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Achieving Control of Occupational Exposures to Engineered

Nanomaterials

Amanda Juric, Richard Meldrum, and Eric N. Liberda

Ryerson University, School of Occupational and Public Health, Toronto, Ontario, Canada

Occupational exposures resulting from Engineered Nano-
materials (ENMs) can pose a challenge for applying tradi-
tional risk assessment, control, or evaluation standards. This
article discusses the limitations in traditional risk manage-
ment approaches when it comes to ENM exposures, reviews
current monitoring options, and suggests an interim man-
agement framework until research can meet the standard of
evidence required by legislators. The proposed Nanomaterial
Occupational Exposure Management Model (NOEM) offers
a pragmatic approach that integrates resources from current
academic research to provide a framework that can be ap-
plied by both industry and regulators. The NOEM Model fo-
cuses on addressing three concerns to exposure management:
Risk Assessment, Exposure Control, and Exposure Monitor-
ing. The resources supported for meeting these three compo-
nents involve the integration of the Control Banding Nanotool
and Nano Reference Values, both of which have been piloted
and accepted through peer-reviewed processes and industry
consultation.
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INTRODUCTION

he global use and applications of engineered nanoma-

terials (ENM) in commercial and consumer goods is
rapidly increasing.('~® Moreover, although the uses of ENMs
are varied, they are most often used to enhance product func-
tionality by way of their unique characteristics such as high
electron affinity, electrical conductivity, mechanical strength,
large surface areas, and optical properties.””’ The use of these
properties are not limited to a few sectors, but include vari-
ous industries such as electronics, communications, materials,
machinery, tools, construction, pharmaceuticals, health care,
energy, environment, and water treatment.®*
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Although widely used, the scale of international growth
of ENM:s is difficult to trend as patents and investments are
not discretely categorized in conventional registries.*% It is
has been proposed that the growth of future investments may
slow due to uncertainty surrounding outcomes from occu-
pational, public, and environmental ENM exposures.*689
Additionally, the emergence of increasingly advanced nano-
applications introduces concerns regarding novel mechanisms
of action and their implications on health and safety from
occupational exposures.!*!D Therefore, the need for adaptive
risk management strategies that are both precautionary and
pragmatic has been recognized as a priority for the safe exist-
ing, and anticipated uses of ENMs. (128

Multinational and collaborative organizations have devel-
oped strategies for prioritizing and anticipating research gaps
in managing ENM exposures in workplace settings.®!? These
organizations have structured research objectives to support
traditional and comprehensive risk-based approaches for man-
aging health and safety risks.'? Priorities include the stan-
dardization of terminology, classification, safe handling, and
testing parameters and methodologies.**® Organizations sup-
porting these needs include the British Standards Institute
(BSI), the Organization for Economic Co-operation and Devel-
opment (OECD), the World Health Organization (WHO), Na-
tional Institute for Occupational Safety and Health (NIOSH),
US National Nanotechnology Initiative (NNI), and the US
Environmental Protection Agency (US EPA). In addition to
these global initiatives, information dissemination is occurring
at the jurisdictional levels closest to end-users. For instance,
in Canada publicly funded web portals for nano-specific in-
formation are available in the provinces of Alberta, British
Columbia, Ontario, and Quebec.

BACKGROUND

he barriers for establishing ENM risk management frame-
works include the absence of consistent assessment and
categorization parameters for ENM toxicity, as international
testing standards are still being determined.!->!¥ Despite this,
research has progressed in the area through the continual
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refinement of traditional parameters in efforts to establish
representative variables for health risk.

One of the fundamental properties of ENMs that raises
concerns for exposure risk is size. The size range of ENMs
(1-100 nm) makes the alveolar region the primary deposition
site.!>) This is an added concern for ENM exposures due to
the greater particle number, and therefore greater surface area
to unit of mass, compared parent compounds.'® The result is
a potentially greater interaction of ENMs at the cellular level,
at which point they can elicit defense mechanisms and adverse
health effects.!”:!8) Concerns centering on the size and surface
area properties are also being raised in the potential for ENM
translocation to other parts of the body, and their potential
ability to pass through cellular membranes to interact with cell
structures.®19

