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Abstract Increased engineered nanomaterial production, combined with wide-
spread use and worldwide distribution, have increased the likelihood of occupa-
tional exposure. Considering that engineered nanomaterials have additional 
toxicological concerns relative to their larger material forms, there exists a clear 
need to develop, implement, and apply an adequate strategy for occupational risk 
assessment and management. Unfortunately, a thorough evaluation of pertinent 
engineered nanomaterial properties cannot be obtained using a single instrument or 
analytical technique. Therefore, it is recommended that the collection and charac-
terization of engineered nanomaterials should be performed via a multifaceted 
approach involving the use of multiple complementary sampling tools and analyti-
cal methods.
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5.1  Background

In recent years, the unique physicochemical properties of engineered nanomaterials 
(ENMs) have been widely exploited in numerous industrial and commercial sectors 
to improve the effectiveness of myriad consumer products and industrial applica-
tions [1]. Increased ENM production combined with widespread use and worldwide 
distribution have increased the likelihood of occupational exposure to ENMs. 
Although human exposure to ENMs may take place in any stage of a material’s life 
cycle (from their synthesis and integration in the laboratory to their release during 
use or disposal of ENM-containing products), such exposures are more likely to 
occur in industrial facilities and/or research laboratories where ENMs are produced 
or handled in large quantities or over long periods of time [2]. Also, considering that 
ENMs have additional toxicological concerns relative to their larger material forms 
[3–13], there exists a clear need to develop, implement, and apply an adequate strat-
egy for the occupational risk assessment and management of ENMs [14].

ENMs are generally considered chemicals in spite of the extraordinary classifi-
cation challenges they create due to the diversity of sizes, shapes, chemical compo-
sition, and morphologies they can assume. Consequently, principles of ENM risk 
assessment and management traditionally used for chemicals may also be applica-
ble to ENMs. The gold standard for chemical risk assessment and management was 
established by the US National Academy of Sciences [15]. According to this para-
digm, the risk assessment process is based on four critical steps including hazard 
identification, dose–response assessment, exposure assessment, and risk character-
ization. Unfortunately, the application of this model to ENMs is especially chal-
lenging given limited toxicology data and few occupational exposure limits (OELs).

For example, occupational ENM monitoring can be conducted by assessing dif-
ferent metrics such as mass, number, and/or surface area concentration [16]. 
However, currently there is no international consensus on the most adequate metrics 
to be measured [17], although it has been suggested that ENM toxicity is closely 
related to surface area and number concentration, rather than mass dose [3, 18]. 
Moreover, the ability of ENMs to induce adverse effects has been associated with 
several intrinsic physical and chemical characteristics such as size, shape, and 
chemical composition [3, 9, 11, 19, 20]. Therefore, the development and implemen-
tation of an appropriate sampling strategy should directly measure different 
concentration- related metrics or, at a minimum, provide sufficient characterization 
of ENM physicochemical properties properties to allow for an accurate estimation 
of these dose metrics from mass-based measures of ENMs [21]. Unfortunately, a 
thorough evaluation of pertinent ENM properties cannot be obtained using a single 
instrument or analytical technique. Rather, collection and characterization of ENMs 
should be performed via a multifaceted approach involving the use of multiple com-
plementary sampling tools and analytical methods [22, 23].

In the forthcoming sections, important occupational exposure assessment strate-
gies are described to provide practical information useful for determining and char-
acterizing ENM occupational exposure levels.
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5.2  Organization for Economic Co-operation 
and Development

The Organization for Economic Co-operation and Development (OECD) is an 
intergovernmental organization with representatives from 34 countries that coordi-
nate policies, areas of mutual concern, and work together to address international 
problems. Much of this work is performed through expert working groups and com-
mittees organized around topics of shared interest. The OECD Working Party on 
Manufactured Nanomaterials (WPMN) was established in 2005 to evaluate the 
safety of nanomaterials. A steering committee was formed to address the potential 
for human health and safety implications and to work toward creating a science- 
based and internationally harmonized standard [24].

