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Increasing numbers of workers are involved with the production, use, distribution, and disposal of nanomaterials.
At the same time, there is a growing number of reports of adverse biological effects of engineered nanoparticles
in test systems. It is useful, at this juncture, to identify critical questions that will help address knowledge gaps
concerning the potential occupational hazards of these materials. The questions address (i) hazard classification
of engineered nanoparticles, (ii) exposure metrics, (iii) the actual exposures to the different engineered nanopar-
ticles in the workplace, (iv) the limits of engineering controls and personal protective equipment with respect to
engineered nanoparticles, (v) the kinds of surveillance programs that may be required at workplaces to protect
potentially exposed workers, (vi) whether exposure registers should be established for workers potentially
exposed to engineered nanoparticles, and, (vii) whether engineered nanoparticles should be treated as “new”

substances and evaluated for safety and hazards?

Key terms engineering; exposure; hazard; nanoparticle; risk.

It has been almost 50 years since the vision of what
nanotechnology could be was first described (1). How-
ever, it has only been within the last 15 years that the
products of technology have emerged in commerce and
within the last 10 years that the first reports of adverse
biological effects from in vitro or in vivo studies have
been published (2-10). This time difference has created a
knowledge gap between the stage of technological prog-
ress and our knowledge of the potential hazards of the
applications of this new technology. The knowledge gap
tends to remain, and even to grow, and it is increasingly
difficult to fill, unless new and innovative approaches
emerge with which to explore more effectively the safety
of nanotechnology innovations. Fortunately, research on
ambient or natural ultrafine particles in the last 20 years
has laid a rich foundation and, taken together with the
recent publications on engineered nanoparticles, has
served as the basis for developing interim recommenda-
tions for precautionary measures to control engineered
nanoparticles in the workplace to protect workers who
might be exposed to them (11-17). During the last
5 years, most occupational safety and health organiza-

tions have developed reports to raise awareness about
the possible hazards of nanotechnology in the workplace
(16, 18-23). This history can be seen as the first phase
in studying the health effects and developing guidance
for workers. It is now time to take stock of where we
are and focus on what critical questions need to be ad-
dressed. This paper identifies the following seven criti-
cal questions, the answers to which are needed to move
forward our understanding of the hazards of engineered
nanoparticles and to enable science-based guidance and
risk management to be developed: (i) “Can an algorithm
be developed to classify engineered nanoparticles by the
degree of potential hazards?”, (ii) “Which characteristics
of particles and which measurement techniques should
be used for the assessment of exposure to engineered
nanoparticles?”, (iii) “What is the exposure to engineered
nanoparticles in the workplace?”, (iv) “What are the
limits of engineering controls and personal protective
equipment with regard to engineered nanoparticles?”,
(v) “What occupational health surveillance should be
recommended for workers potentially exposed to engi-
neered nanoparticles?”, (vi) “Should exposure registers
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be established for various groups of workers potentially
exposed to engineered nanoparticles?”, and (vii) “Should
engineered nanoparticles be treated as ‘new’ substances
and evaluated for safety and hazards?”

Can an algorithm be developed for classifying nanopar-
ticles by the degree of potential hazard?

There is a growing and coalescing level of evidence that
exposure to some of the engineered nanoparticles can
cause adverse effects on health (table 1). This evidence
comes from various sources, for example, animal and
human studies of ultrafine aerosols, air pollution, and the
epidemiology of manmade and mineral fibers, as well
as from a great number of in vitro studies with natural
and engineered nanoparticles providing mechanistic
information on the health effects of both incidental
(usually combustion-derived) and various types of en-
gineered nanoparticles (3, 13, 15, 18, 23). This evidence
has been reviewed by numerous organizations that have
concluded that there is enough preliminary information
to treat engineered nanoparticles “as if”” they are hazard-
ous (16, 19-21, 31, 32). The question is what data and
methods are required to support a more definitive and
comprehensive hazard identification.