Information on the size implications of ENMs has been
amassed from in vitro, in vivo, and research of ultrafine partic-
ulates.”” These studies have provided insight that has shaped
the direction of research priorities for ENM occupational expo-
sures by highlighting the unique challenges the size of ENMs
presents for toxicity and exposure potential. For instance,
lessons from the deposition of ultrafine particulates in the
respiratory system are relevant in understanding equivalent
behavior in ENMs that comes with the similarity in their
physical size properties.(!%!>17) The understanding of the de-
position fraction of ENM in respirable regions, however, is
further complicated by ENM behavioral tendencies such as
agglomeration and aggregation, which lead to particle inter-
ception in different respiratory regions as characterized by size
differentiating defense mechanisms.!*!>!® Findings such as
these have been relevant for contrasting ENM with their bulk
parent compounds for the purpose of assessing the suitability
of conventional risk management strategies. Other factors that
have been found to influence biological response include the
particle solubility, shape, charge, surface chemistry, catalytic
properties, and adsorbed pollutants.('¥)

The diversity of ENMs in respect to their physiochemical
properties is one of the primary challenges for managing
occupational exposure risks.® Regulations pertaining to use
of ENMs are limited in their provision of specific measures to
be implemented and enforced. Traditional legislated occupa-
tional exposure management strategies are designed based on
precautionary approaches rooted heavily in quantitative and
verified research findings. The variables for comprehending
and quantifying the health risks of ENMs are burdened with
uncertainty as the conventional parameters and approaches are
regarded as incompatible for addressing occupational ENM
exposures.5-8:11-13.20-29)

CONTROL METHODS

he conditions under which ENM exposures occur are
widely varied.®*-*? The technology and mechanisms in-
volved in the generation and application of ENMs varies
depending on the material and the intended use.®® This makes
the assessment and control of occupational exposures a unique
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exercise specific to materials involved and the emission sce-
nario.>? Given the limited toxicological data compared to
the vast number of ENMs and varied exposure scenarios,
traditional occupational risk management resources have been
strained in their capacity to address the parameters of ENM
risk.

Occupational Exposure Limits

A principle occupational risk resource that is central to
assessment and control strategy success is the metric for eval-
uating exposures. Conventionally, mass-based occupational
exposure limits (OELs) serve as a standard against which
exposures levels and control measures to chemical substances
are evaluated.®® As the mechanisms of ENM toxicity become
increasingly better understood, mass-based exposure metrics
are being recognized as a non representative universal param-
eter for evaluating exposure potential.?®3 Properties such
as the greater particle number and surface area of ENMs per
unit of mass can pose greater potential for some ENMs due
to their interaction with pulmonary and cellular structures,
resulting in inflammation, oxidative stress, and other biological
responses.!371723:35) These findings suggest that parameters
such as particle number and surface area need to be assessed
for each ENM as to whether they provide a more relevant
indicator of toxicity and may be more apt as exposure metrics
than mass-based ones which fails to account for the surface
reactivity.®

In addition to concerns on the suitability of the exposure
metric, the standard of evidence that is needed to support
the establishment of OELs for ENMs is being outpaced by
the areas growth.>>232® Barriers to meeting the quantitative
risk assessment standard for OEL development includes the
lack of comprehensive data on emerging ENMs, uncertainty
on physiochemical properties, variability in exposure met-
rics, and the lack of standardized and validated monitoring
strategies.(1'8:10:13.2022) Ap alternative approach to managing
exposures is through the application of categorical exposure
limits based on benchmarks. (223-28:36)

Benchmarking uses a reference material as a standard for
the comparing other materials with similar modes of action. A
categorical approach for setting exposure levels can guide the
evaluation of similar materials, despite the limitations in the
information on the materials toxicity.?>?® Currently, based
on benchmark and equivalent tissue doses, adequate data sets
exist to establish recommended exposure levels for materials
such as carbon nanotubes and nanofibers (1.0 © g/m3), titanium
dioxide (0.3 mg/m?), and fullerenes (0.8 mg/m?).(26:27:3437) The
variety of ENMs in use is broader than those with robust data
sets to support specific exposure levels, thus benchmarking
is supported as an adaptive system to manage emerging risks
when toxicological data is lacking.*”

