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SUNDS probabilistic human health risk assessment methodology and its application to organic
pigment used in the automotive industry
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Abstract

D

The increasing use of engineered nanomaterials (ENMs) in nano-enabled products (NEPs) has raised

PT
E

societal concerns about their possible health and ecological implications. To ensure a high level of
human and environmental protection it is essential to properly estimate the risks of these new
materials and to develop adequate risk management strategies. To this end, we propose a

CE

quantitative Human Health Risk Assessment (HHRA) methodology, which was developed in the
European Seventh Framework research project SUN (Sustainable Nanotechnologies) and
implemented in the web-based SUN Decision Support System (SUNDS). One of the major strengths of

AC

this probabilistic approach as compared to its deterministic alternatives is its ability to clearly
communicate the uncertainties in the estimated risks in order to support better risk communication
for more objective decision making by industries and regulators.
To demonstrate this methodology, we applied it in a real case study involving a nanoscale organic red
pigment used in the automotive industry. Our analysis clearly showed that the main source of
uncertainty was the extrapolation from (sub)acute in vivo toxicity data to long-term risk. This
extrapolation was necessary due to a lack of (sub)chronic in vivo studies for the investigated
nanomaterial. Despite the high uncertainty in the final results due to the conservative assumptions
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made in the risks assessment, the estimated risks are acceptable for all investigated exposure
scenarios along the product lifecycle.

Introduction
The increasing use of engineered nanomaterials (ENMs) in nano-enabled products (NEPs) has raised

PT

societal concerns about the adequacy of their risk regulation. In Europe, the safety of chemicals is
subject to the Registration, Evaluation, Authorization and Restriction of Chemicals (REACH)
regulation, which requires an assessment of their risks along their life cycles prior to introduction to

RI

the market. This is done by performing a Chemical Safety Assessment (CSA) to demonstrate that the

SC

produced or imported chemicals do not pose any unacceptable risks for workers, consumers and/or
the general population.

NU

CSA in Europe or Human Health Risk Assessment in the USA, are standard systematic procedures to
evaluate the likelihood of adverse health effects due to exposure to chemical substances, which have
been recognised by major regulatory agencies and international organizations such as the European

MA

Chemical Agency (ECHA), the US Environmental Protection Agency (US EPA), the Organization for
Economic Cooperation and Development (OECD), and the World Health Organization (WHO). Current
risk assessment paradigms are composed of hazard identification and assessment, exposure

D

assessment, risk characterization and uncertainty analysis (Leeuwen and Vermeire 2007), and are

PT
E

considered applicable to ENMs if aided by proper tools to account for their unique properties and
interactions (OECD 2012) . The standard deterministic HHRA relies on single point estimates of
hazard, exposure and risk, which often fail to explicitly report the considerable uncertainties that

CE

propagate through the risk assessment process, albeit this can effectively support risk managers from
industry and regulation in taking more informed decisions (Subramanian et al. 2016; Hristozov et al.

AC

2016; Hristozov et al. 2012). This issue is more pronounced for ENMs than for conventional chemicals
due the higher complexity of their characterization profiles which influence their safety assessment.
Therefore, on the basis of previous works on HHRA applied to nanoscale titanium dioxide and silver
(Tsang et al. 2017; Pang et al. 2017), an extended version of the HHRA approach, which includes
probabilistic assessment and uncertainty analysis, was proposed as a suitable mean to better
communicate these uncertainties (Hristozov et al. 2016). In comparison to the more conventional
deterministic approach, the strength of the proposed probabilistic HHRA methodology is its ability to
assess the sources of uncertainty in the estimated risks and to clearly communicate them in order to
assist industries and regulators in taking more objective decisions. Examples of probabilistic risk
assessment methodologies, including uncertainty assessment for NMs have been reported in
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literature (Jacobs, van der Voet, and ter Braak 2015; Tsang et al. 2017). The main novelty of the
proposed approach is that sources of uncertainty and their contribution to the total uncertainty of
hazard, exposure and risk are clearly highlighted to the user at each step of the risk assessment for all
the life cycle stages of the ENM. The methodology was implemented as a specific module of the EU
Seventh Framework Programme (FP7) SUN project’s Decision Support System (SUNDS).
SUNDS is a web-based software system (https://sunds.gd) that has been designed to estimate
occupational, consumer, public health and environmental risks from ENMs in real industrial products

PT

along their lifecycles. In situations where the risks are not acceptable, SUNDS proposes suitable Risk
Management Measures, including information about their efficacy and costs. Risk control (RC) can be

RI

demonstrated by reducing risk to below acceptability levels or by investigating feasible alternatives

SC

to the substance. If risks cannot be adequately controlled and no feasible alternatives to a substance
are found, Socioeconomic Analysis (SEA) can be performed to demonstrate that benefits of using a
certain nano-enabled product significantly outweigh the costs. Subramanian et al (2016) have

NU

already described the SUNDS conceptual framework, where the computational HHRA approach
illustrated in this paper was included.

MA

The aims of this paper are to present the first probabilistic HHRA of organic nanopigments used in
the automotive plastics.

