition methods)
may expose workers by inhalation, dermal ab-
sorption, and ingestion, the amount and likeli-
hood of worker exposure has not been well es-
tablished. The critical question (based on the lit-
tle information available) pertains to the assess-
ment of hazards and risks. The unifying theme is
that nanoparticles are smaller than their bulk
counterparts but have a larger surface area and

particle number per unit mass; these character-
istics generally increase toxic potential as a result
of increased potential for reactivity21. The appli-
cation of that theory to the whole of nanotech-
nology rather than to specific particles and pro-
cesses may increase rather than decrease the un-
certainty about hazards and risks. Increasingly,
other characteristics (e.g., surface characteristics)
in addition to particle size, that influence toxici-
ty are being identified23,24. These characteristics
are tremendously variable. Consequently, it is
useful to put some limits on the uncertainty by
being more precise in the language used to de-
scribe nanoparticle hazards and risks. Because a
diverse mix of particles and processes exists, haz-
ards and risks are likely to be more accurately as-
sessed on a case-by-case basis—or at least accord-
ing to the type of production methods and
whether particles are embedded in a matrix or
unbound.

Table 1. Ethical issues pertaining to workplace situations involving nanomaterials.

Work-related scenarios

Identification and
communication of hazards
and risks

Workers’ acceptance
 of risks

Selection and
implementation of workplace
controls

Medical screening of
nanotechnology workers

Investment in toxicological
and control research

Ethical principles involved

Responsibilities of scientists
Nonmal eficence
Autonomy
Respect for persons

Autonomy
Respect for persons
Justice

Nonmaleficence
Beneficence
Respect for persons

Autonomy
Privacy
Respect for persons

Nonmaleficence
Justice
Respect for persons

Decisionmaking issues

Extent to which strengths and weaknesses
of data are identified
Degree of participation in public discussion
Accuracy of communications
Timeliness of communications

Extent of inclusion of workers in
decisionmaking

Level of control technologies utilized

Appropriateness of the rationale for medical
screening
Extent to which participation is voluntary
Maintenance of privacy test results

Adequacy of investment
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Knowledge about hazards and risks

Health effects data on workers involved with
nanotechnology are limited because of the incip-
ient nature of the field, the relatively small num-
ber of workers potentially exposed to date, and
the lack of time for chronic disease to develop
and be detected. The most relevant human expe-
rience deals with exposures to ultrafine particles
(which include particles with diameters < 100
nm) and fine particles (particles with diameters
< 2.5 µm). Ultrafine and fine particles have been
assessed in epidemiologic air pollution studies
and in studies of occupational cohorts exposed
to mineral dusts, fibers, welding fumes, combus-
tion products, and poorly soluble, low-toxicity
particulates such as titanium dioxide and carbon
black25, 26. The hazards of these exposures and ex-
posures to engineered nanoparticles are also iden-
tified in animal studies27, 23, 28, 29, 30, 31, 32, 24. A strong
relationship exists between the surface area, oxi-
dative stress, and proinflammatory effects of
nanoparticles in the lung. The greater the oxida-
tive stress, the more likely the risk of inflamma-
tion andcytotoxicity26,31. The findings from ani-
mal studies ultimately need to be interpreted in
terms of the exposure (dose) that humans might
receive. Although there is still some debate, the
evidence from air pollution studies associates in-
creased particulate air pollution (the finer par-
ticulate matter fraction, PM2.5, with an aerody-
namic diameter < 2.5 µm) with adverse health
effects in susceptible members of the population
- particularly the elderly with respiratory and car-
diovascular diseases33, 34, 35. Moreover, the concen-
trations associated with measurable effects on the
health of populations are quite low21.

In occupational studies, the populations that
are repeatedly exposed to hazardous mineral dusts
and fibers in the respirable range (e.g., quartz and
asbestos, respectively) have well-known health ef-
fects related to the dose inhaled25. With asbestos,
the critical risk factors for developing respiratory
diseases are fiber length, diameter, and biopersis-
tence. For poorly soluble, low-toxicity dusts such
as titanium dioxide, smaller particles in the na-
nometer size range appear to cause an increase in
risk for lung cancer in animals on the basis of par-
ticle size and surface area36, 31, 37.

Although the findings are not conclusive, var-
ious studies of engineered nanoparticles in ani-
mals raise concerns about the existence and se-
verity of hazards posed to exposed workers38. Pos-
sible adverse effects include the development of
fibrosis and other pulmonary effects after short-

term exposure to carbon nanotubes30, 31, 32, the
translocation of nanoparticles to the brain via the
olfactory nerve, the ability of nanoparticles to
translocate into the circulation, and the poten-
tial for nanoparticles to activate platelets and en-
hance vascular thrombosis39.

None of these findings are conclusive about
the nature and extent of the hazards, but they may
be sufficient to support precautionary action.

Ultimately, the significance of hazard infor-
mation depends on the extent to which workers
are exposed to the hazard. This is the defining
criterion of risk (the probability that an exposed
worker will become ill). A need has been identi-
fied for nanoparticle-specific risk assessments
(i.e., those that use the most appropriate dose
metrics rather than typical mass) that will be
unique to nanotechnology12, 8.

Risk assessment has been widely used to man-
age the uncertainty of risks posed to humans by
newly introduced chemicals or processes. How-
ever, nanotechnology encompasses a diverse
range of compositions, structures, and applica-
tions, so a single risk assessment and management
strategy may not be appropriate40. Nanotechnol-
ogy involves the manipulation of  matter at the
nanoscale to produce materials, structures, and
devices that contain various particle types, sizes,
surface characteristics, and coatings. These par-
ticles may best be addressed by a range of risk
assessments specific to the type of particle (com-
position, surface characteristics, and shape) be-
ing assessed. Because of the general inverse rela-
tionship between particle size and surface area,
dose–effect relationships may vary as a function
of total surface area and number of particles rath-
er than mass units8. Risk assessments will be use-
ful to the extent that they reflect the effects of
particle sizes and surface area, but such assess-
ments may also need to reflect other particle char-
acteristics. Moreover, it is currently unclear the
extent to which the toxicokinetics (an important
component in risk assessment) can be predicted
from knowledge of physicochemical properties of
nanoparticles8.