Control Banding

By using a semi-qualitative approach, control banding uses
a combination of the health hazard and exposure potential to
identify a suitable band to which general control measures are
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appropriate.34% Depending on the application, the specified
bands and assigned controls may vary, although it has been
accepted that four control bands balance ease of use with
established and accepted control measures.! Alternate uti-
lizations for control banding have stemmed from its simplicity,
including its adoption into the pharmaceutical industry for
controlling risks from novel product exposures.®**? Lessons
from controlling novel pharmaceuticals and ultrafine particles
are being drawn upon for managing ENM based on the similar
diffusion behavior and properties they exhibit.(3%4344

METHODS

A search of articles referencing occupational exposure con-
trols for nanomaterials were compiled through literature
database searches. Databases searched included Scholars Por-
tal, Scopus, and PubMed. Key words were searched using
Boolean logic and included nanoparticles, exposure control,
and control banding. Results were limited from 2003-2014
(March) inclusive. In addition to academic literature searches,
reports from international organizations on the EHS concerns
and management of nanomaterials were reviewed for con-
text and application. Articles meeting the search criteria were
reviewed for applicability to the subject and contributed to
the development of a management model. Based on these
findings, an integrative model for managing ENM exposures
was synthesized.

RESULTS

Proposed Framework

The limited applicability of regulatory systems in mandat-
ing ENM controls has created an environment for innovative
solutions to mitigate potential health concerns. The proposed
Nanomaterial Occupational Exposure Management (NOEM)
Model suggests three activities to implement as part of an
exposure management program — Risk Assessment, Exposure
Control, and Exposure Monitoring (Figure 1).

Based on evidence from academic research, two indepen-
dently piloted and peer-reviewed resources for managing oc-
cupational exposures were integrated to address the three com-
ponents of the NOEM Model. The first and second components
of the model- Risk Assessment and Exposure Control, use the
semi-quantitative Control Banding (CB) Nanotool developed
by Paik® and revised by Zalk et al.“? This tool calculates
a risk level based on the severity and probability of a spe-
cific exposure, which coincides with a control band to guide
occupational exposure mitigation strategies. The third compo-
nent, Exposure Monitoring, applies the categorical exposure
monitoring standard proposed by the German Institute for
Occupational Safety and Health (IFA) which was later adopted
by the Dutch Social Economic Council as Nano Reference
Values (NRVs), to act in lieu of traditional occupational expo-
sure limits for nanomaterials. Through the use of NRVs as a
monitoring standard, the effectiveness of control measure can

Journal of Occupational and Environmental Hygiene

be verified while also providing feedback to drive continuous
improvement and re-assessment of the exposure risk.

The NOEM model, through the integration of two pre-
scriptive resources, becomes a pragmatic and iterative pro-
cess for industry to adopt in order to manage occupational
exposure risks from ENM. In light of limited regulatory over-
sight, the NOEM model can meet the needs of industry to
manage occupational risks as per due diligence requirements,
while still providing flexibility to incorporate evolving tech-
nologies for applications and controls.

Resources for the NOEM Model

The assessment of an exposure risk is important for es-
tablishing the extent and urgency for implementing control
measures. When risk level quantification is based on relevant
parameters, the properties with the greatest contributors to the
exposure risk can be identified. This knowledge can assist with
the development of control measures that are both effective and
an efficient use of resources. The CB Nanotool*>*> calculates
a risk level based on the product of a severity and probability
score, each of which incorporates weighted parameters. The
severity rating incorporates 15 factors supported by literature
as key determinants of toxicity,'” 70% of which are attributed
to the nanomaterial characteristics, with the remaining 30%
from the parent or bulk material.*>*> The probability score
is determined by five factors that characterize the exposure
potential. Each of the factors, in both the severity and proba-
bility, has a scale of options that correspond to point values.
Uncertainty in any factor is addressed by assigning a hazard
rating of 75% the maximum point value, which represents
a precautionary level that avoided mandating an excessive
protection level.#>*> Risk ratings are placed into exclusive
ranges that correspond to a band in the conventional four
control banding categories.

