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A B S T R A C T

The safety of nanomaterials is still being debated and the risk should be assessed using the latest available in-
formation. As for poorly soluble low toxic (PSLT) nanomaterials, the US National Institute for Occupational Safety
and Health estimated the occupational exposure limit (OEL) for titanium dioxide (TiO2) based on a particle
surface area (SA) metric. The Organisation for Economic Co-operation and Development (OECD) suggested a
tiered exposure assessment approach. This article proposes a risk assessment framework for self-management of
PSLT particles. Lung burden (described in SA units), which had positive correlation with low observed adverse
effect levels for PSLT particles, is chosen as the dose metric. In-house OEL is determined for individual work-
places. For materials with limited data, we suggest evaluating in-house OEL by utilizing the no observed adverse
effect level (NOAEL) for TiO2, as a representative PSLT nanomaterial. As for the exposure assessment, workplace
concentration is first measured with simple equipment (ex. optical particle counter, OPC), and respirator per-
formance is taken into account if it is unavoidable as a last resort. This framework enables efficient risk assess-
ment for PSLT particles by assuming worst cases for each step, and considering the particle characteristics and
operational conditions in each workplace.
1. Introduction

The safety of nanomaterials is still under discussion. In such a situa-
tion, titanium dioxide (TiO2) is recognized as one of the representative
nanomaterials for risk assessment for poorly soluble low toxic (PSLT)
particles, and agencies have suggested several occupational exposure
limits (OELs) for TiO2 as assessed by a variety of methods. The US Na-
tional Institute for Occupational Health (NIOSH) recommended 0.3 mg/
m3 as the permissible exposure limit (PEL), based on a tumor-response
curve of TiO2 using particle surface area (SA) as a dose metric, utiliz-
ing a particle deposition model (NIOSH, 2011). In accordance with the
EU Registration, Evaluation, Authorization and Restriction of Chemicals
(REACH) guidance document (ECHA, 2008), “The EU engineered
Nanoparticles: Review of Health and Environmental Safety (ENRHES)”
(ENRHES, 2009), evaluated 0.017 mg/m3 as the derived no effect level
(DNEL) for workers, using a no observed adverse effect level (NOAEL)
obtained in a subchronic inhalation study of TiO2 in rats (Bermudez et al.,
2004). The Japan Advanced Industry Science and Technology (AIST)
suggested the time limited exposure limit as 0.6 mg/m3 (Gamo, 2011),
using the particle deposition rate to the lung (mg/kg/day) observed in
the same rats study as the ENRHES had used for its assessment. In this
jp (S. Kawai).
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way, various organizations have proposed OELs for management of their
own based on different endpoints, targets for their assessment and
evaluation methods.

As for exposure assessment, several agencies have suggested tiered
approaches. For example, the Organisation for Economic Co-operation
and Development (OECD) suggested a three-tiered approach consisting
of 1) gathering as much information as possible on workplace conditions
and characteristics of the materials handled there; 2) conducting a basic
exposure or release assessment using easy-to-use portable equipment; 3)
obtaining as much information as possible on airborne nanomaterials in
the workplace (OECD, 2015b).

Generally, Occupational exposure limit (OEL) has been derived
assuming the basic exposure scenario, such as 8 hours per working day.
Numerous mathematical models have also been proposed to adjust OEL
for unusual work schedules (ACGIH, 2017). With respect to particulate
matters, the Multiple Path Particle Deposition Model (MPPD model,
Applied Research Associates, Inc., available at https://www.ara.com/
capabilities/inhalation-and-respiratory-mechanics) is widely used for
the risk assessment, utilizing particle characteristics and physiological
parameters of animals and humans to analyze particle deposition and
retention in the respiratory tracts to each exposure scenario.
019
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

https://www.ara.com/capabilities/inhalation-and-respiratory-mechanics
https://www.ara.com/capabilities/inhalation-and-respiratory-mechanics
mailto:kawais2@sc.sumitomo-chem.co.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2019.e02165&domain=pdf
www.sciencedirect.com/science/journal/24058440
www.heliyon.com
https://doi.org/10.1016/j.heliyon.2019.e02165
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2019.e02165


S. Kawai et al. Heliyon 5 (2019) e02165
OELs suggested by agencies are compared with the workplace con-
centration (Gamo, 2011; NIOSH, 2011). As for worker-DNELs, applying
appropriate personal protective equipment is also considered when
calculating the exposure concentration if it is used as the last resort and
utilized to assess adequate control of the risk at the workplace (ECHA,
2016).