Evidence base for hazard controls

The most frequently used model of the work-
place environment identifies sources of hazards
and routes of exposure (e.g., inhalation, skin)41.
Control can be introduced at each of these points.
Occupational safety and health professionals have
identified a hierarchy of controls based on reli-
ability, efficiency, and the principle that the envi-
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ronment should be controlled before the worker
is required to take any preventive action41. In its
simplest form, the hierarchy of controls specifies
that engineering controls (including substitution,
enclosure, isolation, and ventilation) are preferred
to the use of personal protective equipment (such
as protective clothing and respirators). Work prac-
tices are frequently incorporated in risk manage-
ment efforts to minimize worker exposures, and
they often supplement the use of engineering con-
trols. Administrative controls such as worker ro-
tation are sometimes included and generally con-
stitute the “third line of defense” when engineer-
ing controls and work practice controls cannot
achieve the desired level of worker protection41.

In the absence of adequate toxicity informa-
tion and extensive history of engineered nano-
materials use, the rationale for control guidance
has been based on experience in controlling ex-
posures to incidental ultrafine particles and gas-
es. Airborne nanoparticles are considered to have
no inertia—hence, they will behave similarly to
gases and will diffuse if they are not fully en-
closed21. A rich history of aerosol science describes
the fundamental properties of aerosols and their
control42, 43, 44, 45,46, 47,48,49. Although ultrafine parti-
cles are considered equivalent to nanoparticles by
some authorities8, they are usually (but not ex-
clusively) at the upper end of the nanoscale range.
If airborne nanoparticles conform to the classi-
cal physics and aerodynamics observed for larger
particles, then controls effective in capturing  fine

and ultrafine particles and gases (such as source
enclosure, local exhaust ventilation, and person-
al protective equipment) should be effective with
the current generation of nanomaterials. It is rea-
sonable to believe that most control methods used
for fine and ultra- fine particles and also for gas-
es will be useful for controlling nanoparticles, but
there is no reason to expect that application of
these methods to new nanoparticle generation
processes will result in better control than that
previously demonstrated for microscale powders
and gases21. A considerable body of opinion indi-
cates that the adverse effects of nanoparticles can-
not be predicted (or derived) from the known
toxicity of bulk materials with similar chemical
composition and surface properties8. Control
options for nanoparticles range from no controls
to the use of isolation and containments prac-
ticed with radiation, gases, and biological agents.
The question is where in this continuum should
controls be selected. This may also translate into
how much money to invest in them. When risks
are known to be high or low, the decision is rela-
tively easy, and the appropriate control strategies
are generally apparent. However, when hazards
are uncertain (as they are with nanoparticles), the
difficulty is in deciding what level of controls is
warranted (Figure 1). Given the paucity of toxic-
ity information, control guidance must be regard-
ed as interim, and some authorities believe that
it should be precautionary—that is, tending to-
ward reducing exposures as much as possible1.

Figure 1. Risk management decisionmaking for nanoparticles in the workplace: what is the appropriate level of controls?

More precautionary

Risk communication
and management

Less
precautionary

Less
certain

Hazard
identification and risk

assessment

More certain

Use of a
nanomaterial
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Summary of evidence
on hazards and controls

The evidence base pertaining to nanotechnol-
ogy hazards and controls has been  reviewed in
various publications4, 25, 12,  5, 52, 8 and is summarized
in Table 2 by four categories of knowledge de-
scribed in terms of hazards and controls and
awareness. These categories are mutable and per-
tain to the state of knowledge at a given time. Cat-
egory 1 (“what we know we know”) indicates that
we have some knowledge about the health haz-
ards posed by some types of nanoparticles (e.g.,
ultrafine particles) and gases and how to control
them. This category applies to the current gener-
ation of engineered nanoparticles and is the basis
for much of the current guidance. Category 2
knowledge (“what we know we don’t know”) is

the basis for much of the research currently being
conducted or planned. In general, we do not know
much about the hazards of new or anticipated
engineered particles or whether enough precau-
tions have been taken. A major question is not only
how to control exposure but also what are the ap-
propriate extent and cost of controls. Category 3
knowledge (“what we don’t know we know”) rep-
resents the under-utilization of established knowl-
edge. That is, scientists have had extensive experi-
ence in hazard and exposure control for ionizing
radiation, biological agents, pharmaceuticals,
grain and mineral dusts, and air pollution. This
experience could be more directly brought to bear
on controlling the hazards of nanomaterials in the
workplace. In addition, this category could include
proprietary information about nanoparticles that
is not available for hazard assessments. Category

Table 2. Summary of the state of knowledge for nanoparticle hazards and controls.

Awareness of knowledge

1. What we know
we know

2. What we know
we don’t know

3. What we don’t know
we know

4. What we don’t know
we don’t know

Content of Knowledge(hazards and controls)

Health effects of ultrafines, air pollution, and fibers
How to control ultrafine particles in the workplace
Importance of size, surface area, and surface characteristics
Serious health effects of some nanoparticles in animals
Translocation of some nanomaterials along the olfactory nerve in animals

Measurement and characterization techniques
Hazards of newly engineered particles
Extent of translocation in the body
Interaction with contaminants in the workplace
Importance of dermal exposure
Health effects in workers
Risks to workers
Effectiveness of controls
Advisability of medical screening and biological monitoring
Risk to workers’ families

Extensive experience available in controlling hazardous substances and
agents (radiation, biological agents, pharmaceuticals) that can be
applicable to nanoparticles
Proprietary nanoparticle information
Lessons from previous “new” technologies

Unanticipated new hazards
Unanticipated new controls
Wrong assumptions about hazards and controls

Adapted from Drew50 and Schulte et al.51.
Nanotechnology in the workplace
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4 knowledge (“what we don’t know we don’t
know”) represents a perennial area of philosoph-
ical exploration51. This category includes the range
of scenarios about the potency of hazards and the
extent of risks. Will new scenarios present new
types of exposures and risks? The popular litera-
ture on nanotechnology is replete with character-
izations of possible future scenarios, but no pro-
jections have been made of workplace hazards and
risks54, 55. Category 4 knowledge also includes the
lack of awareness of factors influencing an issue.
This lack of awareness can be addressed by engag-
ing a wide variety of disciplines and communities
of interest to characterize an issue1. Category 4
knowledge also includes the beliefs we hold that
may be wrong. Such beliefs could lead to taking
or not taking protective measures on the basis of
faulty assumptions. Eventually, Category 4 knowl-
edge can be transformed to Category 2 and then
to Category 1.