5.3  OECD Three-Tiered Approach

The OECD WPMN performed a systematic comparison of 14 different published 
nanomaterial-specific exposure and measurement approaches (for use in the 
absence of OELs) and compared the similarities and key differences between these 
approaches [25]. This review indicated that most of the reviewed documents made 
use of a tiered assessment strategy. In addition, analysis of the reviewed approaches 
indicated that, to be valuable, an approach should be cost effective, based on cur-
rent measurement methods, able to discern the ENM of interest, and capable of 
providing comparable results. The WPMN collated all information and created a 
three- tiered approach to form a comprehensive and consistent method to address 
gaps in the 14 methods reviewed. A summary of the OECD tiered method is pro-
vided in Fig. 5.1.

5.3.1  Tier One

5.3.1.1  Information Gathering

The aim of tier one is to gather as much information as possible about the occupa-
tional workplace under evaluation, such as processes involved and materials in use. 
All data gathered are then evaluated to determine if additional assessment work 
should be performed. Tier one can involve a walk-through of the facility to visually 
confirm the potential for specific tasks or processes to generate emissions, or it may 
consist of carefully reviewing policies and procedures related to activities involving 
the production or handling of ENMs. In addition, thorough characterization of 
materials used in the workplace (ENMs in particular) should be performed using a 
suite of laboratory analytical approaches as mentioned earlier. Information on the 
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Tier 1– Information
Gathering

Can the release of nanoscale particles into
the workplace air be reasonably excluded
during production, handling or processing?

yes

no

no

no

no

no

Tier 2– Basic Exposure
Assessment

(e.g. with CPC)

Tier 3 – Expert Exposure
Assessment

(e.g. with SMPS,CPC, chem.
analyses, etc.)

Take additional risk management
measures to mitigate exposure

Document and archive

Are the risk management
measures efficient?

Check after 2 years or in case of changes

no NOAA from activity; chemical identity
of NOAA known; their origin is elsewhere

Clear evidence of chemical
identity of the NoAA??

?

yes

yes

?

?

yes

yes

Concentration significantly
increased over background?

Is the origin of the
increased concentration
known?

?

Fig. 5.1 OECD tiered approach flowchart. Reprinted from ‘Harmonized tiered approach to mea-
sure and assess the potential exposure to airborne emissions of engineered nano-objects and their 
agglomerates and aggregates at workplaces’. Series on the Safety of Manufactured Nanomaterials,’ 
OECD. 2015, No. 55. ENV/JM/MONO(2015)19
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hazard potential of a particular ENM should be evaluated. Risk management or 
control banding tools that allow for data collection and evaluation can be helpful at 
this point, e.g., Control Banding Nanotool, NanoSafer, and Stoffenmanager Nano 
[26–29]. If the hazard potential is high (i.e., exposure to a low concentration could 
lead to health effects), then tier two or tier three should be considered.

Following is a list of the minimum information typically required for effective 
use of risk management or control banding tools:

• Workplace information, such as type of workplace, processes, materials, produc-
tion volume, and the presence of exposure control measures (such as general or 
local exhaust ventilation)

• ENM(s) of interest, information to include: particle structure, particle size, 
aspect ratio, and composition (such as powder or solid)

• Workplace activities, such as processes and tasks performed, processing of com-
posites, presence of other processes in the workplace that could potentially effect 
measurement methods, and the presence or absence of ventilation

Once all data are collected and analyzed in tier one, it should be determined if 
there is the potential for the release of ENMs in the work environment. If the pos-
sibility for release of ENMs exists, then it is recommended to pursue tier two expo-
sure assessment measurements.

5.3.2  Tier Two

5.3.2.1  Exposure Assessment

The aim of tier two is to determine whether an exposure to ENMs may occur. This 
aim is completed by making use of portable field equipment and knowledge of the 
material and processes gathered during tier one. As no single commercial instru-
ment is currently capable of providing all information needed to adequately identify 
specific ENMs, multiple direct reading instruments (DRIs), such as condensation 
particle counters (CPC) or optical particle counters (OPC), are used in concert with 
off-line, collection-based sampling (e.g., filter-based collection). Off-line sampling 
media can be analyzed using electron microscopy to determine number concentra-
tion, composition, and morphological. Information gathered during tier one is 
essential to guide the planning and execution of the exposure assessment. It is 
important to select and use DRIs that are capable of measuring the ENM of interest. 
Tier one data will also provide input as to potential emission sources, sampling 
locations, and the duration of sampling required.