Considering the above information, this article suggests a risk
assessment framework for self-management of particles defined as PSLT,
utilizing limited data, worst case assumptions, and operational condi-
tions at each workplace.

2. Methodology

2.1. Hazard assessment

2.1.1. Particle surface area (SA) lung burden as the dose metric
Dose-responses obtained in toxicity studies are usually discussed

based on the mass dose (mg/kg or mg/m3). However, lung toxicity due to
nanomaterials exposure has been well described by the SA of the particles
retained in the lung, hereafter referred to as the “particle SA lung burden”
(m2/lung or m2/g lung), which is calculated by multiplying the mass of
the particle retained in the lungs (mg/lung or mg/g lung) by the
Brunauer-Emmett-Teller (BET) SA (m2/g) of the particle (NIOSH, 2011;
Oberd€orster and Yu, 1990; Tran et al., 2000; Nakanishi, 2011; Keller
et al., 2014). When the dose was expressed as particle SA lung burden,
TiO2 and other PSLT particles with nano and bulk sizes showed a
consistent dose-response relationship to persistent pulmonary inflam-
mation or lung tumors in rats, while different dose-response relationships
were observed between particles when the dose was expressed as particle
mass (NIOSH, 2011).

Table 1 provides a comparison of particle SA lung burdens at lowest
observed adverse effect levels (LOAELs) of PSLT particles obtained in the
repeated inhalation studies in rats, according to various exposure dura-
tions and various chemical characteristics of nano and bulk sized mate-
rials. As expected, the LOAELs (expressed in particle concentration [mg/
m3]) varied a lot (0.8–50 mg/m3). However, the particle SA lung burdens
at LOAELs (m2/lung) were not so different and largely around 0.1 m2/
lung.

Therefore, particle SA lung burden is suggested as the dose metric for
hazard assessment in this framework.

2.1.2. Calculation of an in-house occupational exposure limit (OEL) based
on the particle SA lung burden

Fig. 1 shows the schematic diagram for determination of in-house
Table 1
Particle surface area (SA) Lung burdens at LOAELs of Poorly soluble low toxic (PSLT

Nano TiO2

Aeroxide P25, NM-105
(Anatase: utile ¼ 80:20,
BET: 48 m2/g)

UV TITAN M212
NM-103 (rutile,
BET: 56 m2/g)

U
N
B

Duration 5 days (6 h/d) 28 days (6 h/d, 5 d/
w)

28 days (6 h/d, 5 d/
w)

2
w

Dose 2, 10, 50 mg/m3 3, 12, 48 mg/m3 3, 12, 48 mg/m3 3

MMAD (GSD) 0.7–1.1 μm
(2.3–3.4)

0.59–0.83 μm
(4.02–6.19)

0.62–1.17 μm
(2.92–4.27)

0
(

Rat strain, Sex Wistar, ♂ Wistar, ♂ Wistar, ♂ W
Reference Ma-Hock et al.

(2009)
Creutzenberg
(2013)

Creutzenberg
(2013)

C
(

Particle SA lung
burdena

(LOAELb)

0.0785 m2/lung
(50 mg/m3)

0.0873 m2/lung (2
mg/m3)

0.091 m2/lung (12
mg/m3)

0
m

Abbreviations: BET: Brunauer, Emmett, Teller surface area (m2/g); MMAD (GSD): M
a Reported lung burdens as mass were converted into total particle SA using BET S
b LOAELs were evaluated according to the histopathological findings.
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OEL using PSLT particle SA lung burden. The details of each assess-
ment step are described in sections 2.1.2.1, 2.1.2.2 and 2.1.2.3.

2.1.2.1. Evaluation of particle SA lung burden at a no observed adverse
effect level (NOAEL) in rats. First, the mass lung burden was determined
at a repeated inhalation NOAEL for rats and then converted into the
particle SA lung burden using the BET SA of the PSLT particle (Fig. 1, left
side).

If the mass lung burden at the NOAEL could not be obtained in this
manner, it would be calculated using a particle deposition model, such as
the MPPD model. The deposition rate of particles depends on size dis-
tribution, density, and also on the respiratory conditions in rats. The mass
lung burden was calculated using these respiratory conditions and the
physico-chemical properties as parameters in the MPPD model (Anjilvel
and Asgharian, 1995; EPA, 2004; Winter-Sorkina and Cassee, 2002; Oller
and Oberd€orster, 2016).