Regardless of which type of knowledge is con-
sidered, the ultimate ethical requirement is to
accurately portray the state of knowledge about
a hazard or risk and not to understate or over-
state it. However, given the developmental nature
of nanotechnology, the knowledge of hazard po-
tential will change over time and require restate-
ment and possibly modification of guidance. In
the absence of adequate hazard and risk assess-
ment data, the critical question is how much cau-
tion is warranted.

Ethical Issues

Identifying and communicating
hazards and risks

The “hazard identification” stage of risk anal-
ysis is the basis for risk management decisionmak-
ing. The output of this stage is often highly de-
bated, since the process of reasoning is primarily
qualitative and the results trigger other stages of
analysis and decisions about preventive action56.
Interpreting scientific information about the haz-
ards of nanomaterials is basic to communicating
the hazards and risks posed to workers. Interpret-
ing and communicating hazard and risk infor-
mation is an integral part of risk management by
employers. The employers’ decisionmaking will
focus on deciding which preventive controls
should be used to assure a safe and healthful
workplace.

Employers and workers look to scientists and
authoritative organizations to help interpret haz-

ard and risk information and to put it into con-
text. This expectation may pressure scientists to
go beyond the mere conduct of research. The in-
terface between science and morality is exceed-
ingly complex, but scientists are generally con-
sidered to have ethical obligations to society at
large57, 16, 56.

However, no consensus has been reached
about the nature of those ethical obligations be-
yond fulfilling the professional responsibilities
internal to scientific research. Framing a clear and
coherent approach to the ethical responsibilities
of scientists in nanotechnology is a difficult task.
At the least, such an approach requires scientists
to use appropriate qualifiers in published papers
and to be cautious in generalizing their results.
More broadly, it means not shrinking from con-
sidering the implications of their work, even if
all the scientific details are not known.

Decision makers may have inadequate scien-
tific information to help them decide how pre-
cautionary their approach should be59. To deter-
mine whether a decision conforms with the prin-
ciple of nonmaleficence, decision makers must
determine the harm that could occur if the nano-
particles were as toxic as suggested by prelimi-
nary hazard information. Data on air pollution
and industrial ultrafine particles indicate that a
given mass of nanoparticles would be more bio-
logically reactive and hence potentially more toxic
than the same mass of larger particles60. Conse-
quently, the level of control might need to be
more stringent for smaller nanoscale dusts than
for those with diameters > 100 nm. Ultimately,
the more stringent level of controls may result in
risks that are equal to or smaller than risks posed
by larger particles. Authoritative organizations
and employers are responsible for communicat-
ing the risk workers face after appropriate con-
trols are implemented. Failure to do so may pre-
clude workers from exercising autonomy. This
issue may be confounded by the fact that the
employer has a proprietary interest in not releas-
ing information about “nanoproducts” and work-
place controls.

The principlist ethical approach focuses on
principles such as nonmaleficence and autono-
my but fails to assess the social and organizational
context of occupational safety and health and the
role of practitioners in relation to the corporate
structure13,61. With regard to nanotechnology, the
contextual pressures on practitioners and author-
ities arise from a company’s or society’s needs and
desires for nanotechnology to grow and develop.
Mention of potential health concerns may be seen
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as alarmist, unfounded, and detrimental to the
growth of the field. Nonetheless, the counter po-
sition is that conflicting demands on practitio-
ners from being both an agent of a company and
an autonomous professional constitute a social
and structural problem rather than a problem of
individual ethics62, 61. One solution is that health
pronouncements be made independently of pro-
motional concerns for nanotechnology.

Workers’ acceptance of risk

Acceptance of risk is a relative concept that
includes judgment about the certainty and sever-
ity of risk, the extent of the health effects, volun-
tary nature of the risk, the risks and advantages
of any alternatives, and compensation for under-
going the risk63. It is a false premise to assert that
workers have free choice in terms of which work
and working conditions to accept. Although some
component of self-determination is present, eco-
nomic and social conditions exert the greatest
influences on workers’ selection of work, level of
risk tolerated, and ability to participate in risk
management. Worker participation in risk man-
agement is not a static concept and has increased
over the past 35 years with the implementation
of team approaches, management systems, cor-
porate responsibility, and right to know and act
movements64, 65, 66,67.

Nonetheless, workers generally cannot univer-
sally refuse work they consider hazardous and still
keep their jobs. Conformance with the principle
of autonomy depends on the extent to which
workers have input into risk management at their
work sites and the degree to which they are at risk
after controls have been implemented.

Justice is also related to worker decisionmak-
ing. At issue is the extent to which workers are
exposed to greater risks than the general public—
or, stated another way, whether it is appropriate
to exchange incentives such as wages or hazard-
ous duty pay for additional risk from exposure to
nanoparticles19. This issue may be less significant
if nanoparticle controls reduce workers’ risk lev-
els to those of the general public, if conceivably
both are known. Clearly, society accepts that some
jobs are inherently riskier than others. However,
in many countries the societal goal is to provide
a safe and healthful workplace for all workers.

Selecting and implementing controls

The critical ethical question related to con-
trol of nanoparticles is whether sufficient con-

trols are being implemented to prevent injury and
illness.

If not, worker exposures may result in in-
creased risk of harm or actual harm. The central
scientific fact is that the risk posed by nanomate-
rials is not well established. However, preliminary
information suggests that at least the same level
of concern afforded to industrial fine and ultrafine
particles should be extended to engineered nano-
materials and that a commensurate level of pro-
tection should be instituted for them4, 30,60. Any risk
posed by exposure to ultrafine particles is a func-
tion of their potential toxicity and the extent of
exposure. Based on limited toxicological evidence
of risk and a heightened level of concern, the best
approach might be to treat engineered nanopar-
ticles as if they were potential occupational haz-
ards and to use a prudent health-protective, risk-
based approach to develop interim precautionary
measures consistent with good professional occu-
pational safety and health practice52.