This is highly relevant as the market of high-performance pigments has expanded to reach an

D

estimated size of about $6.32 billion by 2022 (GrandViewResearch 2016). Pigments are defined as

PT
E

colored, black, white or fluorescent particulate organic or inorganic solids, which are insoluble in, and
essentially physically and chemically unaffected by, the vehicle or substrate in which they are
incorporated (CPMA 2018). These pigments are ubiquitously used in plastics because, in contrast to

CE

dyes, they have low solubility, can be dispersed better within a matrix and can both absorb or scatter
light (Christie 1998). Organic pigments (e.g. azo, phthalocyanines blues and greens,

AC

diketopyrrolopyrroles) generally exhibit an increase in colour strength as the particle size is reduced,
while with many inorganic pigments (e.g. titanium dioxide, iron oxide, chromates, carbon black)
there is an optimum particle size at which the colour strength reaches its maximum (Christie, 1998).
Therefore, organic pigments can have several advantages as colorants in coatings and polymers,
including: a) high brightness and good colour strength, b) improved fastness properties (especially
migration resistance and mechanical reinforcement), and c) inhibition of polymer degradation
(Christie, 1998). Our case study specifically targets nano-pigment-coloured automotive plastics.
Nano-pigments can be defined as organic or inorganic substances, insoluble, chemically and
physically inert into the substrate or binders, which were subjected to specific processes (e.g. aerosol
processes, precipitation reactions, milling etc.) to produce materials with a particle size less than 100
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nm (Cain and Morrell 2001; Cavalcante et al. 2009). Such plastics are widely used in interior, exterior,
and under bonnet components to reduce automobile weight, improve aesthetics, vibration and noise
control, and cabin insulation (Research and Markets Report 2015).

1. Materials and methods
1.1. Case study description

PT

The investigated substance is a nanoscale (median 43 nm, range 14 to 151 nm) diketopyrrolopyrrole
(DPP) pigment used to impart red colour to external automotive coatings or plastic parts.
Physicochemical characterization of pristine ENMs is fundamental for interpreting the risk

RI

assessment results. Therefore, we performed detailed physicochemical characterization, the results

SC

of which are reported in Table SI.1 of the Supplementary Information.

DPP is highly insoluble and extremely resistant to temperature and pressure, which has made it a
preferred option for paints of luxury cars (Norman 2007). Chemically, DPP is a nitrogenous

NU

heterocyclic compound comprising of two five-ring pyrrole and two carbonyl groups (chemical
formula: C18H10Cl2N2O2). It was first known to have been synthesized in 1974 by the chemist Donald

MA

G. Farnum (Farnum et al. 1974). Ciba-Geigy Ltd. (then Ciba Specialty Chemicals, then acquired and
integrated in BASF) patented the first known method of producing the pigment in 1983 (Iqbal 1982).
Earlier, red paint used by auto manufacturers tended to fade and develop a dusty look known as

D

"chalking”, but the DPP organic pigment was extraordinarily bright, stable and resistant to ultraviolet

PT
E

light and extremes of heat and cold (Norman, 2007). Nicknamed "Ferrari Red," the pigment was used
on all solid-red Ferraris from 2000 to 2002, and on Alfa Romeos, BMWs, Corvettes, Volkwagen GTI
models and the Lexus Soarer (SC 430) from 2000 to 2006 (Norman, 2007). Chemical modifications to

CE

DPP can also yield pigments of other colours: e.g. alkylation leads to greater solubility and orange to
green colour palette.

AC

Both opaque (non-nano1, TEM median size around 150 nm) and transparent (nano, TEM median size
around 35 nm) grades of this organic pigment are marketed by BASF in the EU, USA, Canada and
Mexico. The grade studied in SUN is described as a very transparent and saturated DPP, whose
colour index is Pigment Red 254 | 56110. The specific material is relevant to represent nanoscale
(“transparent”) organic pigments as it also features among the high-tonnage materials registered in
the French registration system of nanomaterials produced or imported in France (Ministère de
l’Environnement 2015).

1

According to Recommendation 2011/696/EU.
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In the SUN project the Red 254 organic pigment was used to colour plastics with a content of low
percent in the polypropylene polymer matrix, specifically with 0.2% for fully saturated colour.
Injection moulding was used for the manufacturing of the automotive part. The polymer used was
Polypropylene KSR 4525 (Borealis), which is a reactor elastomer modified polypropylene intended for
injection moulding automotive applications. Polypropylene KSR 4525 has excellent balanced
mechanical properties, it gives a good surface quality and has been developed especially to be used

PT

in automotive exterior parts.

1.2. SUNDS HHRA module

RI

SUNDS implements a probabilistic HHRA module designed to quantitatively estimate and

SC

communicate the uncertainties in each step of the risk analysis. The system can simultaneously
assess different lifecycle stages of the assessed ENMs, human exposed targets, working activities
(where applicable) and routes of exposure. A single combination of these relevant components has

NU

been called lowest unit of assessment (LUA). The hierarchical structure of the HHRA module is
illustrated in Figure 1.