Background sampling should be performed to help separate process-related 
emissions from emissions attributable to ambient environmental conditions (e.g., 
nearby vehicle exhaust, neighboring industrial emissions, kitchen areas). As DRIs 
are unable to differentiate between the ENM of interest and naturally occurring and 
incidental sources, it is essential that concurrent background sampling is performed 
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to compare with any other sampling. Instead of making a recommendation as to 
how a background sample should be performed, the OECD method instead refer-
ences several general methods recommended in the reviewed approaches. Some of 
these methods include: (1) measuring before and after processing or handling of 
ENMs (time variance approach); (2) measuring simultaneously in an area not 
affected by the processing or handling (spatial variance approach); (3) measuring in 
the same area where the ENM is handled or processed, but when no ENM is pres-
ent; (4) or a combination of any of the above.

When DRIs are used in data log mode, it is important to note tasks and processes 
that take place over the entire duration of the operation evaluated, even events that 
might seem insignificant. This applies to DRI data collected to monitor both the pro-
cesses/tasks and the background. During analysis of the data collected, any change in 
number or concentration can then be linked to specific activities, tasks, or processes 
that may have contributed to that change (i.e., a decrease based on local exhaust ven-
tilation or an increase due to benchtop agitation/handling of a dry powder).

Based on input from subject matter experts, a minimum of 45 min of sampling is 
recommended for both the assessment and background [25, 30]. If possible, sam-
pling during a specific task in addition to assessing full-shift will provide an under-
standing of the changes in aerosolized materials throughout the day. When sampling 
is complete, fluctuations in DRI data should be compared among sampling loca-
tions throughout the day. When the data indicate stable particle number concentra-
tions for a contiguous duration, the mean and standard deviation for that stable 
concentration should be calculated and noted. The standard deviation for the back-
ground should be of the same order of magnitude or smaller than those obtained 
from the processes. If the standard deviation from the process is larger than that of 
the background, then it is recommended to subtract the average background from 
the process concentrations. If the difference of the concentrations between back-
ground and process data is more than three times the standard deviation for the 
background, then a tier three investigation should be conducted [30].

Data reporting requirements for tier two include:

• Instruments and metrics used
• Information on

 – Emission sources
 – Potential confounding factors (such as forklifts or motors)
 – Workplace activities performed throughout the day or process

• Concentration of DRI data reported over time

 – Analysis should indicate if process concentration is significant relative to 
background.

 – Trends should be evaluated and compared to workplace activity 
documentation.

• Off-line analysis data can be used to augment DRI data

 – Electron microscopy for ENM morphology and energy dispersive X-ray anal-
ysis for chemical identification

A. C. Eastlake et al.
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If tier two data indicate the location of an ENM concentration increased (exceed-
ing three times the background standard deviation), then risk management actions 
should be pursued. These actions may include, for example, the installation and use 
of local exhaust ventilation. The effectiveness of any risk management action should 
be verified by repeating all tier two sampling and analyses to verify a decrease in 
exposure potential.

5.3.3  Tier Three

5.3.3.1  Expert Exposure Assessment

The aim of tier three is to build on the information gathered in both tier one and tier 
two, by determining if the potential for ENM exposure exists or if additional risk 
management actions need to be taken. In tier three, all appropriate exposure assess-
ment techniques, equipment, and samplers should be used to identify the potential 
for occupational exposure.