Such interim precautionary measures could
include guidelines for conducting workplace ex-
posure assessments, implementing engineering
controls, designating work practices, and devel-
oping process or industry interim exposure lim-
its as core elements. If the focus of exposure con-
trol is airborne particles of respirable dimensions,
such approaches may be useful and reflect the
professional judgment of experienced practitio-
ners. If skin absorption is also a likely route of
exposure, guidelines should be developed for pre-
venting skin exposure. Unfortunately, data are
insufficient to make a strong risk-based assess-
ment to inform these decisions.

The evidence suggests that at least some man-
ufactured nanoparticles will be more toxic per
unit of mass than larger particles of the same
chemicals52. However, some evidence indicates
that with the use of existing controls for fine or
ultrafine particles, workers will not be at inordi-
nately elevated risk for lung disease. For exam-
ple, estimates based on animal studies indicate
that workers exposed to ultrafine titanium diox-
ide at 0.1 mg/m3 for a 45-year working lifetime
Environmental Health Perspectives have an ex-
cess risk of lung cancer that is < 1/1,000 and could
in fact have a risk approaching zero68. The basis
for these findings is the hazard posed by increased
particle surface area for a given mass of small-
sized particles, as derived from animal studies and
extrapolated to humans. The extent to which this
analysis pertains to other nanoparticles is not
known and may vary depending on morphology,
surface activity, and biopersistence. Moreover,
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precise risks from exposure to these ultrafine par-
ticles can be determined only if adequate animal
or human data are available. Also, if particles can
translocate into the central nervous system or the
circulatory system, further estimates will be re-
quired before conclusions can be drawn31.

In short, given the insufficient evidence of
hazards posed by the current generation of nano-
particles, the risks (whatever they may be) are
expected to be reduced when controls recom-
mended for known industrial ultrafine particles
(such as titanium dioxide) are utilized. This con-
clusion is supported by a) a generalized risk as-
sessment based on surface area for poorly solu-
ble, low-toxicity particles and b) the fact that such
particles conform to classic physics and aerody-
namic laws when airborne. However, future as-
sessments of risk could be different, depending
on the biopersistence, structure, surface activity
of new particles, and information about translo-
cation across endothelial cell barriers. If these
topics are the focus of risk communications and
management efforts, there appears to be general
conformance with the ethical principles of be-
neficence and nonmaleficence. At the same time,
no strong evidence indicates that workers in these
environments are not at excess risk. Minimal risk
is only assumed on the basis of qualitative risk
assessments and the utility of proven controls for
some types of particles.

Overall, the knowledge base pertaining to
nanomaterials is not static but changes as scien-
tists develop new materials and conduct toxico-
logical or other health effects research. Conse-
quently, ongoing evaluation of health risks is
needed along with continued communication
and development of management plans to be in
conformance with the ethical principles discussed
in this article.

Establishing medical screening programs

Medical screening is the application of tests
to asymptomatic persons to detect those in the
early stages of disease or at risk of disease. Medi-
cal screening in the workplace differs from med-
ical screening in the general population because
of the specific nature of the occupational condi-
tion and responsibilities of employers69, 70. A wide
range of ethical questions has been identified re-
garding the medical screening of workers and the
use and implications of the findings Nanotech-
nology in the workplace71,72. These questions ad-
dress the rationale for screening, the voluntary
nature of the screening, the action that will be

taken for workers with positive tests, and indi-
viduals who will have access to test information.

Medical screening is not generally warranted
when the toxicity of a material and the workers’
risk are unknown—as is the case with most na-
nomaterials. Moreover, for diseases such as lung
cancer (which is a potential outcome resulting
from some nanoparticle exposure), no strong ev-
idence base exists for routine screening; and gen-
eral population screening for lung cancer is not
generally recommended73. Not only does screen-
ing fail to reduce mortality from lung cancer, it
could lead to false-positive tests and unnecessary
invasive procedures or treatments73. Medical
screening of workers may be warranted for non-
malignant respiratory effects in some nanotech-
nology operations where significant residual risks
may occur after controls are implemented. Such
screening should be part of a comprehensive risk
management program that considers not only res-
piratory hazards but also cardiovascular and neu-
rologic risks as well as risks in various other po-
tential target organ systems31,39, 74.  If various na-
nomaterials are found to have toxic effects and if
appropriate (validated) tests exist for early detec-
tion of those effects in exposed workers, medical
screening might be warranted. However, medical
screening is historically viewed as a secondary pre-
ventive effort in the hierarchy of controls71.

The ethical questions that apply to the medi-
cal screening of workers pertain to whether the
screening is voluntary, who will have access to the
results, and what the purpose of such access will
be. Screening generally requires diagnostic con-
firmation; and for positive cases, screening re-
quires timely treatment. Who is financially respon-
sible for these procedures? Ethical issues can also
arise in the use of screening results to label or stig-
matize workers or to remove them from a job.

Screening results may also create psychologi-
cal burdens. Resolving such ethical issues will de-
pend partly on the degree to which the worker has
been informed about how the results will be used.

Ensuring adequate investment
in toxicological and control research

Ethical issues cannot be adequately addressed
for nanotechnology without sufficient knowledge
of the hazards involved. Because limited infor-
mation is available on the safety of an ever-grow-
ing number of nanomaterials, an ongoing re-
search effort is needed to comport with the prin-
ciples of autonomy, beneficence, and nonmalefi-
cence. In addition, research is needed on the ex-
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tent of exposure and the effectiveness of controls.
Internationally, such research is under way.

However, the question of the level of funding
of this research has ethical implications because
much of the current control guidance is precau-
tionary and is not based on strong quantitative
risk assessments. Further research is the only way
to address this lack of appropriate information.

Some commentators have called for a slow-
down in research and development of nanopar-
ticles, whereas others have identified a need for
increased health effects research and ethical anal-
ysis75, 76, 9. The needs for health-based research
have been identified and include the following
topics: exposure and dose, toxicity, metrology,
epidemiology, control technology, safety, educa-
tion, recommendations, and applications in the
near term5.