AC

CE

PT
E

D

MA

Figure 1: Example of the hierarchical structure of the HHRA module (not exhaustive of all the possible
combinations assessed in the HHRA module), including different life cycle stages, human exposed
targets and sub-targets (i.e. worker 1, etc.), working activities, and routes of exposure, all
contributing to estimate the risk value for a lowest unit of assessment (LUA). Non-additive and
additive aggregation methods (see Appendix SI2 of the Supplementary Information for definitions)
are used to the integration of risk values to provide risk estimations associated to a higher level of
assessment.
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1.3. For each LUA, the combination of the hazard assessment (i.e. estimation of
acceptable human dose expressed in terms of concentration levels below which a
substance does not adversely affect human health) and exposure assessment
(estimation of concentration levels) produces a discrete value or a probability
distribution of risk. Once risk is estimated for each LUA, an aggregation step is
required to produce a single risk value for each lifecycle stage as well as for the

PT

entire lifecycle, considering all relevant targets, activities and routes of exposure.
This module is fully functional and can perform hazard, exposure, risk and

RI

uncertainty analysis as described in sections 2.3-2.5. Hazard assessment

SC

This step consists of hazard identification and dose-response assessment. The hazard identification
involves the gathering and evaluation of the available information on the health effects or diseases

NU

that a substance can cause under a particular exposure scenario. The principal question it tries to
answer is whether the existing evidence suggests a potential risk for the human health. To identify

MA

the relevant hazard information for the organic pigment Red 254 a literature review was performed
that focused on the inhalation and ingestion exposure routes as they were considered by the SUN
consortium more relevant than the dermal route. To do this, the authors of this research queried the

D

Web of Science database with combinations of the following keywords: nano, organic pigments,

PT
E

organic pigment Red 254, diketopyrrolopyrroles, hazard, toxicity, workers and Occupational Exposure
Limit (OEL). The literature search from 2006 to 2017 resulted in a small number of documents (only
four peer-reviewed papers) which were carefully analysed.

CE

The dose-response assessment characterises the relationship between the dose of the substance
administered during animal studies and the observed in vivo effects by means of statistical
modelling. The final goal is to estimate an acceptable exposure level such as the Derived No-effect

AC

Level (DNEL), which can then be compared to external exposure to calculate risk for specific
scenarios. The starting point for estimating human acceptable exposure level is the Point of
Departure (PoD), or in other words the highest safe dose based on which adverse effects are not
likely to occur in the test animals. It is generally recognised that Benchmark Dose (BMD) method is
considered statistically more powerful than the alternative No-Observable Adverse Effect Level
(NOAEL) approach (Davis, Gift, and Zhao 2011). When toxicological information is available, a BMD
can be estimated by using PROAST2 (Gosens et al. 2016), which is a software package developed by
the Netherland’s National Institute for Public Health and the Environment (RIVM) and implemented
2

PROAST is a software package that has been developed by the Dutch National Institute for Public Health and the
Environment for the statistical analysis of dose-response data for chemical substances and here applied to nanomaterials.
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through SUNDS for the statistical analysis of dose-response data. PROAST is suitable for handling invivo dose-response data to provide probabilistic distributions of BMD.
However, in the specific case of our organic pigment case study, since no toxicological effects were
identified up to the highest dose tested, we used the highest dose tested (i.e. NOAEL) as the PoD.
SUNDS, however allows the use of both methods for deterministic and stochastic dose-response
analyses.

PT

Moreover, in our organic pigment case study, when necessary, NOAEL values have been corrected to
consider differences in human and experimental exposure conditions and in respiratory volumes

RI

between experimental animals (at rest) and humans (light activity). The “corrected” NOAEL values
were then extrapolated to human dose (i.e. DNELs) probabilistic distributions by applying well

SC

accepted inter- and intra-species extrapolation factors (EF) (ECHA 2012)(cf. equation 1).
𝑁𝑂𝐴𝐸𝐿 𝑜𝑟 𝐵𝑀𝐷
,
inter∗𝐸𝐹intra∗𝑈𝐹i

eq. 1

NU

𝐻𝐷 = 𝐸𝐹

In this equation EFinter and EFintra are inter- and intra-species extrapolation factors, while UFi is
reserved for other sources of uncertainty (i) from the dose-response assessment (e.g.

MA

representativeness of toxicology data, or uncertainty in the PoD). Log-normal distributions for these
factors are defined using similar approaches presented by Slob et al. (Slob et al. 2014).

D

In SUNDS, the methodology developed by the WHO/IPCS Workgroup on the evaluation and

PT
E

expression of uncertainty in hazard characterization (IPCS 2017; Chiu and Slob 2015) has been used.
Accordingly, HDs for both inhalation and oral routes can be estimated on the basis of Equation 1 by
means of an embedded version of APROBA (approximate probabilistic analysis (tool)) (IPCS 2017),
which is originally a Microsoft Excel-based tool developed by the WHO/IPCS Workgroup. APROBA

CE

performs approximate probabilistic (as well as deterministic) analysis of human dose extrapolation
starting from animal dose-response results. It requires quantitative specification or estimation of: a)

AC

PoD, b) population incidence goal (i.e. number of individuals at risk, e.g. 5%), c) target human dose
coverage (i.e. the required statistical one-sided confidence level, e.g. 95%), and d) uncertainty
related to different parameters, including the inter- and intra-species EF. In APROBA, in the case
BMD values are not available, NOAEL values are regarded as a rough estimate of the lower
confidence limit of the benchmark dose (BMDLx), where x is the default benchmark response (BMR)
(see EFSA, 2009). Accordingly, the generic uncertainty in the NOAEL are defined as the precision of
the NOAEL in estimating the BMDL. Detailed assessment of uncertainty in using a NOAEL as a
surrogate for a BMD is reported in IPCS, 2017. The result of the probabilistic hazard assessment is the
𝐼
human dose 𝐻𝐷𝑀
at which a fraction I of the human population shows an effect of magnitude M

after chronic exposure, with a specific confidence interval (e.g. 90%). This fraction I represents the
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sensitive target population, namely the portion of population which is more vulnerable to effects of
exposure to the substance, due to e.g. age or poor health status.