The benchmark dose (BMD) approach could also be used in parallel
for derivation of a NOAEL (ECHA, 2012). In this case, we suggest using
particle SA lung burden as the dose as suggested in section 2.1.1.

When evaluating the in-house OEL of a material for which no
repeated inhalation data are available, we propose to use the NOAEL of
TiO2 instead, as explained in the last part of section 2.1.2.3.

2.1.2.2. Extrapolation of rat data to the human lung burden, considering
species differences. When extrapolating rats data to humans, species dif-
ferences in toxicodynamics and toxicokinetics should be considered. The
lung response to PSLT particles exposure has been well described by the
term “lung overload,” which is typified by a progressive reduction in
particle clearance mediated by alveolar macrophage (AM) and the loss of
AMmobility (Morrow, 1988). As rats are known to be more prone to lung
overload than other mammals including humans, an assessment factor of
1 has been suggested to account for the species differences in toxicody-
namics (Olin, 2000; Gamo, 2011). As for toxicokinetics, the lung burden
of rats is first extrapolated to that of humans using species differences in
either lung weight or alveolar SA, and then converted to the corre-
sponding air concentration considering anatomical and physiological
differences in respiration between rats and humans using the MPPD
model (NIOSH, 2011; Oller and Oberd€orster, 2016).

NIOSH has selected the lung SA-based approach to evaluate PEL for
TiO2 because insoluble particles are deposited and cleared from the
surface of the respiratory tract. Consequently, dose per unit SA is often
used as a normalizing factor for comparing particle doses across species
(NIOSH, 2011). The US Environmental Protection Agency (EPA) also
) particles.

Nano Carbon
black

Bulk TiO2 Diesel engine
exhaust

V TITAN M262
M-104 (rutile,
ET: 46 m2/g)

Monarch 880
(BET: 220 m2/g)

Bulk TiO2

(Rutile, BET:
4.99 m2/g)

Diesel engine
exhaust
(BET: 18 m2/g)

8 days (6 h/d, 5 d/
)

13 weeks (6 hr/d,
5 d/week)

2 years (6 h/d, 5 d/
w)

2 years (18 h/d, 5
day/wk)

, 12, 48 mg/m3 1.1, 7.1, 52.8 mg/
m

10, 50, 250 mg/m3 0.8, 2.5, 4.5, 7 mg/
m3

.91–1.57 μm
3.26–3.94)

0.88 μm 1.5–1.7 μm 0.25 μm (2.93)

istar, ♂ Fischer 344, ♂♀ SD, ♂♀ Wistar, female
reutzenberg
2013)

Driscoll et al.
(1996)

Lee et al. (1985) Heinrich et al.
(1995)

.0781 m2/lung (12
g/m3)

0.40172 m2/lung
(7.1 mg/m3)

0.103 – 0.161 m2/
lung (10 mg/m3)

0.113202 m2/lung
(0.8 mg/m3)

ass Median Aerodynamic Diameter (Geometric Standard Deviation).
As.



Fig. 1. Schematic diagram for in-house OEL derivation using PSLT particle SA lung burden at a NOAEL. Abbreviations: MPPD; Multiple Path Particle Deposition
Model, BET SA; Brunauer, Emmett, Teller surface area (m2/g).

Table 2
In-house OELs obtained for various workplaces assuming that operational time or
frequency is different but the same material, Aeroxide P25 (NM-105) is handled.

Workplace A B C D

Operation time 8 hour/day 1 hour/day 8 hour/day 1 hour/day
Frequency 5 day/week 5 day/week 1 day/week 1 day/week
In-house OELa 7.3 μg/m3 59 μg/m3 36 μg/m3 290 μg/m3

Abbreviations: OEL; Occupational Exposure Limit, MPPD; Multiple Path Particle
Deposition Model, MMAD; Mass Median Aerodynamic Diameter, GSD; Geo-
metric Standard Deviation.

a In-house OELs were calculated with MPPD model, assuming the same size
distribution of MMAD1.44 μm and GSD 2.60 as in the subchronic inhalation
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uses the lung SA-based factor for rat to human extrapolation in risk
assessment of chronic exposure to particulates (EPA, 2004). NIOSH and
EPAmentioned that extrapolation could also be based on the lung weight
of rats relative to that of humans (NIOSH, 2011; EPA, 2004). In that case,
the estimates of occupational exposure level equivalent to the rat dose
level would be higher by a factor of approximately four (NIOSH, 2011).
In other words, estimates would be lower (i.e., OELs would be severer)
using the lung SA-based approach than the lung mass-based one.