Researchers could help further the discussions
of ethical issues by assessing the global budget for
nanotechnology research and development and by
determining the actual amounts dedicated to oc-
cupational safety and health research and ethical
research in this field. Globally, such information
is not well documented; but existing U.S. data can
be considered. For the first time since the incep-
tion of the NNI, funding for 2005 was classified
by program component area. The funding for the
Societal Dimensions component area included
$US39 million for environment, health, and safe-
ty and $43 million for educating the public about
the broad implications of nanotechnology for so-
ciety (including economic, workplace, education,
ethical, and legal implications). This funding came
from 11 agencies with a combined nanotechnolo-
gy budget of approximately $1.054 billion. The
level of funding (7.8% of the total) has been crit-
icized as insufficient for the societal dimensions
component and the subset dedicated to occupa-
tional safety and health3, 77, 78. Nonetheless, there is
a concerted international effort to address health
and safety aspects of nanomaterials6,79.

Promoting respect for persons

Underlying the debates about nanotechnolo-
gy has been the issue of tolerating the potential
for harm to some in the context of anticipated
benefits to society. Such thinking embodies the
utilitarian point of view that harm to one person
may be justified by a larger benefit to someone
else80. This point of view contrasts with the ethi-
cal principle of respect for persons, which em-
phasizes the rights of the individual and is asso-
ciated with the golden rule (“Do unto others as

you would have them do unto 10 you”)14, 15. In
the workplace, this principle translates to ac-
knowledging for each worker the right to a safe
and healthful work environment. This right im-
poses correlative duties on the employers and
governments who must secure the workers’ rights
to a safe and healthful workplace15. The objec-
tion to this interpretation is that the rights of
employers, and hence the rights of society, to
property and benefit resulting from nanotechnol-
ogy may be (or may appear to be) in conflict with
workers’ rights. When two rights conflict with
each other, some rational way must be found to
determine their relative priority. Gewirth15 iden-
tified an essential criterion for such priority as
the degrees of necessity for action. For example,
where the property rights of employers may be
in conflict with workers’ rights to safety and
health, the diminution of health or a threat to
safety lowers one’s capacity for action and is a
greater loss than some decrease in another’s prop-
erty, wealth, or freedom to control it. The practi-
cal implication is this: In the absence of adequate
information about nanotechnology hazards,
risks, and controls, employers should be moved
to use more rather than fewer control measures4.
Conducting site-specific hazard assessments and
using appropriate controls appear to demonstrate
conformance with the principle of respect for
persons and with the principles of autonomy,
beneficence, and nonmaleficence. However, the
extent of control measures required may be the
key matter of dispute. For the most part, control
of the current generation of most engineered
nanoparticles is within the capabilities of exist-
ing technologies. The issue is how much to invest
in applying those technologies in a given work-
place.

Strategies
for Supporting Ethical Decisionmaking

Placing special emphasis
on small businesses

The occupational safety and health problems
of small businesses have been a major focus of
concern, particularly in the last decade, since most
workplaces are classified as small (i.e., workplaces
that employ fewer than 250, 100, or 20 workers,
depending on the definition). This statement is
likely to hold true for workplaces involving nan-
otechnology, but it is not well documented21,7. The
frequency of occupational injury and illness in
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small businesses may exceed the average for gen-
eral industry across all businesses in a sector, but
the frequency may not be evident in an individu-
al company81. Small businesses are generally per-
ceived to have little time and few resources dedi-
cated to occupational safety and health.

 Small businesses are the driving force of most
economies, including the subset of economies re-
lated to nanotechnology7. Independent consult-
ants, trade associations, insurance companies,
product suppliers, and government agencies are
the major sources of occupational safety and
health information for small businesses. Occu-
pational safety and health information may also
be passed to downstream users of nanoparticles
from upstream suppliers. In fact, for document-
ed hazards, suppliers may have an ethical or legal
obligation to pass on such information to down-
stream customers. There is a need for occupation-
al safety and health guidance information about
nanotechnology hazards and controls for small
businesses.

Adopting a global perspective

The growth of nanotechnology is a global
phenomenon that requires a global approach to
hazards and risks, particularly in the workplace.
The world needs internationally valid standards
for nanotechnology materials as well as a uni-
form nomenclature82,4. Without a uniform no-
menclature, investigators, insurers, regulators,
governments, companies, and workers could
have difficulty communicating and taking con-
certed actions.

The flow of materials in the global economy
crosses many borders, including those of

developing nations22. Thus, to assure the safety
and health of workers, decision makers (whether
they are employers or government authorities)
must know and understand what materials are
used in various processes and operations. This
issue is complicated because many different def-
initions and descriptions may be used in science-
based and regulation-based documents. To devel-
op nanotechnology with minimal risks, knowl-
edge gaps must be identified and addressed
through international cooperation. Also needed
is a transparent risk assessment framework that
can achieve wide acceptability8.

Global approaches to sharing occupational
safety and health information require increased
opportunity and capacity to access information.

The “right” to know about risks—or more broad-
ly, the right to information—is not evenly recog-
nized worldwide83.

The World Health Organization (WHO) pro-
motes the right to health at work for all. Infor-
mation is a means to realizing that right. Despite
broad WHO membership by many countries, true
access to information and distribution within
countries is still a problem. Risk communications
(including material safety data sheets) should re-
flect a degree of uniformity worldwide. Interna-
tional collaboration is warranted to ensure that
hazardous processes are not relegated to coun-
tries with cheap labor markets or lax environmen-
tal controls84,85. A critical issue that has both na-
tional and global implications is whether coun-
tries will treat nanomaterials made of a given sub-
stance differently from materials made with larger
particles of the same substance. The characteris-
tics of nanoparticles may be different from those
of the larger particles with the same composition.
For example, most materials made from carbon
generally appear to pose a minimal health risk;
however, nanotubes made of carbon may pose a
greater health risk yet be regulated at the less pro-
tective level32. The issue is whether to recommend
the same risk communication and management
strategy for both. On the basis of the carbon nan-
otube example, new standards and risk commu-
nication materials are likely to be required for at
least some nanoparticles.