1.4. Exposure Assessment
Exposure assessment involves the formulation of Exposure Scenarios (ES) and the estimation of the
related intakes of the substance by workers, consumers and/or the general population. An exposure
scenario is a set of (contextual) information describing the conditions of use of the nanomaterial

PT

which can influence its emissions from processes or release from products and its subsequent
exposure potential. In assessing exposure, measured data and/or model estimates can be used as

SC

RI

inputs to the SUNDS HHRA module either as deterministic values or as probabilistic distributions.

Formulation of ES

NU

To gather the information needed to formulate realistic workplace and consumer ES for our case
study (plastic car parts coloured with organic pigment red 254) we performed a comprehensive

MA

literature review. Specifically, published literature from 2000 to 2017 was searched for release and
exposure assessment studies that involved pigments by querying the Web of Science database with
combinations of the following keywords: nano, organic pigments, inorganic pigments automotive
plastics, exposure assessment, release, emission, exposure, workplace, consumer and use. The

D

search resulted in a few documents (four peer-reviewed papers), which demonstrated that no

PT
E

specific studies related to organic pigments and their potential releases from plastics are available.
Therefore, ES were formulated for each lifecycle stage of our case-study product (i.e. synthesis,
formulation, use, end-of-life (EoL)) mainly based on contextual information obtained from the SUN
254.

CE

project and our industrial partner BASF, which is the primary manufacturer of organic pigment red

AC

Estimation of exposure

Site-specific measurements of known quality are often preferred over model estimates and are
needed to validate and improve models. However, for most consumer scenarios, such measurements
are hardly available (ECHA, 2012), which requires the use of models to estimate exposure levels.
Therefore, an array of nano-specific exposure models have been implemented through SUNDS (e.g.
Nano Safer SQ, ConsExpo Nano Spray model, dARTnano, nanoIEAT, ConsExpo 4.1) based on a
comprehensive exposure assessment framework for ENMs. These models have been very useful for
risk assessments performed by means of the system (Pang et al. 2017, Tsang et al. 2017), but they
were not used for the risk assessment of the organic pigment reported in this paper. Instead,
measured data from the literature, release experiments performed in the context of SUN as well as a
single box and a near-field (NF)/far-field (FF) occupational exposure model that is not strictly part of
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SUNDS were used as described below. The release experiments were performed to estimate the
exposure concentration in air i) of organic pigments during the manufacturing of the master-batch
(Boonruksa et al. 2016), ii) during the injection moulding phase (Koivisto et al. 2017), iii) sawing,
sanding or drilling of car bumper, and iv) shredding activities in the end of life stage. Artificial
weathering studies have shown that mass release from 1 m2 of polyethylene containing 0.2 wt.% DPP
irradiated at UV light in mega Joules per m2 (MJ/m2) was 0.003 mg /MJ, which is very low release
considering that the release range is typically from ca. 0.001 to 100 mg/MJ (Amorim et al. 2018;

PT

Wohlleben and Neubauer 2016). Thermal decomposition of polyethylene containing 2 wt.% DPP at
500 oC released 4.19 % of airborne particles from initial mass and residual ash content was 1 % from

RI

initial mass where DPP particles were not detected (Sotiriou et al. 2016). Because release levels were

SC

low these life cycle stages were not included in the life cycle exposure assessment.

1.5. Risk characterisation & Uncertainty analysis

NU

Risk characterisation ratio (RCR)

MA

𝐼
The 𝑅𝐶𝑅𝑖,𝑀
is calculated as reported in Equation 2.
𝐸𝑋𝑃

𝐼
𝑅𝐶𝑅𝑖,𝑀
= 𝐻𝐷𝐼 𝑖 , eq. 2
𝑀

𝐸𝑋𝑃𝑖 represents the exposure value (or the probabilistic distribution of exposure) related to

D

𝐼
exposure scenario 𝑖, while 𝐻𝐷𝑀
is the result of the hazard assessment (i.e. the level of exposure

PT
E

above which humans should not be exposed; in REACH this is called Derived No-Effect Level (DNEL)).
𝐼
𝐻𝐷𝑀
values that can be both deterministic or probabilistic. A risky scenario was defined as RCR

values ≥ 1 (i.e. exposure levels higher than human acceptable exposure for the specific incidence goal

CE

related to sensitive population).
Risk acceptability classification

AC

Once the risk is estimated, it is classified in terms of acceptability according to an approach based on
confidence intervals. Specifically, in case the risk is presented deterministically, two classes are
identified: acceptable (ratio below one) and non-acceptable (ratio above one). As probabilistic risk
distributions typically follow a right-skewed log-normal distribution, it is too rare to have a
completely acceptable risk. Literature suggests that, in the case of probabilistic risk assessment, the
risk is acceptable if the 90th percentile of the exposed population is safe, but conservative values can
also be selected (i.e. the 95th percentile or the 99th percentile) (USEPA 2001; USEPA 2014a; USEPA
2014b). To select the most suitable risk acceptability classes we studied the literature and in addition
asked relevant experts by means of a questionnaire specifically designed for this purpose. Ten
experts were chosen from our personal networks and contacted by email in December 2015 with a
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request to participate in SUNDS methodology development. Eight responses were received, including
two regulators (one from US and one from Canada) and six researchers (from EU). The description of
the developed questionnaire, the involved experts and their responses are reported in SI3 of the
Supplementary Information. Their responses pointed us to the following three classes: 1) acceptable
(when the threshold of one is higher than the 95th percentile of the risk characterization ratio
distribution), 2) needs further consideration (threshold of one between the 90th and 95th percentile)
and 3) non-acceptable (threshold of one below the 90th percentile). The selection of the percentiles