The evidence base that currently exists is relatively
sparse and reflects the heterogeneity of engineered
nanoparticles. Clearly, there are many inherent param-
eters that influence the potential toxicity of engineered
nanoparticles. They include size, surface area, shape,
solubility, surface reactivity, charge, attached functional
groups, crystalline structure, the agglomeration status of
the particles, and their contaminants. Depending on the

combination of these factors, toxicity can be more or
less marked, especially in relation to often chemically
identical but coarser particles as in the case of titanium
dioxide or as found with carbon nanotubes (4, 33, 34).
Potentially confounding differences in how nanopar-
ticles are dispersed and administered for toxicological
study may also be reflected in the variability of results
concerning nanoparticle toxicity in investigations of “the
same” nanoparticles in laboratory animal and in vitro
models (10). Moreover, there is a multiplicity of organs
that can be targets of nanoparticle exposure (7). At issue
are how these factors contribute to the relative hazard
or safety of engineered nanoparticles and whether an
algorithm can be described to predict hazard classes of
nanoparticles. Ultimately, since the universe of potential
engineered nanoparticles is huge, it will not be possible
to test each particle. Consequently, there is a need to
develop and validate strategies for hazard identifica-
tion that will combine targeted testing with a decision
algorithm on hazard projection that will allow particle
types (combination of parameters) to be categorized by
potential toxicity. This work may involve using new
approaches, such as structure activity relationships, or
various end points of in vitro tests, such as inflammatory
markers or the formation of reactive oxygen species as
surrogate indicators of toxicity (35, 36). On the basis
of this hazard identification, subsequent decisions can
be made regarding the assessment, communication, and
management of risk. Without it, society is left with a
nanoparticle-by-nanoparticle hazard research effort that
would exceed all of the currently available resources.
Indeed, occupational safety and health experience has
shown that a chemical-by-chemical paradigm has been

Table 1. Biological effects of the various engineered nanoparticles. (TiO, = titanium dioxide)

Reference Effect

Particle

Shvedova et al, 2005 (8); Elder et al, 2006 (9);
Mercer et al, 2008 (10)

Mercer et al, 2008 (10); Renwick et al, 2004 (42)

Mercer et al, 2008 (10); Oberdorster et al, 1994 (37)

Nikula et al, 1995 (24)

Bermudez et al, 2004 (4); Shvedova et al, 2005 (8);

Mercer et al, 2008 (10)

Nikula et al, 1995 (24); Heinrich et al, 1995 (25)
Shvedova et al, 2005 (8)

Oberddrster et al, 2002 (3)

Li et al, 2007 (26)

Takenaka et al, 2001 (2); Oberdérster et al, 2002 (3);

Geiser et al, 2005 (6)

Takenaka et al, 2001 (2); Oberddrster et al, 2002 (3);

Geiser et al, 2005 (6)
Porter et al, 2007 (27); Porter et al, 2007 (28)
Elder et al, 2006 (9); Oberddrster et al, 2004 (29)

Ryman-Rasmussen et al 2006 (30)

Deposit in the alveoli
Evade phagocytosis

Enter alveolar walls
Produce interstitial inflammation

Produce fibrosis

Produce tumors

Induce granulomas

Enter circulatory system
Induce plagues on vessel walls

Enter and move through circulatory system

Enter various organs
Enter cell nuclei
Move from nose to brain

Penetrate epidermis

Single-walled carbon nanotubes; ultrafine TiO,;
ultrafine carbon black

Single-walled carbon nanotubes; ultrafine carbon
black; ultrafine Ti0,

Single-walled carbon nanotubes; ultrafine TiO,
Ultrafine carbon black

Ultrafine TiO,; single-walled carbon nanotubes
Ultrafine TiO,; ultrafine carbon black
Single-walled carbon nanotubes

Ultrafine carbon

Single-walled carbon nanotubes

Ultrafine TiO,; silver, and elemental carbon ('3C)

Ultrafine TiO,; silver, and elemental carbon ('3C)
Single-walled carbon nanotubes; fullerenes (Cq)

Ultrafine elemental carbon (*3C); ultrafine
manganese oxide

Quantum dots
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of limited effectiveness in keeping pace with the needs
to develop and update occupational standards for exist-
ing chemical substances and physical agents.