In our framework, we used the ratio of the alveolar SA (143 m2

[human]/0.39 m2 [rat]) (ICRP, 1994) as the assessment factor for tox-
icokinetics and the MPPD model to convert the mass lung burden at the
NOAEL for humans into the equivalent air concentration. The MPPD
model includes anatomical parameters, such as angles, radius, and length
of respiratory tracts, and physiological parameters, such as tidal volume
and breathing frequency, for rats and humans (Anjilvel and Asgharian,
1995), and has been used to calculate the air concentration corre-
sponding to the human-equivalent mass lung burden (NIOSH, 2011;
Oller and Oberd€orster, 2016).

In summary, we adopted 1 for an assessment factor for the species
differences in toxicodynamics, because rats are known to be the most
sensitive species (Olin, 2000; Gamo, 2011). As for the differences in
toxicokinetics, the alveolar SA ratio (143 m2 [human]/0.39 m2 [rat])
(ICRP, 1994) was considered and another anatomical species differences
were also taken into account by inputting the species specific parameters
into the MPPD model.

2.1.2.3. Derivation of an in-house OEL based on workplace operational
conditions. The physico-chemical properties of the particle and opera-
tional conditions are taken into account when obtaining the in-house OEL
at the workplace (Fig. 1, right side).

The particle SA lung burden (m2/lung) at the NOAEL for humans,
obtained in section 2.1.2.2, was converted into the mass lung burden
(mg/lung) using the BET SA of the particle exposed in the workplace.
Then, the corresponding air concentration (μg/m3) was calculated using
the MPPDmodel. This method is based on the well-known theory that the
critical dose to cause lung inflammation is lung burden (EPA, 2004; Oller
and Oberd€orster, 2016; NIOSH, 2011; Pauluhn, 2011).

Particle characteristics, such as size distribution and density of the
material and work condition including the number of hours, frequency
and duration of exposure were inputted into the model. In this manner,
differences of exposure durations are taken into account.

To calculate in-house OEL, we inputted 20 years for the duration of
exposure, which seemed to be enough to evaluate workplace-specific
exposure, as it is unlikely that a worker is engaged in the same opera-
tion over his entire work life, considering that individual work contents
3

often change in actual workplaces, following employee movement, pro-
motion, and so on. However, depending on workplace situations, an
entire work life, 40 or 45 years would be applied. Finally, the remaining
uncertainty, differences between individual workers were considered by
dividing the human NOAEL (μg/m3) by 5 (ECHA, 2012).

Generally, OELs have been evaluated based on the standard work
condition, i.e., exposure to the chemical for 8 hours/day, 5 days/week.
However, work conditions vary between workplaces. In some work-
places, workers might work 1 hour/day, 5 days/week, and in others 8
hours/day, 1 day/week. A great manymodels have also been proposed to
adjust OEL for unusual work schedules. Some models are based on
pharmacokinetic actions (ACGIH, 2017). With regard to particulate
matters, the MPPD model prepares parameters to describe various
exposure scenarios. The model calculates the deposited, cleared and
retained particle mass to respiratory tract not only according to the
inputted exposure time or frequency but also to the physico-chemical
properties of the particles at the workplace. The model considers
anatomical and physiological parameters of the exposure population as
well, as described in sections 2.1.2.1 and 2.1.2.2. Utilizing the model, we
can obtain corresponding air concentrations to the retained mass lung
burden according to each exposure scenario and that enables us to esti-
mate in-house OELs for various work schedules, taking into account of
the particle deposition and clearance kinetics in the respiratory tracts.

In our framework, the number of work hours and frequency of
exposure were inputted into the MPPD model as the workplace-specific
parameters to describe the operational schedule at each workplace.
Table 2 shows a wide range of in-house OELs (7–290 μg/m3) for work-
places where the material handled is the same but the work conditions
are different.