PT

for this pre-defined risk acceptability classification profile can be changed depending on specific
assessment needs. In our specific case, the selection of a specific population incidence goal (e.g. 5%)

RI

in the dose-response assessment implies that the resulting probabilistic distribution of the RCR

SC

protects 95% of the population, thus the RCR probability distribution represents the variability and
uncertainty around the 95% of the assessed population. Accordingly, the 90% and 95% percentiles
used for the risk classification refer to the probability distribution of the RCR estimated according to

MA

NU

the selected population incidence goal (i.e. sensitive population).

Risk aggregation across targets and lifecycle stages

The risk aggregation consists in the integration of risk values to provide a risk estimation associated

D

to a higher level of assessment. Some examples considered in this paper include i) integration of risks

PT
E

estimated for two or more activities performed by the same target (e.g. worker, consumer) with the
same material to provide a more comprehensive estimation of risk for that target; or ii) integration of
the risks estimated for two or more ES and/or targets in the same lifecycle stage in order to assess
the risk for that specific lifecycle stage. Such aggregation may be additive (in the case of risks related

CE

to the same target) or non-additive (in the case of risks related to different targets for the same

AC

lifecycle stage), as reported in Figure 1.
The instances of additive aggregation (see Appendix SI2 of the Supplementary Information for
definitions) include the situation of a worker exposed via more than one exposure routes (i.e.
inhalation and dermal contact), or the situation of a worker involved in more than one activity within
a single lifecycle stage (e.g. weighing and mixing of nanomaterial in the synthesis or formulation
stages). According to the outcomes of the submitted questionnaires (see SI3 of the Supplementary
Information), the risk value for a lifecycle stage involving more than one exposure route is calculated
by summing the risk for all exposure routes. In the case of a single worker involved in more than one
activity, the risk for the worker is calculated by summing the contribution of each activity weighted
by the exposure duration which should not exceed the whole working shift.
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To produce a single HHRA output for each lifecycle stage and for the entire lifecycle, aggregation of
non-additive risks (i.e. risk estimated for different targets) (see Appendix SI2 of the Supplementary
Information for definitions) also needs to be addressed. According to the results of the questionnaire
(SI3 of the Supplementary Information), non-additive integration is addressed for each life cycle
stage by presenting the maximum risk value.
Uncertainty analysis

PT

Uncertainty contribution to RCR by each involved factor is estimated by means of the Monte Carlo
approach with 10 000 trials. At each trial, the RCR is numerically estimated by randomly sampling

RI

elements from the BMD distribution, exposure estimates, and from each EF’s distribution. The
contribution to uncertainty of each factor is quantified by assessing the level of correlation between

SC

the factor and the resulting RCR by means of squared Spearman’s rank correlation coefficient (Helton
and Davis 2003). The contribution of each EF is selected as the arithmetic mean of each resulting

NU

curve and appropriate figures are developed for communication purposes.

2. Results

MA

2.1. Hazard assessment

Relevant information on the toxicity of the organic pigment Red 254 for the inhalation and ingestion

D

exposure routes was collected from the REACH registration dossier for this substance in the

PT
E

nanoform (CAS no. 84632-65-5), freely available on the ECHA web site. For the Inhalation exposure
route, a short-term repeated dose toxicity study was performed in 2012 applying the method
developed by Ma-Hock and colleagues (Ma-Hock et al. 2009) to organic pigment Red 254 at different

CE

size dimensions including that assessed in the present work (i.e. nano-form) (Hofmann et al. 2016).
This included assessing i) effects in the lungs; ii) persistence, progression or regression of effects; iii)
effects in organs other than the lung; and iv) lung burden and potential translocation to other tissues.

AC

This study assessed a nominal concentration of 30 mg/m³, and defined a NOAEC equal to 30 mg/m3
(Arts et al. 2016; Hofmann et al. 2016) as reported in Table 1.
To assess the effect due to ingestion, a subacute (28 days) oral gavage study was performed in 1986
according to the OECD Guideline 407 with a reliability index equal to 1 (reliable without restriction)
(Report included in the ECHA registration dossier) which assessed the organic pigment Red 254 at
different size dimensions including that assessed in the present work (i.e. nano-form). Observations
for mortality, body weight, food consumption, ophthalmoscopy, hematology, clinical chemistry,
urinalysis, gross pathology, histopathology and histotechnology have been performed. The assessed
doses were 0, 100, 300, 1000 mg/kg body weight on the basis of actual concertation ingested (intake
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by gavage) and the study identified a NOAEL > 1 000 mg/kg bw/day. Effects observed are reported in
1.
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D

MA

NU

SC

RI

PT

Table
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Table 1. Input and output data for APROBA related to organic pigment Red 254. LCL: lower
confidence limit, UCL: upper confidence limit.
Notes

Organic Pigment
Inputs to APROBA

Data type

Continuous

Continuous

PoD type

NOAEC

NOAEL

Unite of measure

mg/m

Value

30
Taken from ECHA chemical
safety assessment where the
initial data is > 30). Basis for
effect level:
other: Reversible minimal
hypertrophy/hyperplasia in
the bronchioles, at the level of
the terminal bronchioles and
alveolar ducts. Clearance of
pigment deposits by
macrophages.