In tier three, measurement methods may include instruments that are not easily 
operated or portable. These instruments may include, but are not limited to the fol-
lowing: surface area monitors, diffusion chargers, electrical mobility analyzers, and 
aerodynamic particle sizers. These instruments may require expert experience in 
order to use, analyze, and interpret the data obtained. As in tier two, DRI data must 
be collected in concert with off-line analysis to determine number concentration, 
composition, and morphological characteristics or mass concentration. Off-line 
analyses can also include mass analysis or collection and interpretation of surface 
wipe samples. Information gathered during tier one is essential to guide the overall 
planning and performance of the exposure assessment.

Data reporting requirements for tier three are the same as indicated for tier two. 
Additional DRIs are used in tier three, which may require additional data analysis 
and focus on particle sizes and ranges.

Data analysis requirements are indicated below:

• The average, maximum, and minimum data should be provided for the particle 
spectrum in addition to the particle size range (i.e., <100 nm or 1–400 nm).

 – This should include background and any other area locations sampled.

• If similar data were collected by different instruments, then any variability 
between instruments should be taken into consideration.

• When data are logged over a period of time, it is important to note every work-
place event that may have caused an increase or decrease and interpret the data 
within the appropriate context.

If tier three data indicate an ENM concentration increase over background, then 
risk management actions should be taken in accordance with the hierarchy of con-
trols. The effectiveness of any risk management action should be verified by 
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repeating all tier two and tier three sampling and analyses to verify a decrease in 
exposure potential.

5.4  United States National Institute for Occupational Safety 
and Health (NIOSH)

The NIOSH is the United States federal agency that conducts research and provides 
guidance and recommendations on occupational injury and illness. Since 2004, the 
NIOSH Nanotechnology Research Center has been performing research to:

• Increase the understanding of ENM worker hazards and health risks
• Identify and fill research gaps regarding ENM hazards
• Create and provide ENM guidance materials to inform a wide variety of audi-

ences on hazards, risks, and appropriate risk management strategies
• Perform epidemiologic studies on ENM workers
• Assess and promote national and international risk management guidance

As part of ENM exposure assessment research, the NIOSH field team has per-
formed over 120 exposure assessments since 2006. By collecting field data in a 
variety of facilities on many different ENMs, the NIOSH field team has been able to 
create a method that is both adaptable for a variety of facility types and flexible 
enough to be used for different types of materials.

5.5  United States NIOSH Approach: Nanomaterial Exposure 
Assessment Technique (NEAT 2.0)

The Nanomaterial Emission Assessment Technique (NEAT) was first published in 
2010 to assist occupational safety and health specialists with the identification and 
measurement of ENMs in the workplace [31, 32]. In addition to the method, data 
were published on 16 field assessments that used the method [32, 33]. NEAT was 
included in the OECD review of tiered approaches. The original method focused on 
the use of DRIs to detect emissions from short-term tasks or processes. The collec-
tion of off-line filter-based samples was used, but the data obtained from these sam-
ples could not be compared to any existing ENM-specific OELs as they were not 
taken over a full-shift or in the worker’s personal breathing zone (PBZ) (defined as 
a 30 cm hemisphere around mouth and nose). In addition, at this time, OELs did not 
exist for most ENMs. NEAT did not address the potential for the following: fluctua-
tion of DRI data because of incidental or intermittent background particles; or, 
extended exposure to ENMS such as full-shift or performing multiple ENM tasks.

Based on ongoing NIOSH field team research, it was determined that the meth-
ods described in the NEAT method were focused on emissions as opposed to a 
comprehensive exposure assessment. Therefore, as the knowledge, experience, and 
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measurement techniques progressed, it became possible to revise the emission- 
centered technique to focus on exposure assessment [4]. The Nanomaterial Exposure 
Assessment Technique (NEAT 2.0) is a series of codependent elements that are used 
to perform a comprehensive exposure assessment to characterize the potential for 
worker exposure to ENMs as opposed to focusing on task and process emissions 
[4]. A summary of the components of the NIOSH NEAT 2.0 is provided in Table 5.1.