As mentioned in section 2.1.2.1, we suggest using the NOAEL of TiO2
in the absence of a NOAEL for the material of interest. For example, the
study of Aeroxide P25 (NM-105) in rats (Bermudez et al., 2004).
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particle SA lung burden of Aeroxide P25 (provided by Degussa/Evonik;
also provided as NM-105 by the EC Joint Research Centre), 0.0042 m2/
lung (the suggested NOAEL for rats), which we calculated using the
MPPD model with data from a subchronic inhalation study in rats (Ber-
mudez et al., 2004), could be proposed. Aeroxide P25 (NM-105) has been
widely studied as a representative PSLT nanoparticle and data relating to
Aeroxide P25 exposure have been used to calculate OELs or a
worker-DNEL of TiO2 by several agencies and projects (NIOSH, 2011;
Gamo, 2011; ENRHES, 2009; JSOH, 2013; Stockmann-Juvala et al.,
2014; BSI, 2007).
2.2. Exposure assessment

2.2.1. Measurement of particle concentration in the workplace
As suggested by the OECD, we used a three-tiered approach involving:

1) collection of information about the handled materials and operational
activities, 2) conduct of a basic exposure assessment using easy-to-use
portable equipment, such as an optical particle counter (OPC) or
condensation particle counter (CPC), and 3) sophisticated assessment of
exposure using a Scanning Mobility Particle Sizer (SMPS), Aerodynamic
Particle Sizer (APS) or chemical analysis using Inductively coupled
plasma mass spectrometry (ICP-MS) and so on (OECD, 2015b).

2.2.1.1. Estimation of mass concentration using particle number concentra-
tion, obtained with an optical particle counter (OPC). The particle number
concentration obtained in Tier 2 in the workplace can be converted to the
corresponding mass concentration under some assumptions. If the
number concentration is obtained by an OPC, the mass concentration,
hereafter referred to as the “OPC mass value”, can be roughly estimated
from the following formula with the assumption that all particles are
spherical in shape, and their size is the median value in each measure-
ment range of the OPC,

M ¼
X π

6
ρpNOPCDm

3:

Here, M is the workplace mass concentration, i.e., the “OPC mass
value”, ρp is particle density, Dm is median diameter, and NOPC is the
number concentration obtained in each measurement range. The sum of
the mass concentrations in each bin is considered to be the OPC mass
value in the workplace.

Table 3 shows the OPC mass values and actual chemical concentra-
tions measured by chemical analysis in a workplace where certain PSLT
particles are produced. In this example, the OPC mass value was an un-
derestimate of the actual chemical concentration when particle size was
�2.5 μm but not when it was >2.5 μm. This means that the OPC mass
value could be used as the worst case workplace concentration if the size
of most of the particles is >2.5 μm.

On the contrary, if a considerable amount of particle occupies �2.5
μm, the OPC mass value would be an underestimate and so it would be
necessary to measure total number concentrations of particles with a CPC
including those with diameters less than 100 nm, which is out of the
range of an OPC.

2.2.2. Assessment of performance of respirators
Exposure can be assessed with respect not only to the workplace
Table 3
Workplace concentrations obtained by conversion of number concentration
measured by an Optical particle counter (OPC mass value)a and actually mea-
surement by chemical analysis of the material.

�2.5 μm 2.5–10 μm

OPC mass value 310 μg/m3 15100 μg/m3

Chemical analysis (ICP-MS) 810 μg/m3 11200 μg/m3

Abbreviations: ICP-MS; Inductively Coupled Plasma-Mass Spectrometry.
a OPC mass value was calculated using the formula specified in section 2.2.1.1.
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concentration but also to the performance of the respirators used by
workers. The reduction factor achieved by the use of respirators has also
been suggested under the REACH regulation in order to evaluate that the
risk associated with the exposure to the material was adequately
controlled. It is important to note that personal protective equipment
such as a respirator is always the last resort (ECHA, 2016).

Respirator performance is usually determined by measuring the
protection factor (PF) of the respirator, which is the ratio of the con-
centration of an airborne contaminant outside (Co) to inside (Ci) the
respirator (i.e., Co/Ci). Therefore, a higher PF means respirator use pro-
vides more effective protection (OSHA, 2009). Authorities, such as the
US Occupational Safety and Health Administration (OSHA) and the
Japanese Industrial Standards (JIS) Committee, have provided guidance
on assigned protection factors (APFs) (OSHA, 2009; MHLW, 2009). The
APF is defined as the expected rate of decrease in the concentration of
inhaled substances when a trained worker correctly puts on a properly
functioning respirator. The APF has been also used in the European
Centre for Ecotoxicity and Toxicology of Chemicals (ECETOC) Targeted
Risk Assessment (TRA) tool, which is recommended under the REACH
regulation (ECETOC, 2012; ECHA, 2016).

Worker exposure concentration is evaluated as below if a respirator is
used as the last resort:

Exposure concentration ¼ Workplace concentration � (1/PF).

When the PF of the respirator is unavailable, the worst case alternative is
the recommended respirator APF.