3

mg/kg bw/day

RI

SC

Used to correct
PoD to consider
differences
in
human
and
experimental
exposure
conditions (6/8
hours per day)°

0.75

Used to correct
PoD
for
differences
in
respiratory
volumes between
experimental
animals (at rest)
and humans (light
activity)°.

6 h/day

CE

Exposure conditions in the
study

PT
E

D

Factor 1

MA

NU

Reference to support the
PoD selection

*

1000
Taken from ECHA chemical
safety assessment. Starting
with
day
21
until
termination of treatment
all rats of the high dose
group (1000 mg/kg bw)
showed red discoloured
extremities. In addition,
red and discoloured faeces
were observed in the same
animals between day 18
and termination of the
test. No other symptoms
related to test article
treatment were observed.

PT

*

AC

Factor 2

0.67
3

Corrected PoD value

15.07 mg/m

Data route

Inhalation

Oral

Study type

Subacute

Subacute

Test species

Rat

Rat

Species weight

0.251 Kg

0.1645 Kg

Human weight

70 Kg

70 Kg
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Notes

Organic Pigment

5%

5%

Probabilistic Coverage Goal

95%

95%

0.07

0.07

Uncertainty
to
move
from
NOAEL to BMD

Intraspecies variability (UCL)

Interspecies TK/DK (LCL)

RI

1°

1°

0.333

4.83

7.83

0.333

3

3

0.625

0.625

40

40

1.77

1.77

14.02

14.02

Extrapolation

AC

Duration
(UCL)

CE

Duration Extrapolation (LCL)

Intraspecies variability (LCL)

Intraspecies variability (UCL)

*

PT
E

D

Interspecies TK/DK (LCL)

This
aspect
addresses
the
interspecies
adjustment
to
consider
differences
in
body size (e.g.
allometric
scaling).
This
aspect
addresses
remaining
interspecies TK
and
TD
(toxicokinetics
and
toxicodynamic
differences)
differences after
accounting
for
body
size
differences.
This
aspect
addresses
uncertainty
in
using a less-thanchronic study (as
specified
in
“Study
type”
previously)
to
estimate
a
chronic PoD.
This
aspect
addresses
the
uncertainty in the
amount of human
variability
in
sensitivity.
It
depends directly
on
the
“population
incidence goal”
entered
previously

1.57

NU

Intraspecies variability (LCL)

1.57

MA

NOAEL to BMD (UCL)

SC

NOAEL to BMD (LCL)

PT

Population Incidence Goal
(I)

This was the highest concentration tested which did not cause any adverse effects.
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°

AC

CE

PT
E

D

MA

NU

SC

RI

PT

According to the REACH Guidance on information requirements and chemical safety assessment Chapter R.8:
Characterisation of dose [concentration]-response for human health. V 2.1, ECHA, 2012.
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The derived NOAEC and LOAEL were used as inputs to APROBA, which applied the interspecies and Intraspecies
variability and extrapolation factors reported in Table 1 and derived lognormal distributions of HDlong-term for
local and systemic effects due to both inhalation and ingestion of organic pigment Red 254 (cf. Table 2).

OP

Inhalation

Oral

mg/m3

mg/kg/day

9.00E-02

9.67E-01

P 95%

3.65E+01

3.97E+02

(median)

1.81E+00

1.96E+01

Mean

9.58E+00

1.04E+02

1.81E+00

1.96E+01

6.20E+00

6.23E+00

US

P 50%

CR

P 5%

IP

OP

T

Table 2. Long-term HD log-normal probability distributions statistics for organic pigment (OP) Red 254
(inhalation and oral exposue routes). P= percentile

Geometric

AN

Mean (GM)

M

SD factor

ED

The estimated HD for inhalation ranges between 9.00E-02 mg/m3 (P 5%) and 3.65E+01 mg/m3 (P 95%). Its
mean is equal to 9.58E+00 while its median and Geometric Mean (GM) is equal to 1.81 mg/m3. Comparing

PT

these values with Occupational Exposure Limit (OEL) values is impossible since such are currently not available
for nanomaterials (Arts et al. 2015 and Arts at al., 2016). However, BAuA (2013) suggested “assessment

CE

criteria” of i) < 0.5 mg/m3 (considering an average agglomerate density of 2.0 g/cm3 at the workplace) for
biopersistent, non-fibrous nanomaterials without specific toxicity, and ii) <0.1 mg/m3 for nanomaterials with

AC

specific (chemical composition-related) toxicity (BAuA 2013; Arts at al., 2015 and Arts at al., 2016). These
“assessment criteria” are included in the most conservative part of the probability distribution curve, where 0.1
mg/m3 is close to P 5%, while 0.5 mg/m3 falls between the P 5% and P 50%, the latter being more than 3 time
higher. This confirms the low inhalation toxicity of the material. In the case of ingestion, neither OELs, not
benchmark “assessment criteria” are available for comparison, but it is evident that from Table 2 that the HD
statistics again describe a low toxicity material.