Since traditional risk assessment practices are unable to
guide exposure mitigation,*® precautionary and pragmatic
control schemes such as control banding have been supported
as an  effective  preliminary risk  management
approach.(?430:4343:46) The strength of control banding lies in
that the limited information on ENM toxicity can be off-
set by the designing protective control measures based on
the known data.®*#1424) Various control banding tools that
have been developed that have a specific focus on nano-
materials. A review by Brouwer®® compares and contrasts
the components of control banding system such as the CB
Nanotool, the Precautionary Martix, ANSES guidance, the
Stoffenmanager Nano, Guidance from Dutch Social Partners,
and lastly, the Nanosafer. The CB Nanotool was selected
as the control banding tool for the NOEM model in part
due to its formulaic approach in determining a protective,
risk-based control banding category for a given scenario. In
a pilot of the CB Nanotool in industry, the recommended
control bands were found to be consistent with professional
recommendations from industrial hygienists based on the risk
level of the studied processes.*? The weighted and non-
binary approach of the CB Nanotool offers the end-users
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insight for conducting a sensitivity analysis to gain a greater
understanding of the factors contributing to the risk level of
a process. As a risk assessment tool, the CB Nanotool can
be applied at stages before exposures occur, such as when
conducting planning and pre-operation assessments for the
introduction of new technology or processes involving ENMs.
Additionally, the CB Nanotool is not restrictive to situations
where only a comprehensive understanding of the ENM of
inquiry is available, as it provides a factor for addressing
uncertainty that does not assume the worse-case risk level. This
is valuable for assessing and controlling risks associated with
exposure scenarios such as those occurring in research settings,
which may be temporary or highly variable as applications
change.” With traditional exposure management rooted in
industrial hygiene monitoring for the establishment of controls
and their effectiveness, temporary scenarios and uncertainty in
the knowledge of ENM properties make the control banding
resources such as the CB Nanotool an appropriate central
component of an ENM exposure management program.“®
Given that there are very few nano-specific OELs due to de-
bate over suitable metrics, the quantitative monitoring of ENM
exposures becomes a challenging exercise for constructive
interpretation.>?® The NOEM model addresses this by inte-
grating the categorical exposure levels developed by the IFA as
the standard for the Exposure Monitoring portion of the model.
Based on benchmarking, the IFA identified four categorical
groups based on the parameters of size, form, biopersistence,
and density to evaluate exposures of ENMs against.3¢4%3) The
application of a categorical-based exposure standard for ENM
groups with similar properties, or modes of action, allows
for an adaptive management approach that can keep pace
with ENM development.**3% This broad applicability allows
for an environment that fosters nanotechnology innovation
while managing risks.®233439 A categorical approach also
has benefits in more efficiently using resources for research
purposes, reducing costs and animal usage in testing, and
increased sample size for the effects of a mode of action.+?¥
The Netherlands adapted the IFA’s guidance structure into
NRVs and implemented them in 2012 based on the recommen-
dation of the Dutch Social Economic Council, an advisory
group to the Dutch government and parliament.*® The im-
plementation of NRVs as an exposure standard was piloted
in a study of Dutch industry partners*” where industry and
regulators accepted NRVs given that material concentrations
were found to be below the prescribed exposure levels when
conventional control strategies were implemented.3+364)

DISCUSSION

Integration of NOEM Model

Quantitative risk assessment frameworks often serve as
the basis for regulatory policies and associated enforcement
standards.®> The NOEM model takes a risk-based approach
that integrates current research to create a model for manag-
ing exposures (Figure 2). This cyclical process completed by
the inclusion of an exposure monitoring standard (Figure 2)
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FIGURE 1. NOEM Model.

Nano Reference
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supports the use of control banding as a valid central method
for managing ENM exposures that have limited quantitative
methods and standards (i.e., occupational exposure limits) on
which to base an exposure control program.“’*® The need
for a pragmatic model, such as the NOEM, for managing
ENM exposures exists in light of inconsistent perceptions
on the potential risk,”” and the absence of risk governance
measures.>3D The risk assessment process in the CB Nanotool
provides risk-based guidance for implementing control band-
ing to mitigate exposures, while NRVs provide a standard to
assess control measures and ultimately verify the effectiveness
of the assigned control band. The NOEM Model can aid
in risk management, an integral part of a health and safety
management system, as it is an iterative process much like the
Plan-Do-Check-Act-Verify cycle.(13:23:2443)