Which characteristics of particles and which measure-
ment techniques should be used for the assessment of
exposure to engineered nanoparticles?

It appears from animal studies of ultrafine and fine par-
ticles that the dose-response relationships for adverse
lung responses depends on particle size when the dose
of poorly soluble particles is expressed as particle mass,
but a range of particle sizes can be fit with the same
dose—response relationship when dose is expressed as
particle surface area (37—41). Some of the end points
for which this phenomenon has been demonstrated are
pulmonary inflammation, lung granuloma formation,
and lung cancer. It is likely that engineered nanoparticles
will follow the same pattern (8, 34, 42). For example,
engineered nanoparticles of titanium dioxide have been
observed to show these effects and to have a consistent
exposure-response relationship with fine-sized titanium
dioxide when plotted on a surface area basis (41). For
the estimation of particle surface area, it may be help-
ful to assess the aerosol size distribution, number and
mass concentration, and aerosol charge (which could
affect instrumentation and agglomeration) (14). Surface
area has not been routinely or historically measured
in the workplace, and there is a need for appropri-
ate practical equipment, measurement protocols, and
baseline measurements. Several such devices for the
measurement of airborne particle surface area are cur-
rently under development. The European Commission
is strongly supporting the development of such devices
within the frame of the 7th Framework Programme on
Research (16). Until specific measurement methods for
workplace nanoparticle exposure are developed, current
recommendations are to obtain airborne concentration
measurements as particle mass concentration, number
concentration, size distribution or surface area or all us-
ing available sampling technology (43). There is a need
to develop lower-cost, effective on-line measurement
devices for workplace measurement and the identifi-
cation of engineered airborne nanoparticles (44). The
development of new-generation sampling devices using
biological metrics of harmfulness (eg, surface reactivity)
may also be feasible in the future.

What is the exposure to engineered nanoparticles in
the workplace?

In order to address this question, there is a need to reflect
on the fact that there is a diversity of workplaces, from
laboratories through manufacturing and production op-
erations, to disposal and recycling (figure 1). Exposures

Schulte et al

to engineered nanoparticles are likely to vary across
workplaces, as well as within a given workplace by job
or task. Very little has been published on the number and
nature of the workplaces in which engineered nanopar-
ticles are handled (44-46). Even less is known about
exposure levels by area, worker, or task. There is a major
need for extensive exposure assessment and character-
ization efforts because the literature on the levels of ex-
posure to engineered nanoparticles is extremely limited.
The existing few measurement efforts have identified a
substantial number of nondetectable findings and some
with relatively low mass concentrations (compared with
what has been found with bulk counterparts) (Berges
& Mark, personal communication, 2007) (46). It is not
known to what extent these findings, based on limited
sampling, are representative of exposures or processes
currently occurring in the various workplaces in which
nanoparticles are produced or used or how exposures
may change as the application of the technology grows.
Exposure assessment can build on the vast experience
available regarding exposure determination for classi-
cal aerosols (47). The following two overarching issues
are related to exposure assessment: (i) the need for
standardized approaches and (ii) the dissemination of

Transport
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Figure 1. Range of workplaces that could involve exposure to engineered
nanoparticles [adapted from the paper by Schulte et al (47)].
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exposure information possibly in an exposure database.
Various efforts are underway to describe standardized
approaches (19, 47; see also http:/www.uku.fi/laitokset/
ifk/projects.shtml). More broadly, the Organization for
Economic Cooperation and Development is addressing
exposure assessment issues (48). The dissemination
of measured exposure data will certainly occur in the
scientific literature, but there may be value for the next
few years in establishing an adhoc exposure database
to promote faster dissemination and focus attention on
methods being used and issues arising from their use.