2.2. Exposure assessment
Realistic occupational and consumer ES were formulated according to the knowledge gained from the
literature and the information provided by our industrial partner BASF, which is the primary producer of
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organic pigment Red 254. These ES (cf. Table 3) showed that occupational exposure to organic pigment can
occur during production (synthesis), master-batch manufacturing (formulation), injection molding of car
bumpers (formulation), sanding and shredding the plastic (use, EoL). Consumer exposure is mainly relevant for
operations such as sawing, sanding or drilling that might lead to release of airborne particles.
The experimental and modelling exposure estimations performed for each of these ES in the SUN project
demonstrated that the release of organic pigment Red 254 is negligible in each lifecycle stage and the highest

T

exposure potential is associated with EoL drilling, sanding and shredding operations due to significant release

in

the

CE

PT

ED

M

AN

US

CR

incorporation

AC

strong

IP

in the air. In the use stage of plastics, the embedded pigments comprise a low release potential due to the
polymer

matrix.
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Table 3. Description of the exposure scenarios assessed for nanoscale organic pigment Red 254 used in
automotive plastics. SYN, Synthesis; FOR, Formulation; USE, use; EoL, End of life.
Exposure scenario
(ES)

Exposure
route

Target

Exposure
concentration

Worker

Inhalation

0.05 mg/m

Worker

Dermal/O
ral

negligible

3

SYN

Additional information

References

Data collected in workplace for analogous
materials. Airborne respirable concentrations were
sampled at 2l/min via a cyclone and analysed by
gravimetry. The sampling duration was up to 480
minutes.

BASF
internal
data

IP

T

ES1: Production of
organic pigment

Lifecycle
stage

Surface contamination:
exposure are negligible

dermal and

perioral

EU FP7 SUN
D5.4
and
D6.6.

CR

Boonruksa et al. (2016) measured particle number
3

concentrations varying from N = 1.9 × 10 to 7.1 ×
3

10 cm

−3

during production of PP containing CNTs

US

master-batch. Particles were mainly below 300 nm
in diameter. Assuming that particles are spherical

Worker

Inhalation

-3

3*10 mg/m

FOR

3

Dermal

3

correspond to a mass concentration of 30 µg/m

3

Surface contamination:
exposure are negligible

negligible

ED

PT

AC

Worker

ES4:
Consumers
handling
and
working with PPorg
Pigment
performing
operations such as
sawing, sanding or
drilling that might
lead to release of
airborne particles.

Inhalation

particle number concentration of 7100 1/cm
where 10 % is organic pigment.
dermal and

perioral

EU FP7 SUN
project D5.4
and D6.6

During injection moulding of car bumpers the near
field (NF) particle number concentration at the
injection mould was 14800 1/cm

3

(particle

geometric mean diameter was 60.9 nm) which was
-6

2*10 mg/m

3

CE

Worker
USE

(Boonruksa
et al. 2016)

3

AN
Dermal/O
ral

Worker

ES3: Manufacturing
of PP (Polypropylen
KSR
4525)
car
bumper containing
0.2 wt.% organic
pigment (injection
moulding)

PP particles with count median diameter of 100
nm and density of polypropylene (ca. 1 g/cm ),

M

ES2: Manufacture
of
Master-batch
containing 10 wt.%
organic pigment

at similar level than the far field (FF) level
representing the background level. However, if we

EU FP7 SUN
project D5.4
and D6.6

assume that the NF concentrations are all spherical
PP particles, the mass concentration would be 10
3

µg/m where 0.2% is organic pigment
migration of
pigment from
plastics
is
strongly
suppressed

Surface contamination:
exposure are negligible

dermal and

perioral

Cutting studies have been performed in a 20 m

Störmer et
al. 2017

3

ventilated chamber (λ=0.5 1/h) using a jig saw.
According to the gravimetric analysis of collected
Consumer

Inhalation

-7

6*10 mg/m

USE

3

airborne respirable particles from 30 to 100 cm
from the jig saw the respirable mass concentration
3

was 0.3 µg/m where 0.2% is organic pigment.
Consumer

Dermal

negligible

Surface

contamination:

dermal

exposure

is

EU FP7 SUN
project D5.4
and D6.6
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Lifecycle
stage

Exposure
route

Exposure
concentration

Worker

Inhalation

6*10
3
mg/m

Worker

Dermal

negligible

Target

-13

EoL

References

negligible
At the end-of-use the PP is shredded before
incineration, landfill or down-use. Shredding
3
studies have been performed in a 20 m ventilated
chamber (λ=0.5 1/h) using a down scaled industrial
shredder. According to the gravimetric samples
measured from shredder extract and feed inlet,
where the concentrations were assumed to be
highest and assuming fully mixed concentrations in
the room, the respirable mass release was up to
0.3 µg/(kg of PP). Assuming 100*100*20-meter
shredding plant ventilated at rate of 5 1/h and
shredding 1000 kg/h PP bumpers the mass
concentration would be 0.3 ng/m3 in steady state
where 0.2% is organic pigment.