The key component of NEAT 2.0 is the use of tandem off-line filter-based sam-
pling. It is recommended that one of these samples be analyzed for mass and the 
other with electron microscopy. These samples are collected on filter media consis-
tent with the type and composition of the ENM of interest. These samples are col-
lected in the workers’ PBZ, area(s) close to the task or processes evaluated, and in a 
background (far field) area. The selected background area should be away from the 
task or processes evaluated and on a different ventilation system. PBZ samples can 
be collected full-shift for comparison with any existing OELs or shorter durations, 
such as for identifying exposures specific to a particular task [5, 6]. It should be 
noted that there are still relatively few OELs available for ENMs.

For three nanoparticles—titanium dioxide (TiO2), carbon nanotubes (CNTs), and 
carbon nanofibers (CNFs)—NIOSH has completed a risk assessment and provided 
risk management guidelines, including detailed sampling and analysis guidance and 
recommended exposure limits (RELs), which are believed to be protective over a 
working lifetime [5, 6]. As of this writing NIOSH has a proposed REL for silver 
nanomaterials [7]. These RELs are expressed as the respirable fraction of mass per 
unit volume, over a full work shift:

• Ultrafine TiO2: REL = 300 micrograms per cubic meter (μg/m3)
• Carbon nanotubes (CNTs) and carbon nanofibers (CNFs): REL = 1.0 μg/m3 as 

elemental carbon
• Silver nanomaterials: REL = 0.9 μg/m3

Table 5.1 Components of the Nanomaterial Exposure Assessment Technique (NEAT 2.0)

Collect basic 
workplace 
information

Design and implement 
the sampling plan Risk assessment Risk management

Work flows, staffing, 
and tasks
Materials used
Safety data sheets
Literature review
Anticipate and 
recognize hazards
Other indicators of 
potential exposure 
situations

Full-shift and 
task-based integrated 
filter sampling for 
elemental mass and 
microscopy 
characterization.
Direct reading 
instruments
Evaluate ventilation 
and engineering 
controls

Evaluation of data:
Background
Engineering Controls
Worker Practices
Develop strategies to 
mitigate exposure 
potential based on results 
and utilizing the hierarchy 
of controls.
Communicate potential 
occupational risks

Confirmation of 
continued risk 
control
Additional 
measurements or 
controls may be 
required

Reprinted from ‘Refinement of the Nanoparticle Emission Assessment Technique into the 
Nanomaterial Exposure Assessment Technique (NEAT 2.0),’ Eastlake AC, Beaucham C, Martinez 
KF, Dahm MM, Sparks C, Hodson LL & Geraci CL. (2016) Journal of Occupational and 
Environmental Hygiene, 13:9, 708–717
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Comparing nanomaterial exposure levels to the OELs for larger forms of the mate-
rial may not properly protect workers as studies have determined that ENMs may be 
more toxic than their larger material forms [3, 5–13, 20, 34]. Electron microscopy 
analysis should be used to confirm the presence of an ENM by matching its physico-
chemical characteristics in a collected field sample with its characteristics in a known 
bulk sample. As existing analytical methods for elemental mass may not be specific 
to the ENM of interest, modifications to the collection process may need to be per-
formed to obtain results (such as maximizing flow rates to collect sufficient mass).

DRIs are used to determine variations in number, mass concentration, and/or 
approximate size range of particles. As not all instruments are capable of determin-
ing the presence of all types of particles (such as due to high aspect ratio), this 
method recommends the use of a suite of DRIs together at the same locations where 
filter-based samples are collected (such as work process area and background). 
These instruments are used in data-log mode and, if accurate notes are taken detail-
ing worker processes throughout the day, can provide insight into specific worker 
activities or tasks that contribute to an increase or decrease in particle concentra-
tions or counts. These instruments typically include, but are not limited to, the fol-
lowing: (1) CPC; and/or (2) OPC.

5.5.1  Collect Basic Workplace Information

Initial characterization of the worksite consists of obtaining information on the work 
processes used, the workers, and the ENM of interest. Information can be obtained 
through a walk-through of the facility and interviews with workers. Current literature 
along with safety data sheets should be reviewed to determine safety and health data. 
It should be noted that information on many ENM-specific safety data sheets may 
not be accurate as they may provide information about the larger or bulk form of the 
material instead of information specific to the ENM, or they may lack critical infor-
mation [35, 36]. Data on the ENM should be obtained such as physical aspects (e.g., 
size, shape, coatings) and state during use (e.g., slurry, dry powder, or composite).