Important in exposure assessment is particle charac-
terization, control for incidental (eg, from combustion
processes) ultrafine particles, and attention to factors
that could influence agglomeration. In addition, the
ability for background distinction between the natu-
rally and incidentally occurring and targeted engineered
nanoparticles is one of the current key challenges in the
assessment of workplace exposures. This work requires
devices that could operate at a very wide range of ex-
posure levels and could provide information on particle
numbers, particle surface area, particle size distribution,
and the chemical composition of nanoparticles to be
monitored. Devices with such properties are not cur-
rently available, but are under development. Exposure
assessment is also necessary for the planning of epi-
demiologic research and for risk characterization and
management. Due to the lack of exposure information
on engineered nanoparticles, progress on these efforts
has been restricted.

What are the limits of engineering controls and per-
sonal protective equipment with regard to engineered
nanoparticles?

The preliminary inference that engineered nanoparticles
will follow the classical laws of aerosol physics, fluid
dynamics, and filtration theory has been substantiated
by field observation and laboratory assessments (19,
47). Therefore, it is reasonable to anticipate that a
well-designed ventilation system with a high-efficiency
particulate air (HEPA) filter would remove nanoparticles
as effectively as it does fine particles (19, 47, 49). The
issues are whether there are limits of these controls when
particle size and other parameters inherent in environ-
mental conditions are taken into consideration. There
is a need for research on what factors and parameters
influence the effectiveness of engineering controls and
personal protective equipment with regard to engineered
nanoparticles. The leakage of particles around filter me-
dia (eg, face seal of respirators), which can occur with
airborne particles of any size, is also an area in which
additional research is needed for nanoparticles. It should
be noted that, if some engineered nanoparticles are
more toxic than their larger counterparts, then the risk

474  Scand J Work Environ Health 2008, vol 34, no 6

at exposure levels appropriate for fine particles may be
greater for engineered nanoparticles. This risk has not
been assessed to date.

The most widely supported approach to preventing
exposure from engineered nanoparticles is to follow
the hierarchy of controls (32, 47). Generally, a control
process utilizes some benchmark exposure levels as tar-
gets. These levels are generally lacking for engineered
nanoparticles. [See the discussion present under the last
question.] Thus it has been recommended that exposure
be controlled as low as reasonably practical (32). How-
ever, there is a need for conducting hazard evaluations
and quantitative risk assessments using exposure—re-
sponse data and then determining what control methods
are effective at targeted risk levels. This whole body of
work is only in its incipient stages.

What occupational health surveillance should be
recommended for workers potentially exposed to
engineered nanoparticles?

Occupational health surveillance should be included
as part of a comprehensive and effective occupational
safety and health program (50-53). Occupational health
surveillance consists of hazard surveillance and medical
surveillance and can occur at the workplace or popula-
tion level. Hazard surveillance is the assessment of the
presence of potential hazards in the workplace and the
likelihood of exposure (52). Hazard surveillance is a
prerequisite for developing a risk management program.
Hazard surveillance would involve collecting informa-
tion on what nanomaterials are being manufactured or
handled and where in the workplace exposure might
occur. This determination is mostly a matter of man-
agement judgment supplemented by environmental
measurements and worker input (52, 53).

Medical surveillance involves various medical assess-
ments and histories that can be used in preemployment
or periodic assessments, or for assessments related to
specific functions, such as the wearing of a respirator or
in response to untoward events like spills or explosions.
Medical screening is a form of medical surveillance; it
involves administering a medical test to an asymptom-
atic person to identify a potential health condition that
can be treated in a timely fashion. Occupational health
surveillance is also a means of assessing whether the
application of steps in the hierarchy of prevention have
been successful in controlling exposures and preventing
disease. Currently, it is not clear that, beyond hazard sur-
veillance and routine medical surveillance, there is any
specific medical testing that is warranted for workers po-
tentially exposed to engineered nanoparticles (53). This
situation arises due to the scarcity of research that has
been conducted linking exposure to engineered nanopar-
ticles to specific adverse health effects; in essence such



specific biological markers of exposure or response to
engineered nanoparticles suitable for surveillance have
not been identified. Clearly, more research is needed
to identify these specific health effects. Meanwhile, if
hazard surveillance is to be conducted, employers and
practitioners may face such challenges as determining
which workers may be exposed and which may not, as
well as what communications should go to workers with
and without exposure.