Conclusions

The ethical questions about nanotechnology in
the workplace arise from the state of knowledge
about the hazards of nanomaterials and the risks
they may pose to workers. The lack of clarity on
these issues requires an interim assessment of the
hazards and risks that might exist in various sit-
uations. Workers will be able to exercise their
autonomy only if the processes leading to hazard
identification and risk assessment are transpar-
ent and understandable. Employers will conform
to the principles of autonomy, beneficence, non-
maleficence, justice, privacy and respect for per-
sons to the extent that they a) accurately portray
hazards and risks, b) are precautionary in their
approach to hazards, c) engage in communica-
tion and dialogue with workers, and d) take the
necessary steps to control risks so that they ap-
pear reasonable and acceptable to workers.



1330
Sc

hu
lt

e,
 P

. A
. 

&
 S

al
am

an
ca

-B
u

en
te

llo
, F

.

Mnyusiwalla A, Daar AS, Singer PA. “Mind the Gap”:
science and ethics in nanotechnology. Nanotechnology
2003; 14:R9–R13.
Moor J, Wechert J. Nanoethics: assessing the nanos-
cale from an ethical point of view. In: Baird D, Nord-
mann A, Schummer J, editors. Discovering the Nanos-
cale. Amsterdam: IOS Press; 2004. p. 301–310.
Singer P. Nanotechnology Ethics. Designing Nanostruc-
tures - A Tutorial. New York: New York Academy of
Sciences; 2004. [accessed 16 Nov 2006]. Available from:
http://www.nyas.org/ebriefreps/splash.asp?intebriefID
=321
National Academy of Engineering. Emerging Technol-
ogies and Ethical Issues in Engineering: Papers from a
Workshop, 14–15 October 2003, Washington, DC.
Washington, DC: National Academies Press. [accessed
16 Nov 2006]. Available from: http://newton.nap. edu/
books/030909271X/html
Gert B, Culver CM, Clouser KD. Bioethics: A Return to
Fundamentals. New York: Oxford University Press; 1997.
Gewirth A. Reason and Morality. Chicago: University
of Chicago Press; 1978.
Gewirth A. Human rights in the workplace. Am J Ind
Med 1986; 9:31-40.
Schrader-Frechette K. Ethics of Scientific Research. Lan-
ham, MD: Ronan and Littlefield; 1994.
Beauchamp TL, Childress JI. Principles of Biomedical
Ethics. 4th ed. New York: Oxford University Press; 1994.
Kantrowitz A. The separation of facts and values. Risk
6:105. [accessed 12 Sept 2006]. Available from: http://
www.piercelaw.edu/Risk/vol6/spring/ Kantro2.htm
Schrader-Frechette K. Environmental Justice: Creating
Equality, Reclaiming Democracy. New York: Oxford
University Press; 2002.

References

HSE. Nanotechnology HSE Information Note. Hori-
zons Scanning Information Note no. HSIN1. London:
Health and Safety Executive; 2004.
National Nanotechnology Initiative (NNI). NNI Stra-
tegic Plan 2004. [accessed 12 Sept 2006]. Available from:
www.nano.gov/html/about/strategicplan2004.html
Bartis JT, Landree E. Nanomaterials in the Workplace:
Policy and Planning Workshop on Occupational Safety
and Health. Arlington, VA: RAND Corporation; 2006..
Hett A. Nanotechnology: Small Matter, Many Unknowns.
Zurich: Swiss Reinsurance Company; 2004. [accessed
16 Nov 2006]. Available from: http://www.swissre.com/
INTERNET/pwsf i lpr.ns f /vwFi lebyIDKEYLu/
ULR-68AKZF/$FILE/Publ04_nano_en.pdf
NIOSH. Approaches to Safe Nanotechnology: An Infor-
mation Exchange with NIOSH. Cincinnati, OH: Nation-
al Institute for Occupational Safety and Health; 2006.
[accessed 11 Sept 2006]. Available from: http://www.
cdc.gov/niosh/topics/nanotech/safenano
NSTC. The National Nanotechnology Initiative. Envi-
ronmental, Health and Safety Research for Engineered
Nanoscale Materials. Arlington, VA: National Nanotech-
nology Coordination Office, National Science and
Technology Council; 2006.
Roco MC, Bainbridge WS. Societal Implications of
Nanoscience and Nanotechnology. Nanoscale Science,
Engineering and Technology (NSET) Workshop Re-
port, 3-5 December 2005, Arlington, VA. Arlington, VA:
National Science Foundation; 2003.
SCENIHR. Request for a Scientific Opinion on the Ap-
propriateness of Existing Methodologies to Assess the Po-
tential Risks Associated with Engineered and Adventi-
tious Nanotechnologies. SCENIHR/002/05. Brussels: 12
European Commission, Scientific Committee on
Emerging and Newly Identified Health Risks; 2005.

Acknowledgment

We thank the following for input or comments
on earlier drafts: M. Ellenbecker, S. Samuels, H.
Kipen, M. Hoover, E. Kuempel, R. Zumwalde, C.
Geraci, V. Murashov, P. Middendorf.

The findings and conclusions expressed in this
paper are those of the authors and do not neces-
sarily represent the views of the National Insti-
tute for Occupational Safety and Health.  The au-
thors declare they have no competing financial
interests.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.