2.3. Risk assessment

Risk assessment is conducted by calculating the quotient between the
exposure concentration and the in-house OEL, which is called the Hazard
Quotient (HQ). If the HQ is less than 1, the risk is considered to be
acceptable.

Our proposing scheme for risk assessment of workplace exposure to
PSLT particles is provided in Fig. 2. The scheme consists of three ele-
ments: in-house OEL (section 2.1), workplace concentration (section
2.2.1), and respirator performance when used as the last resort (section
2.2.2). Each element should start with basic information, that is, NOAEL
of TiO2 suggested using for the in-house OEL determination when there is
no NOAEL of the material to be evaluated, an OPC measurement for
workplace concentration, and an APF for respirator performance. Even
with less information, risk assessment would still be possible by
substituting worst case numerical estimates.

OPCs, however, do not explicitly measure size distribution parame-
ters, which are necessary to obtain the aerosol concentration corre-
sponding to the mass lung burden calculated using the MPPD model as
described in section 2.1.2.3. In such a case, the in-house OEL should be
assessed in each measurement range of the OPC. The rate of alveolar
deposition varies depending on the particle size, and this variability re-
sults in differences in lung toxicity potential. Therefore, the in-house OEL
assessment is based on the worst case assumption that all particles have
the same diameter and the highest deposition rate in each measurement
range, that is, 2.2 μm for the 0.3–2.5 μm size bin, 2.5 μm for 2.5–5 μm,
and 5 μm for 5–10 μm, respectively (Fig. 3). If the sum of the HQ obtained
in each range is <1, the risk is considered to be acceptable.

Calculating HQs would also be useful for choosing an appropriate
respirator to protect against the workplace hazard if respirators cannot be
avoided to mitigate the exposure to the material. For example, if use of
the half face type dust mask (APF ¼ 3 or 10) is assumed (MHLW, 2009;
OSHA, 2009) and the sum of the HQ is>1, then another type of respirator
with a larger APF should be considered. These include the half-facepiece
or fan-assisted air-purifying respirator (APF ¼ 50) (MHLW, 2009; OSHA,
2009), which can reduce the exposure concentration to 6 or 20%,
respectively, of that measured under half face type dust mask conditions.



Fig. 2. Risk assessment framework for workers exposed to PSLT particles. Abbreviations: OEL; Occupational Exposure Limit; HQ: Hazard Quotient; SMPS/APS:
Scanning Mobility Particle Sizer Spectrometer/Aerodynamic Particle Sizer.

Fig. 3. Risk assessment in each measurement
range of an OPC, focusing on the highest
deposition rate on alveoli. If the size distri-
bution of the particle at the workplace is
available, one in-house OEL can be calculated
by using the MMAD and GSD (Left side).
However, MMAD and GSD are not available
with an OPC, but just particle number in each
measurement range (ex. 0.3–2.5, 2.5–5.0 and
5.0–10 μm) is available (Right side). Then,
In-house OELs are evaluated by using the
highest deposition rate in each size range, ex.
2.2 μm for the 0.3–2.5 μm size bin, 2.5 μm for
the 2.5–5 μm, and 5 μm for the 5–10 μm,
respectively. The In-house OELs are
compared with the OPC mass values at each
bin to obtain the HQs. If the sum of the HQ
obtained in each range is <1, the risk is
considered to be acceptable.
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3. Discussion

3.1. Particle SA lung burden as the dose metric

In this framework, an in-house OEL is calculated using the particle SA
lung burden at an NOAEL for rats, which is warranted based on the
finding that the particle SA lung burdens at LOAELs were not signifi-
cantly different between PSLT particles.

The most suitable dose metric to describe the pulmonary adverse
effect of PSLT particles is still under debate and particle volume has also
been suggested to derive a worker-DNEL (Pauluhn, 2011). NIOSH re-
ported that TiO2 and other PSLT particles with nano and bulk sizes
showed a consistent dose-response relationship for adverse pulmonary
responses in rats, including persistent pulmonary inflammation and lung
tumors when the dose metric was particle SA lung burden, while different
dose-response relationships were observed between particles when the
dose was expressed as particle mass (NIOSH, 2011). Oberd€orster and Yu
analyzed the tumor incidences and the different particle parameters, such
as particle SA, mass, number and volume lung burden and observed that
only SA showed a good correlation with the tumor incidences
(Oberd€orster and Yu, 1990). The correlations between particle SA lung
burden and the lung response have also been well described by others
(Tran et al., 2000; Driscoll, 1996; Miller, 2000).