To complete the risk assessment portion of the NOEM
model, the properties of the material, in addition to the cir-
cumstances under which the exposure is occurring, must be
amassed. The completion of the severity assessment in this
process provides an account of the hazardous properties in-
trinsic to ENMs with an emphasis on the health implications.
To strengthen the risk assessment process, engaging a multi-
disciplinary group would provide insight on the variability of
hazards throughout a process where ENM are utilized. Further-
more, a process review is beneficial in identifying the safety
concerns that may arise with maintenance activities, critical
emergency situations (e.g., fires or loss of containment), % and
waste, environmental, and potential public health concerns.®?

Ideally, the hazard information should come from standard-
ized communication tools such as Safety Data Sheets (SDS)
as advocated in the Stoffenmanager Nano tool.®?) Currently,
SDSs are inconsistent across the variety of ENMs due to
incomplete data sets and ongoing debate over standard pa-
rameters of exposure.®*3) These issues limit the ability of
SDSs to provide strategic direction required for risk man-
agement.*>3+>9 Similarly, the SDSs of parent material fails
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FIGURE 2. NOEM Model with activity integration.
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to account for the unique hazards presented by the nano-
scale of ENMs. In accounting for the hazardous properties of
ENMs, the CB Nanotool takes the approach that the health
outcomes associated with ENMs differs from parent com-
pounds,*? while still respecting that characteristics of parent
compounds can be influential at the nano-scale.?® Thus, in
the interim, until consensus has been reached on documenting
hazardous properties which can be reflected in standardized
SDSs, academic research must be relied upon to collect the
information called upon in the severity analysis of the risk
assessment. Ideally, the relevant scientific information on a
nanomaterial should be documented in hazard communication
tools along with the associated uncertainties as a method of
prioritizing which developments should be closely monitored
in document reviews. This strategy would communicate the
limitations of knowledge and serve as way to justify the imple-
mentation of protective measures and activities necessitated by
due diligence clauses in leading occupational health and safety
regulations.

The CB Nanotool further works towards understanding the
risk of an ENM exposure through the weighting and scoring of
parameters. Based on both the severity and probability aspects
used in determining the risk level, the data that is compiled
through the risk assessment process supplies information that
can enhance how control measures are designed and imple-
mented.*® The prioritization of variables in the probability
assessment is particularly beneficial as it considers the factors
that influence exposure potential, knowledge of which can
contribute to the efficient design of control measures.*? As
the parameters affecting ENM toxicity and occupational ex-
posures are better understood, the strategies to mitigate expo-
sures will have to adjust beyond the basic guidance of control
bands.®® The variety of mitigation measures encompassed
in each control band allows users a high degree of flexibil-
ity while guiding them in a protective direction to control
exposures.?**? In a pilot of the CB Nanotool in industry,
the recommended control band outcomes were found to be
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consistent with professional recommendations from industrial
hygienists.*? Additionally, as ENM exposures become more
common, the verification of control banding assignments is
supported where industrial hygiene monitoring has been used
to verify control measures.*” Therefore, the CB Nanotool is
not only a resource for Risk Assessment but also useful in
guiding Exposure Controls in the NOEM Model.

Although control banding is accepted as a method for
establishing controls for ENM exposures, the verification of
effectiveness is still necessary to satisfy the iterative nature of
the risk assessment process.?>®) Categorical occupational
exposure limits, such as the outlined in the NRVs, serve as the
quantitative link in the iterative risk management process by
being a means of calibrating or validating a risk management
model.?® Figure 3 depicts the NRVs as mass concentrations
for four particle sizes in comparison to their associated ACGIH
TLVs. For the size range of 1-100 nm, the NRVs fall below
the ACGIH TLV value of their parent compound with the
exception of lead. Where NRVs or the OELs of parent com-
pounds are exceeded, control measure should be evaluated for
effectiveness, or the risk assessment and assignment of control
bands re-evaluated to ensure they are accurately accounting
for parameters. NRVs, as action levels, are intended to be
protective in exposure management as a standard for evalu-
ating exposure levels against.®” Additionally, since NRVs are
preliminary levels, should traditional health-based OELs be
established, supported, and verified for ENMs through meeting
established quantitative risk assessment standards, the NRVs
would be superseded as basis for evaluating control strate-
gies.®? This was also the consensus reached by Dutch Social
Economic Council on the implementation of NRVs.*%%