Should exposure registers be established for various
groups of workers potentially exposed to engineered
nanoparticles?

Exposure registers involve the enrollment of workers
to indicate information about their exposure so that
research can eventually be conducted and timely and
targeted risk communication, intervention, or needed
advice can be provided (54). Examples of exposure
registers that have been established include those for
workers exposed to beryllium, ionizing radiation, 2-
naphthylamine, World Trade Center dust, and residents
exposed to trichloroethylene, benzene, and dioxin. Re-
cently, a European Union exposure register on wood
dust has been established (55). The issues of importance
that should be considered in assessing the utility of
exposure registers for nanotechnology workers include
(i) register governance, (ii) logistics, (iii) costs, and (iv)
psychosocial and legal issues. Exposure registers may
serve as the basis for conducting prospective studies
of workers exposed to engineered nanoparticles. Such
studies could focus on frank adverse health effects, as
well as on early indicators or biological markers repre-
sentative of exposure or disease. However, carrying out
epidemiologic studies of nanotechnology workers will
be difficult because of the diversity of the workplaces
and types of engineered nanoparticles. Exposure reg-
isters may also facilitate risk communication and risk
management as new risk information becomes avail-
able. If exposure registers are to be established, it will
probably require government agencies, consortiums of
trade associations, or large companies to be involved
in the management and logistics. Ultimately, exposure
registers may reassure workers that, in the absence of
certainty about the extent of risks, attention is being
paid to identify possible hazards early. Cooperation by
employers in exposure registers may also demonstrate
that managements are being proactive regarding worker
safety and health.

Should engineered nanoparticles be treated as “new”
substances and evaluated for safety and hazards?

The general pattern of evidence shows that engi-
neered nanoparticles can be more toxic than their bulk

Schulte et al

counterparts (7, 13, 41, 56-58). Consequently, when
introduced into commerce, should produced engineered
nanoparticles be treated as new substances? The ex-
ample of single-walled carbon nanotubes (SWCNT)
illustrates the issue. Under current regulations, the
permissible exposure limit (PEL) of the Occupational
Safety and Health Administration (OSHA) for graphite
(5 mg/m?®) is often cited on material safety data sheets as
the PEL relevant to SWCNT, and both substances have
the same chemical formula (C). However, SWCNT has
been shown to be more fibrogenic in mice than crystal-
line silica (8). Shvedova et al (8) estimated that workers
could attain a lung burden equivalent to that causing
adverse effects in mice if they were exposed to SWCNT
over a period of 20 days at the graphite PEL. Recent data
from animal models provide evidence that SWCNT may
induce mesothelioma in these models (34, 59). While
this finding will need to be verified by other studies
and related to airborne exposures, there may be a need
to reconsider specifically the issue of the occupational
exposure limits (OEL) of engineered carboneous fibrous
nanoparticles. In addition, it is generally appropriate to
ask “What are appropriate recommended exposure limits
for engineered nanoparticles?”” Since nanoparticles ap-
pear to be more toxic than their bulk counterparts on a
mass basis, should there be different OEL (which are
typically based on mass concentration)? With titanium
oxide as a model, risk estimates based on experimental
data on animals indicate that different-size particles lead
to different risks at the same mass exposure concentra-
tion and that, to control risks to the same level (eg, 1 in
1000), it may be necessary to have a different OEL (if
mass-based) for different size particles, large and small
(41, 58). Moreover, since a mass-based metric may
not be the best indicator of risk, other metrics, such
as particle number or surface area, may ultimately be
needed in OEL.