The above correlation characteristic applies to PSLT particles that are
5

insoluble in lungs. As for soluble or partially soluble particles, such as
zinc oxide or amorphous silica, their adverse effects whether due to
dissolution into ions or to retention as particles firstly should be
discussed.

This characteristic should also not be applied to compare the lung
responses to identical chemicals with different shapes, including spheres,
rods, tubes, fibers and plates as they may have different physical,
chemical and biological properties. Ma-Hock et al. compared the lung
inflammation to carbon black, graphene, graphite nanoplatelets and
multi-wall carbon nanotubes. They could not find the correlation to the
particle SA nor the volume of the lung burden and concluded that there is
likely to be a complex interaction of several parameters (Ma-Hock et al.,
2013).

Particle SA lung burden is calculated by multiplying the mass of the
particle retained in the lungs by the BET SA (m2/g) of the particle as
described in section 2.1.1 not by the SA obtained by other methods. The
above mentioned relationship between particle SA lung burden and
pulmonary adverse effect has been analyzed by BET SA which means
“total SA” taking pores and crevices of the particle into account. “Active
SA” measured by diffusion chargers or “mobility-based SA” by scanning
mobility particle sizers (SMPS)s has also been used in occupational
exposure assessment. Diffusion chargers measure only “outer active SA”
of the particles but not pores or crevices. SMPSs do not measure particle
SA directly but calculate it from the mobility-based size assuming a
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spherical particle. LeBouf et al. reported that “active SA” and “mobility-
based SA” underestimated the “total SA” of nano TiO2 measured by BET
method (LeBouf et al., 2011).

3.2. Calculation of an in-house OEL for the relevant human population
considering each exposure scenario

Particle SA lung burdens at NOAELs in rats are converted into mass
lung burdens in humans and the corresponding workplace concentra-
tions are calculated utilizing the MPPD, a particle deposition model, with
work time per day, frequency per week, particle size distribution, and
particle density found at each workplace serving as parameters. Finally,
the concentrations are divided by five, which is the suggested assessment
factor for intraspecies differences for workers according to the REACH
guidance (ECHA, 2012).

OELs are derived assuming 8 hours exposure per working day, how-
ever, not all operations are made under that standard condition as
described in section 2.1.2.3. Models to adjust OELs to non-regular work
schedules, including pharmacokinetic based ones, have also been sug-
gested but it seems unlikely to utilize such models to adjust OELs to
shorter work time than 8 hours per day (ACGIH, 2017).

As described in Chapter 2, lung toxicity of PSLT particles has been
well explained by the particle retention in lungs and overload phenom-
enon. The MPPD model enables us to calculate corresponding air con-
centration to the lung retention at the NOAEL, according to any exposure
situation, taking into account of the particle kinetics in the respiratory
tract. Based on the above, it would be practical to estimate an in-house
OEL for the PSLT particle according to any set of work conditions
including 1 hour/day or 1 day/week, by utilizing the MPPD model.

Assuming such variety of exposure schedules, in-house OELs would
vary a lot, for example, from 7 μg/m3 (8 hour/day, 5 day/week) to 290
μg/m3 (1 hour/day, 1 day/week) for the suggesting representative PSLT
material, Aeroxide P25 (TiO2) as described in section 2.1.2.3 and Table 2.

Using our flow scheme, acceptable concentrations for general people,
such as general population-DNELs can also be evaluated by inputting
applicable respiratory condition data (appropriate tidal volume and
breathing frequency depending on the population), exposure number of
hours (24 hours per day), frequency (7 days per week), and duration (70
or 75 years) into the MPPD model.

3.3. TiO2 as representative PSLT particles

It has been suggested that TiO2 can be used as a benchmark material
to evaluate the lung response to PSLT particles exposure (Kuempel et al.,
2012). Aeroxide P25 (NM-105), in particular, has been widely studied as
a representative PSLT nanoparticle and data relating to Aeroxide P25
exposure have been used to determine OELs or the worker-DNEL for TiO2
(NIOSH, 2011; ENRHES, 2009; Gamo, 2011; JSOH, 2013; Stock-
mann-Juvala et al., 2014; BSI, 2007). Aeroxide P25 (NM-105) was also
selected as a principal TiO2 material in one of the most comprehensive
nanomaterial research programs of the OECD Working Party on Manu-
factured Nanomaterials, “Safety Testing of a Set of Representative
Manufactured Nanomaterials” (OECD, 2015a). The rat lung tumor
response or inflammation caused by TiO2 has been described with the
same dose-response curve as other PSLT particles when the dose was
explained as lung burden SA (NIOSH, 2011; Oberd€orster and Yu, 1990).
We observed that the particle SA lung burdens at LOAELs (m2/lung) in
the repeated inhalation studies in rats were not so different, as described
in section 2.1.1 and Table 1.