Barriers to Implementation

The quantification of ENM exposure levels can
be costly, time-consuming, and require highly specialized equ-
ipment and personnel to execute.®*%4758) Numerous authors
and organizations have recommended sampling strategies for
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ENMs that incorporate several methods of measurement, but
all recognize the limitations of current methodologies
in accounting for potential background interferences
while collecting a representative sample of a workers
exposure, (>11:20:24.28,30.31,34.43.56,58,59.60) A challenge inherent in
any management model that includes a quantitative evaluation
component is the identification and assessment of environmen-
tal interferences.®>? As research develops on measurement
aspects of ENM exposures, improvements are made in the
accessibility of technology for the assessment differentiation
of background interferences.(!433%6D Characterizing a pro-
cess and its surroundings for sources of interferences, the
ENM characteristics and the existing sample methods, even
with their limitations, are currently the leading methods to
identify and account for interferences while implementing an
assessment strategy.!->®

Although challenges exist for the technology and method-
ology, the inclusion of exposure monitoring within the NOEM
Model encourages quantitative assessments methodologies to
be developed. Such standardized methods for the monitoring
and analytical interpretation of results would provide consis-
tency in implementing of frameworks, such as NOEM, for
controlling exposures.?>®" In addition, promoting the de-
velopment of exposure monitoring standards and technolo-
gies builds the capacity to estimate exposures and ultimately
strengthen risk management practices.>%1) Support for
monitoring exposure levels also contributed towards ensuring
the responsible advancement of nanotechnology and ENM
applications by employers and innovators.(1:11:23)

The NOEM Model, as an ENM exposure management
framework, should be incorporated into proactive occupational
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risk management systems and program planning. #3162 Al-
though the control banding component of the NOEM model
has limitations in the ability to assess all the hazards of a
process where ENMs are present, it, and other control banding
tools, provide specific guidance that cannot be afforded by
tools such as life-cycle assessments. For the hazard charac-
terization and risk assessment of situations outside of what is
covered through the NOEM model, further resources should
be appended to process which incorporate the relevant experi-
enced parties (e.g., fire and explosion hazards, environmental
release, public health implications).®?

Industry implementation of a voluntary management model
can be inconsistent given the inherent conflict of interest in
the self-imposition of control measures, the uncertainty of
ENM risk data, and perceptions that industry understands
the associated risk of ENMs.®%2 The NOEM Model would
benefit from its promotion as a progressive interim alternative
to a zero-exposure regulatory model, which could restrict
innovation and development. &340

Further Research Needs

The rapid development of nanotechnology and diverse
ENM applications will continue to create challenges for oc-
cupational risk management.>!'D To facilitate an environment
where protective measures can be applied and carried beyond
the early stages of ENM exploration, standardization initiatives
in the areas of terminology, classification systems, toxico-
logical parameters, and mechanisms of action must continue
to be supported. As the basis for decisions on occupational
management strategies, toxicological and exposure parameters
should also continue to be explored.?*234% Once consensus on
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key parameters and the scope of ENM toxicological research
is reached, hazard communication tools such as SDSs, and
the quantitative evaluation standards (NRVs) should be re-
evaluated as resources for risk management.(®

As developments in exposure parameters progress, metro-
logical research for the quantification of occupational expo-
sures should be investigated to generate cost-effective and
efficient assessment methods for ENM. The need for such
advancements would strengthen management models.

CONCLUSION

n light of the uncertainties in the health risks associated with

ENM exposures, the NOEM Model is a risk-based approach
to managing potential health risks as currently identified. It is
intended to serve as an iterative guide in ENM generation
and application to address occupational exposure concerns in
manufacturing and industrial settings. The NOEM Model is
applicable to a range of ENMs and exposure scenarios by
bridging best practices from traditional control mechanisms
with emerging research. The pragmatic and protective ap-
proach employed to managing occupational exposure potential
provides justifiable control measures based on a hazard’s level
of risk. This model can be incorporated into existing risk
management strategies to act as in interim framework until
applicable regulatory systems are imposed or recommended.
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