The number of workers, the type of processes performed, and the workflow 
should be documented. Process flow diagrams should be reviewed, if available. In 
addition, existing ventilation systems and exposure control devices should be docu-
mented. All data should be evaluated to determine the potential for exposure haz-
ards and emissions. If the potential for exposure exists, then a sampling plan should 
be designed and implemented.

5.5.2  Design and Implement the Sampling Plan

Based on data obtained in the initial worksite characterization, a sampling plan 
should be organized. The plan should focus on both task-based and full-shift 
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samples collected in both the surrounding area and PBZ to determine worker expo-
sure. Tandem filter-based samples should be collected to allow for both mass and 
electron microscopy analysis. An array of DRIs can be used to support data pro-
vided by the filter-based samples. Surface wipe sampling can also be used to verify 
the spread of materials throughout the facility and to verify housekeeping practices 
are effective. Following the hierarchy of controls, both general and engineering con-
trol ventilation, administrative controls, and the use of any personal protective 
equipment (PPE) should be evaluated and documented.

5.5.3  Risk Assessment

Results of filter-based mass data should be compared with corresponding ENM 
occupational exposure limits, if available. For ENMs, such as carbon nanotubes 
and fibers that may include incidental materials that contribute to the mass results, 
such as carbon emitted from engines or combustion processes, it is important to 
subtract the mass of the background samples from other representative samples in 
order to determine the exposure potential of the ENMs. This is not necessary for 
ENMs that do not have environmental contributions, such as nanosilver or tita-
nium dioxide. It is important to note that OELs for bulk or larger materials may 
not protect workers handling the same material in the nanoscale size range. 
Electron microscopy results can confirm the presence of the ENM in the location 
sampled. DRI data do not identify the specific type of particle (or ENM), but can 
document changes in particle number or concentration throughout the day. When 
these data are analyzed and compared with documentation of task and worker 
activities, they can indicate the potential for ENM release from specific tasks/
processes or the effectiveness of ventilation or engineering controls. 
Recommendations for the use of specific engineering controls or changes in work 
practices should take into account all data obtained. NIOSH supports use of the 
hierarchy of controls and recommends the use of engineering and administrative 
controls before the use of PPE. PPE is the least preferred control method because 
it transfers the responsibility for personal safety from the employer to the 
employee, and there is considerable variability from one individual to the next in 
the use and fit of the PPE.

5.5.4  Risk Management

Once any recommended changes in work practices or engineering controls are 
implemented, it is recommended that subsequent sampling efforts be performed to 
confirm that the changes actually decrease the exposure potential as anticipated. 
Additional sampling should be performed annually or whenever changes are made 
to the process.
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5.6  Other Sampling Techniques

Exposure assessments require the collection of information sufficient to determine 
the extent to which a worker is exposed to a particular chemical or condition during 
workplace activities [15]. To obtain data that most accurately represent exposure 
conditions, such assessments should involve the use of personal measurement 
devices that are able “to breathe together with the worker,” which ensures sampling 
of the environmental air within the worker’s PBZ [37]. Currently, comprehensive 
ENM exposure assessments require the use of multiple DRIs that can be impractical 
for personal sampling and allow only for a static measurement at a predetermined 
sampling position (usually located in an area near a suspected source of ENM emis-
sion) [18, 38]. Further, the expense of the most advanced characterization instru-
ments often limits multiplexed sampling, which can be essential for distinguishing 
ENM emissions from background conditions.