When data are not available for quantitative risk as-
sessment, it may be possible to develop an algorithm to
adjust the OEL for a bulk material to calculate an OEL
for nanoparticles that takes into account the influence
of particle characteristics, including size, surface area,
and any differences in surface properties (eg, reactivity),
between the nanoparticle and bulk material, while also
considering the appropriate uncertainty issues (40). The
effectiveness of such an approach would depend on the
health data basis of the OEL for the bulk material, and
the availability of a sufficient database of representative
nanoparticles. The development of reference or bench-
mark materials, including both nanometer- and microm-
eter-scale particles of the same material and which are
well-characterized in terms of physiochemical charac-
teristics and biological activity and toxicity, is a useful
step towards understanding and classifying the relative
hazard or safety of specific nanoparticles. These issues

Scand J Work Environ Health 2008, vol 34,no 6~ 419
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raise the question of whether, before “nanoparticles”
are entered into the market, should they be subject to
the regulatory requirements for any new substance. This
question is being debated in the European Union. Cur-
rently, nanoscale-size substances fall under the scope of
the REACH (registration, evaluation, authorization, and
restriction of chemical substances) regulation, but be-
cause nanomaterials may be manufactured or imported
below the threshold of one ton per year, they may evade
REACH registration requirements (60).

Concluding remarks

The effective safety assessment of engineered nanopar-
ticles probably requires the development of a classifica-
tion algorithm to identify potential hazards of different
types of engineered nanoparticles. The great challenge
for the classification is which of the metrics or char-
acteristics (ie, particle size, surface area or reactivity,
chemical composition, or some other characteristics of
the engineered nanoparticles) should be used to classify
engineered nanoparticles. In evaluating exposure to
engineered nanoparticles in occupational environments,
two challenges remain as top priority. New easy-to-use
portable devices capable of capturing information on
particle number and surface area and other characteris-
tics need to be developed because such devices are the
prerequisite for exposure database generation. Another
key challenge is to differentiate between the levels of en-
gineered nanoparticles and ubiquitous background levels
of incidental, mainly combustion-derived nanoparticles.
There are many different workplaces in which exposure
to engineered nanoparticles can take place. Therefore,
different monitoring strategies and different monitoring
devices may need to be developed if the knowledge base
is to become more comprehensive. Meanwhile, being
cautionary and minimizing exposure may be the best
way to deal with the potential hazards potentially evoked
by exposure to engineered nanoparticles. To prevent the
exposure of workers to engineered nanoparticles, clean
rooms and closed processes are the most effective, but,
in cases in which such circumstances are not possible,
tailored exhaust ventilation and personal protection
equipment with appropriate performance characteristics
are available. In addition, as a safeguard to detect poten-
tial adverse health effects of workplace exposure, medi-
cal surveillance programs may be warranted. However,
specific health end points or biomarkers have not been
validated. Moreover, health end points from engineered
nanoparticle exposures are obscure, and hence the best
available approach today is hazard monitoring, and the
prudent use of controls.

In the future, an assessment of the safety of workers
exposed to engineered nanoparticles may require the es-
tablishment of exposure registers. Such registers can be
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individual worker or company-based exposure registers.
Currently, the development of individual worker-based
registers would be overwhelmingly challenging due to
the lack of personal monitoring devices and because
of legal issues. Thus, today, company-based exposure
registers may be the most appropriate alternative. There
is growing support that engineered nanoparticles should
be classified as new substances because of the accumu-
lating evidence that material at the nanoscale can have
novel biological properties that differ dramatically from
the properties of the same chemical in a bulk form. This
evidence also implies that, in addition to classifying
engineered nanoparticles as new substances a priori,
there will be a need for new approaches, such as using
surface area metrics and surrogate toxicity end points
for the setting of occupational exposure limits once the
necessary information is available.
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