The ECETOC also used Aeroxide P25 (NM-105) as a benchmark ma-
terial in the decision-making framework for the grouping and testing of
nanomaterials, known as DF4nanoGrouping, which assigned it to active
nanomaterials (Arts et al., 2015, 2016). Aeroxide P25 (NM-105) might
cause a slightly stronger inflammation than other PSLTs. If so, using its
data instead would be a worst case assumption and would not underes-
timate the risk associated to the exposure to the PSLT particle.
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Considering the above, we suggest using the NOAEL of the TiO2,
Aeroxide P25 (NM-105), when the NOAEL of the PSLT material of
concern is unavailable.

3.4. OPC value as the workplace concentration

According to the published literature on exposure to nanomaterials in
workplaces, nanoparticles are not likely to be present as primary parti-
cles; rather, agglomerates or aggregates are likely to be the dominant
airborne particle (Seipenbusch et al., 2008; Brouwer, 2010; Ogura et al.,
2012). Ogura et al. measured size distributions of airborne particles
resulting from nineteen kinds of operations using carbon nanotubes,
fullerene, carbon black, titanium dioxide, zinc oxide, silicon carbide, or
lithium iron phosphate. They reported that particles with the size of
<300 nm could not be differentiated from background particles in the
most workplaces. The particle size distributions measured by an OPC
were roughly comparable to those measured by a SMPS in the bin of>0.3
μm. Furthermore, the mass size distributions revealed that most particles
were >2.5 μm (Ogura et al., 2012). We found that certain particles >2.5
μm did not have an underestimated OPC mass value as mentioned in
section 2.2.

Hence, OPC values seemed to be useful in many workplaces where
nanomaterials are handled. There is also an ongoing project to evaluate
optical measurement devices including OPCs for the determination of
particle size distribution of hazardous substances including workplace
nanomaterials (BauA, 2018).

On the other hand, OPC mass values might be useless at some
workplaces, where, e.g., primary nanoparticles with narrow size distri-
bution (geometric standard deviation �1) are produced and workers are
in close proximity to the nanomaterial generator (Seipenbusch et al.,
2008). In such a case, a CPC, which counts the total number of particles
including nano size particles (<100 nm), should be the first choice for
Tier 2 exposure assessment, and the in-house OEL should be assessed on
the assumption that all particles are around 20 nm, a size associated with
the highest pulmonary deposition rate (ICRP, 1994).

The sensitivity of an OPC to particles depends not only on the size of
the particle but also on the refractive index of the material (Hinds, 1999).
When the refractive index is available, suitable calibration will permit an
accurate measurement of the size distribution. For aerosol particles of
unknown refractive index, the error in size estimation can be significant.
In the case of carbon materials, the OPC was reported to be less sensitive
than the standard particle in the bin of >0.5 μm (Hinds, 1999) and the
OPC mass value could be underestimated without suitable calibration of
the counter.

3.5. Assessment of the performance of respirators

Generally, workplace concentrations of chemicals have been
compared with the OELs for occupational risk assessment. However, we
suggest including the performance of respirators in the evaluation of
exposure concentration, when the respirators cannot be avoided to
mitigate the risk to the material. REACH guidance recommends taking
into account the reduction factor achieved by the respirator use in order
to assess that the risk has been appropriately controlled (ECHA, 2016). In
one of the models suggested in the ECETOC TRA guidance, APFs are used
in the risk management evaluation (ECETOC, 2012). Considering
reduction factors would optimize the respirator choice for the workplace
as described in section 2.3, and that would facilitate better
self-management of nanomaterials at workplaces where engineering
controls (e.g. containment of the source, local exhaust ventilation, me-
chanical ventilation) are almost impossible.

4. Conclusions

A risk assessment framework for self-management of PSLT particles
was developed. This framework takes into account operational variables



S. Kawai et al. Heliyon 5 (2019) e02165
and particle conditions at each workplace, such as operational time,
frequency, and particle size, density, and SA. If a respirator is used as a
last resort, the performance is also considered. Even with limited data, an
efficient basic assessment can be carried out by assuming the worst case
at each step of the hazard and exposure assessment, and a more sophis-
ticated assessment can be carried out when the evaluated risk is
unacceptable.
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