1331
C

iência &
 Saúde C

oletiva, 12(5):1319-1332, 2007

Berube DM. The rhetoric of nanotechnology. In: Baird
D, Nordman A, Schummer J, editors. Discovering the
Nanoscale. Amsterdam: IOS Press; 2004. p. 173–192.
Aitken RJ, Creely KS, Tran CL. Nanoparticles: An Oc-
cupational Hygiene Review. Health Safety Executive, Re-
search Report 274. London: HSE Books; 2004.
Salamanca-Buentello F, Persad DL, Court EB, Martin
DK, Daar AS, Singer PA. 2005. Nanotechonolgy and
the developing world. PLoS Med 2005; 2:e97.
Donaldson K, Aitken R, Tran L, Stone V, Duffin R, For-
rest G et al. Carbon nanotubes: a review of their prop-
erties in relation to pulmonary toxicology and work-
place safety. Toxicol Sci 2006; 92:5-22.
Warheit DB, Laurence BR, Reed KL, Roach DH, Rey-
nolds GAM, Webb TR. Comparative toxicity assess-
ment of single wall carbon nanotubes in rats. Toxicol
Sci 2004; 76:117-125.
Maynard AD, Kuempel ED. Airborne nanostructured
particles and occupational health. J Nanoparticles Res
2005; 7:587-614.
Nel A, Xia T, Mädler L, Li N. Toxic potential of materi-
als at the nanolevel. Science 2006; 311:622–627.
Donaldson K, Stone V, Tran CL, Kreyling W, Borm PJA.
Nanotoxicology. Occup Environ Med 2004; 61:727–278.
Elder A, Gelein R, Silva V, Feikert T, Opanashuk L,
Carter J et al. Translocation of inhaled ultrafine man-
ganese oxide particles to the central nervous system.
Environ Health Perspect 2006; 114:1172–1178.
Lam CW, James JT, McCluskey R, Hunter RL. Pulmo-
nary toxicity of single-wall carbon nanotubes in mice
7 and 90 days after intratracheal instillation. Toxicol
Sci 2004; 77:126–134.
Lam CW, James JT, McCluskey RL, Arlli S, Hunter RL.
A review of carbon nanotube toxicity and assessment
of potential occupational and environmental health
risks. Crit Rev Toxicol 2006; 36:159–217.
Oberdörster G, Oberdörster E, Oberdörster J. Nano-
toxicology: an emerging discipline evolving from stud-
ies of ultrafine particles. Environ Health Perspect 2005;
113:823–837.
Shvedova AA, Kisin EK, Mercer R, Murray AR, Johnson
VJ, Potapovich AI et al. Unusual inflammatory and fi-
brogenic pulmonary responses to single-walled carbon
nanotubes in mice. Am J Physiol Lung Cell Mol Physiol
2005; 289(5): L698–L708.
Mark D. Nanomaterials—A Risk to Health at Work?
Buxton, UK: Health and Safety Laboratory, SK17 9 JN;
2004. [accessed 11 Sept 2006]. Available from:
www.hsl.gov.uk/capabilities/nanosymrep_ final.pdf
Peters A. Particulate matter and heart disease: evidence
from epidemiological studies. Toxicol Appl Pharmacol
2005; 207:S477–S482.
U.S. EPA. Air Quality Criteria for Particulate Matter.
Vol 1. 600/p-99/002aF. Research Triangle Park, NC:U.S.
Environmental Protection Agency; 2004.
Heinrich U, Fuhst R, Rittinghauseen S, Creutzenberg
O, Bellmann B, Koch W et al. Chronic inhalation ex-
posure of Wistar rats and 2 different strains of mice to
diesel engine exhaust, carbon black, and titanium di-
oxide. Inhal Toxicol 1995; 7:533–556.
Tran CL, Buchanan D, Cullen RT, Searl A, Jones AD,
Donaldson K. Inhalation of poorly soluble particles.
II. Influence of particle surface area on inflammation
and clearance. Inhal Toxicol 2000; 12:1113–1126.

Kipen HM, Laskin DL. Smaller is not always better:
nanotechnology yields nanotoxicology. Am J Physiol
Lung Cell Mol Physiol 2005; 289(5):L696–L697.
Radomski A, Jurasz P, Alonso-Escolano P, Drew M,
Morandi M, Tadeusz M et al. Nanoparticle-induced
platelet aggregation and vascular thrombosis. Br J Phar-
macol 2005; 146:882–893.
Wardak A, Rejeski D. Nanotechnology and Regulation: A
Case Study Using the Toxic Substances Control Act
(TSCA). A Discussion Paper. Publication 2003–6. Wash-
ington, D.C.: Woodrow Wilson International Center for
Scholars, Foresight and Governance Project; 2003.
OTA. Preventing Illness and Injury in the Workplace.
OTA-H-256. Washington, D.C.:U.S. Congress, Office
of Technology Assessment; 1985.
ACGIH. Industrial Ventilation: a Manual of Recom-
mended Practice. Cincinnati, OH: American Confer-
ence of Governmental Industrial Hygienists; 2001.
Brown RC. Air Filtration. New York: Pergamon Press;
1993.
Burton J. General methods for the control of airborne
hazards. In: DiNardi SR, editor. The Occupational En-
vironment - Its Evaluation and Control. Fairfax, VA:
American Industrial Hygiene Association; 1997.
Davies CN. Aerosol Science. London: Academic Press;
1966.
Friedlander SH. Smoke, Dust, and Haze: Fundamentals
of Aerosol Behavior. New York: John Wiley and Sons;
1997.
Fuchs NA. The Mechanics of Aerosols. Oxford, UK: Per-
gamon Press; 1964.
Hinds WC. Aerosol Technology. New York: John Wiley
& Sons; 1999.
Ratherman S. Methods of control. In: Plog B, editor.
Fundamentals of Industrial Hygiene. Itasca, IL: National
Safety Council; 1996.
Drew S. Building knowledge management into strate-
gy: making sense of a new perspective. Long Range
Planning 1999; 32:130–136.
Schulte PA, Lentz TJ, Anderson VP, Lamborg AD. Knowl-
edge management in occupational hygiene: the United
States example. Ann Occup Hyg 2004; 48:583–594.
Royal Society and Royal Academy of Engineering.
Nanoscience and Nanotechnologies: Opportunities and
Uncertainties. London: Royal Society and Royal Acad-
emy of Engineering; 2004.
Caws P. Communication lag. Sci Commun 1998; 20:14–
20.
Drexler KE. Engines of Creation. New York: Anchor
Press/ Doubleday; 1986.
Regis E. Nano: The Emerging Science of Nanotechnolo-
gy: Remaking the World-Molecule by Molecule. New
York: Little Brown and Co; 1995.
Crawford-Brown DJ, Brown KG. A framework for as-
sessing the rationality of judgments in carcinogenicity
hazard identification. Risk 8.307. 1997. [accessed 11
Sept 2006]. Available from: http://www.piercelaw.edu/
risk/vol8/fall/Cr-Br+.htm
Pimple KD. Six domains of research ethics. A heuris-
tic framework for the responsible conduct of research.
Sci Eng Ethics 2002; 8:191–205.
Weil V. Making sense of scientists’ responsibilities at
the interface of science and society. Sci Eng Ethics 2002;
8:223–227.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.



1332
Sc

hu
lt

e,
 P

. A
. 

&
 S

al
am

an
ca

-B
u

en
te

llo
, F

.