As a result of these analytical limitations, most ENM occupational exposure lit-
erature data are provided by studies that use various combinations of DRIs designed 
to stitch together a more integrated picture of a particular exposure scenario (i.e., 
CPC, OPC, scanning mobility particle sizer, electrical low pressure impactor, 
micro-orifice uniform deposit impactor, diffusion chargers) [2, 16]. However, 
although a suite of DRIs may be placed as close as physically possible to the breath-
ing zone of selected workers, they do not represent personal sampling. The limita-
tions of fixed DRI sampling are especially apparent when workers move within and 
through the designated work environment. In some cases, the worker may move 
away from a DRI’s static sampling position, which can lead to the mischaracteriza-
tion of a particular exposure scenario [37]. Recently, innovative samplers and moni-
tors have been developed to overcome the limitations of static instrument positioning 
and allow for evaluation of individual exposure to airborne ENMs [37]. The use of 
these portable, small, and lightweight devices could represent an important step 
forward in the field of ENM exposure assessment, especially considering that both 
the OECD three-tiered approach and NEAT 2.0 recommend the use of both portable 
equipment and filter-based sampling.

5.6.1  Personal Monitors

Personal monitors are real-time devices that collect data on airborne ENM levels by 
measuring lung deposited surface area (LDSA) or particle number concentrations 
with high time resolution. Currently, five different monitors are available commer-
cially. They are: (1) the Miniature Diffusion Size Classifier DiSCmini (Testo, 
Titisee-Neustadt, Germany, identical with miniDiSC); (2) the Aerasense NanoTracer 
(Oxility, Eindhoven, the Netherlands); (3) the Partector (Naneos, Windisch, 
Switzerland); (4) the Personal Ultrafine Particle Counter (PUFP C100 and C200, 
Enmont, New Richmond, OH; USA); and (5) the MicroAeth AE51 (AethLabs, San 
Francisco, CA, USA) [18, 38–46].
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DiSCmini, NanoTracer, and Partector exploit the principle of unipolar diffusion 
charging to calculate the LDSA. Briefly, sampled particles are charged using a uni-
polar diffusion charger, which allows for the measurement of induced current. The 
induced current is directly proportional to the LDSA concentration [46]. In addi-
tion, the DiSCmini and NanoTracer are also capable of estimating the particle num-
ber concentration and the average particle diameter [18, 38]. The PUFP C100 and 
C200 models are water-based CPCs that measure particle number concentrations, 
while the MicroAeth AE51 is a portable aethalometer that is capable of measuring 
black carbon concentration [18, 38].

Some studies have used personal monitors to quantify occupational ENM levels 
and their effectiveness or applicability in routine environmental monitoring prac-
tices has been tested in several laboratory studies [2, 18, 38, 44]. In general, the 
accuracy and comparability of LDSA concentration measurements conducted with 
the DiSCmini, NanoTracer, Partector, and MicroAeth AE51 personal monitors is in 
the range of ±30%. The accuracy of particle number concentrations determined by 
diffusion chargers can be lower since this metric is inferred by assuming parameters 
of the particle size distribution [18, 38, 45–48]. Although the accuracy of particle 
concentration measurements obtained from personal monitors falls short of more 
robust stationary reference instruments, the tradeoff is worth considering given that 
the data obtained in a worker’s PBZ may provide a more realistic estimate of ENM 
inhalation exposure.