Cairns J Jr. Integrating top-down/bottom-up sustain-
ability strategies: an ethical challenge. Ethics Sci Envi-
ron Politics 2003; 1–6. [accessed 11 Sept 2006].  Avail-
able from: http://www.intres.com/articles/esep/2003/
E26.pdf#search=%22cairns%20integrating%20topdown
%202003%22
Seaton A. Nanotechnology and the occupational phy-
sician. Occup Med (Lond) 2006; 56(5):312–316.
Samuels S. Occupational medicine and its moral dis-
contents. J Occup Environ Med 2003; 45:1226–1233.
Draper E. The Company Doctor: Risk and Responsibili-
ty and Corporate Professionalism. New York: Russell
Sage Foundation; 2003.
Fischoff B. Acceptable risk: a conceptual proposal. Risk
Aerosol Behavior. New York: John Wiley and Sons; 1994.
Gallagher C. Types of health and safety management
systems. In: Health and Safety Management Systems:
An Analysis of System Types and Effectiveness. Canber-
ra, ACT: Office of the Australian Safety and Compen-
sation Council; 1997..
Jensen PL. Assessing assessment: the Danish experi-
ence of worker participation in risk assessment. Econ
Ind Democracy 2002; 23:201–207.
Lynn FM. Public Participation in Risk Management
Decisions: The Right to Define, the Right to Know, and
the Right to Act. Risk 1.95. 1997. [accessed 11 Sept
2006]. Available from: http://www.piercelaw.edu/risk/
vol1/spring/lynn.htm
Shearn P. Workforce Participation in Occupational
Health and Safety in Non-Unionized Workplaces. HSE
Report no. HSL/2005/41. London: Health and Safety
Executive; 2005.
Kuempel ED, Wheeler M, Smith R, Bailer J. A quanti-
tative risk assessment in workers using rodent dose-
response data of fine and ultrafine titanium dioxide.
In: Report of Presentations of Plenary and Workshop
Sessions and Summary of Conclusions. Nanomaterials—
A Risk to Health at Work? 12-14 October 2004, Buxton,
UK. Buxton, UK: Health and Safety Laboratory; 2004.
[accessed 12 Sept 2006]. Available: http://www.hsl.
gov.uk/capabilities/nanosymrep_final.pdf
Halperin WE, Ratcliffe J, Frazier TM, Wilson L, Becker
SP, Schulte PA. Medical screening in the workplace:
proposed principles. J Occup Med 1986; 28:547–552.
Harber P, Conlon C, McCunney RJ. Occupational med-
ical surveillance. In: McCunney RJ, editor. A Practical
Approach to Occupational and Environmental Medicine.
Philadelphia: Lippincott Williams and Wilkins; 2003.
p. 582–599.
Ashford NA, Spadafor CJ, Hattis DB, Caldart CC.
Monitoring the Worker for Exposure and Disease: Sci-
entific Legal and Ethical Considerations in the Use of
Biomarkers. Baltimore, MD: The Johns Hopkins Uni-
versity Press; 1990.
Schulte PA. Problems in notification and screening of
workers at high risk of disease. J Occup Med 1986;
28:951–957.

National Cancer Institute (NCI). Lung Cancer (PDQ®):
Screening. 2006. [accessed 16 November 2006]. Avail-
able from: http://www.cancer.gov/cancertopics/pdq/
screening/lung/healthprofessional
Tran CL, Donaldson K, Stones V, Fernandez T, Ford A,
Christofi N et al. A Scoping Study to Identify Hazard
Data Needs for Addressing the Risks Presented by Nano-
particles and Nanotubes. Research Report. London:
Institute of Occupational Medicine; 2005.
ETC Group. The Big Down: From Genomes to Atoms.
Winnipeg, Ontario, CN: Action Group on Erosion,
Technology and Concentration.5.1. 2003. [accessed 11
Sept 2006].  Available from: http://www.piercelaw.edu/
risk/vol5/winter/Fischhof.htm
ETC Group (Action Group on Erosion, Technology and
Concentration). Down on the Farm: The Impact of
Nano-Scale Technologies on Food and Agriculture.
2004. [accessed 16 Nov 2006]. Available from: http://
www.etcgroup.org/upload/publicat ion/80/01/
etc_dotfarm2004.pdf
Maynard AD. Nanotechnology: A Research Strategy for
Addressing Risk. Washington, D.C.: Woodrow Wilson
International Center for Scholars; 2006..
Service RF. Calls rise for more research on toxicology
of nanomaterials. Science 2005; 310:1609.
Thomas K, Aguar P, Kawasaki H, Morris J, Nakanishi
J, Savage N. Research strategies for safety evaluations
of nanomaterials. Part VIII: International efforts to
develop risk–based safety evaluations for nanomate-
rials. Toxicol Sci 2006; 92:23–32.
Harris CE. Methodologies for case studies in engineer-
ing ethics. In: Emerging Technologies and Ethical Issues
in Engineering. Washington, D.C.: National Academy
of Sciences; 2003. p. 79–93.
NIOSH. Identifying High-Risk Small Business Indus-
tries: The Basis for Preventing Occupational Injury, Ill-
ness, and Fatality. NIOSH (DHHS) Publ no. 99–107.
Cincinnati, OH: National Institute for Occupational
Safety and Health; 1999.
American Society for Testing and Materials. New Stan-
dard Terminology for Nanotechnology. WK8051. 2005.
[accessed 11 Sept 2006]. Available from: http://
www.astm.org/cgi-bin/SoftCart.exe/DATABASE.
CART/WORKITEMS/WK8051.htm?L+mystore
+rdik5786+1158038968
Pantry S. The Unequal OSH (Occupational Safety and
Health) World of Information. 2002. [accessed 16 Nov
2006]. Available from: http://www.sheilapantry.com/
oshworld/editorial/2002/200206.html
Singer PA, Salamanca-Buentello F, Daar AS. Harness-
ing nanotechnology to improve global equity. Iss Sci
Technol Summer 2005; 57–64.
Singer PA, Daar AS, Salamanca-Buentello F, Court EB.
Nano-diplomacy. Georgetown J Int Affairs Winter/
Spring 2006;129–137.

Received 23 June 2006
Accepted 25 September  2006

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.