5.6.2  Personal Samplers

Personal samplers are instruments that collect particles using a substrate such as a 
filter or flat surface. Here, the emphasis is on collection and preservation of ENMs 
rather than their immediate detection and quantification. Substrates can be removed 
from personal sampling devices and characterized using sophisticated analytical 
techniques such as inductively coupled plasma mass spectrometry (ICP-MS); elec-
tron microscopic (scanning electron microscopy or transmission electron micros-
copy with chemical detectors) or Raman spectroscopy analyses to obtain 
information (mass, chemical composition, size, shape). Collectively, these tech-
niques can provide a wealth of information about the ENM of interest. Several fil-
ter-based personal samplers are available: (1) the NanoBadge (Nano Inspect, Alcen 
group, Paris, France and French Alternative Energies and Atomic Energy 
Commission CEA, Grenoble, France); (2) the Nanoparticle Respiratory Deposition 
sampler (NRD, Zefon International, Ocala, FL, USA); (3) the handheld electro-
static precipitator (ESPnano, Spokane, WA, USA); (4) the Partector TEM (Naneos 
particle solutions GmbH, Windisch, Switzerland); (5) the Thermal Precipitator 
Sampler (TPS, RJ Lee Group, Monroeville, PA, USA); (6) the personal sampling 
system Personengetragenes Gefahrstoff-Probenahmesystem (PGP) (GSA 
Messgerätebau GmbH, Ratingen, Germany); and (7) a filtration badge and Raman 
spectrograph (StatPeel Switzerland) [2, 49–53].
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In general, these instruments consist of a particle size-selective inlet, a filter cas-
sette/net/grid, and a personal pump. Although they may not all be specific for nano- 
sized particles, their use may still be helpful in efforts to thoroughly characterize 
ENMs, particularly under real-world exposure scenarios. Currently, little informa-
tion is available regarding the comparability of personal nanoparticle samplers to 
each other or to standard techniques [18, 38]. Additionally, these samplers usually 
use a low flow rate. Based on the subsequent analytical technique that has been 
chosen to characterize the sample, a low flow rate may require a long duration 
sample to obtain adequate sample for analytical detection. Alternatively, individual 
aerosol particle analysis is sensitive to oversaturation of the filter or substrate sur-
face. When oversaturation occurs, attached or overlapping particles may confound 
results. Therefore, the use of a personal sampler device for ENMs requires consid-
eration of the ENM particle number concentration, as well as the rate and duration 
of sampling [18]. Even under highly controlled situations, some trial and error may 
be necessary to adjust sampling variables to achieve optimal results. For some per-
sonal samplers, such as the partector TEM or the ESPnano, the instrument is capa-
ble of suggesting an optimal sampling duration to the operator.

5.7  Conclusions

Both the OECD tiered approach and NEAT 2.0 methods have considered the knowl-
edge and contributions of many experts. Both methods rely on pre-assessment and 
final confirmation steps, but differ in recommended approaches. Within OECD, dis-
cussion regarding exposure assessment is based on the collection of airborne data 
from DRIs with the Tier 3 investigation triggered when the difference of the concen-
trations between background and process data is more than three times the standard 
deviation for the background. However, there is currently no consensus method on 
how to statistically analyze and report DRI data [54, 55]. The collection of filter- 
based samples is mentioned, but is not indicated as a key part of the assessment. In 
NEAT 2.0, integrated filter-based sampling is the key step in the exposure assess-
ment process. Subsequent analysis of these samples is used to confirm the presence 
of the ENM of interest. In addition, both surface contamination and dermal expo-
sures are noted. As DRIs are unable to effectively identify the presence or type of 
ENMs, they are used to support the integrated filter-based results, identify emission 
sources, and verify the efficacy of engineering controls. Although these methods 
may look similar, they are not (Table 5.2). OECD is a tiered approach, which takes 
the user through a stepwise process to perform both an exposure assessment and a 
complete risk evaluation. NEAT 2.0 is not a tiered approach, but leads the user 
through different codependent elements that support a comprehensive exposure 
assessment.

Overall, the data obtained using NEAT 2.0 may support a tiered approach to risk 
assessment. Given the diversity of ENM types and exposure scenarios, it is highly 
unlikely that a single instrument or technique will ever be capable of providing all 
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of the data needed for an adequate risk assessment. Further, new ENMs are intro-
duced to workplaces and commerce with increasing frequency. Fortunately, new 
tools and analytical techniques are being developed to address challenges that 
ENMs pose workplace safety. Looking ahead, a critical role of the occupational 
safety professional will be to maintain awareness of current knowledge and recom-
mended strategies regarding the identification and management of emerging work-
place ENM risks.

5.8  Disclaimer

The findings and conclusions in this report are those of the authors and do not neces-
sarily represent the official position of the National Institute for Occupational Safety 
and Health, Centers for Disease Control and Prevention and of the other Institutions 
where the authors work. Mention of company or product does not constitute 
endorsement by NIOSH, CDC.
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