2.3. Risk characterization & Uncertainty analysis

US

CR

IP

ES5: Shredding

Additional information

T

Exposure scenario
(ES)

AN

Figure 2 and Table 4 display the estimated RCR probability distribution for each ES along the lifecycle of our
case-study product and the associated sources of uncertainty. These results clearly show that for each ES the

M

risk is acceptable as the RCR is equal to 1 for more than 95% of the sensitive population. The cumulative health
risks (based on non-additive integration; cf. 2.5, Figure 1) posed by the organic pigment Red 254 along its entire

ED

life cycle is reported in Figure 3. The uncertainty associated to the risk estimations can be assessed considering
the probabilistic distributions used for the derivation of the long-term HD for inhalation, which has been used
in each assessed risk scenario, while variations in exposure have not been considered since the used

PT

deterministic values represent conservative estimations. Accordingly, the uncertainties associated to the risk
estimations are similar for each assessed scenario. Forty eight percent of the variation in these results can be

CE

ascribed to the exposure duration EF used for extrapolation from the subacute short-term inhalation study to a
chronic PoD, 27% were caused by the uncertainty of using a NOAEL instead of the BMD as the PoD for the risk

AC

assessment, 13% and 12% were related to inter- and intraspecies EF uncertainties, respectively.
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Table 4. Statistics of distributions of risks along the life cycles of Organic Pigment (OP) based products for all the assessed
exposure scenarios (ES). These statistics are the result from over 10 000 Monte Carlo simulations. SYN, Synthesis; FOR,
Formulation; USE, use; EoL, End of life.
ES1 (SYN)

ES2 (FOR)

ES2 (FOR)

ES3 (USE)

ES3 (USE)

ES4 (USE)

ES4 (USE)

ES5 (EoL)

ES5 (EoL)

Dermal

Inhalation

Dermal

Inhalation

Dermal

Inhalation

Dermal

Inhalation

Dermal

1.37E-03

8.23E-05

5.48E-08

1.65E-08

1.65E-14

95%

5.54E-01

3.33E-02

2.23E-05

6.67E-06

6.61E-12

50%

2.76E-02

1.65E-03

1.10E-06

3.32E-07

3.30E-13

Mean

1.46E-01

No Risk

8.74E-03

No Risk

5.86E-06

No Risk

GM

2.76E-02

(negligible

1.65E-03

(negligible

1.10E-06

(negligible

6.20E+00

6.20E+00

6.21E+00

2.44%

0.02%

0.00%

Risk
(Prob.

1.74E-12

No Risk

3.32E-07

(negligible

3.30E-13

(negligible

exposure)

exposure)

6.20E+00

6.19E+00

0.00%

0.00%

AC

CE

PT

ED

M

AN

RCR > 1)

No Risk

exposure)

US

SD factor

exposure)

1.75E-06

CR

exposure)

T

5%

IP

ES1 (SYN)
Inhalation

Figure 2. Risks along the lifecycles of the Organic Pigments (OP) based products for all concerning exposure
scenarios (ES). Contributions of the different sources of uncertainty to the total uncertainty are highlighted.
Sources of uncertainty are related to the derivation of the DNEL for inhalation, which has been used for all the
assessed ES.

ED

M

AN

US

CR

IP

T
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PT

Figure 3. SUNDS interface which provides a comprehensive overview of the human health risks posed
by organic pigment Red 254 along the entire life cycle of the nanomaterial. Green indicates acceptable
risks (i.e. eposure leveles below DNELs).

CE

3. Discussion

This study represents the first probabilistic HHRA of organic nanopigments for automotive plastics and has

AC

been conducted using available toxicological and exposure information relevant for the specific nanomaterial
under assessment. Although the available data could be considered limited, they are adequate and satisfactory
in comparison to other nano-materials where information on the toxicological and exposure data on the
specific nano-material under assessment are almost lacking.

Moreover, the presented risk assessment

methodology estimates the risks associated with pristine nanomaterials which can then be embedded in
polymers or other products. In the lifecycle of the nanomaterial, exposure to nanomaterials can occur as
pristine nanomaterials or as released “fragmented products” embedding nanomaterials. In the latter case, the
risks related to fragments of polymers embedding nanomaterials have two components: one is related to the
hazard and the consequent risk of the fragmented polymers (which in our case contains an amount of nanopigment from 2 to 10%), while the second component is related to the contribution to the risk caused by the

ACCEPTED MANUSCRIPT
release of free nanomaterials from the fragmented polymers. The first component is beyond the scope of this
study since it is related to the hazard/risk of fragmented polymers. In our study we focused on the second
component because we considered the exposure to free nanoparticles a worst case scenario. In order to assess
this scenario, we considered most suitable to use toxicity data on pristine nanomaterials.
The strength of the proposed probabilistic HHRA methodology (in comparison to the more conventional
deterministic approach) is its ability to clearly communicate the sources of uncertainty in the estimated risks

T

(cf. Figure 2) to support better risk communication for more objective decision making by industries and

IP

regulators.

CR

Specifically, it was possible to assess the uncertainty in the dose-response data by means of parametric
bootstrapping. This showed that the largest uncertainty can be ascribed to the exposure duration EF used for

US

extrapolation from the subacute short-term inhalation study to a chronic PoD. This uncertainty originated from
the fact that (sub)chronic studies for nanoscale organic pigments are currently unavailable, which forced us to

AN

resort to short-term data. This had a strong effect on the obtained results and therefore we recommend
repeating the assessment once relevant longer-term (at least sub-chronic) in vivo studies become available.

M

The second largest source of uncertainty in the assessment is related to NOAEL that we used as the PoD for risk
assessment. There is probably a lot of unknown uncertainty in the NOAEL that our analysis could not capture.

ED

The NOAEL represents the highest dose at which no (adverse) effects were observed in the test animals. The
procedure to assess it starts with screening of those endpoints that show a dose-dependent response to

PT

determine the lowest dose that significantly differs from the controls. This is the Lowest Observed Adverse
Effect Level (LOAEL) for that endpoint, while the NOAEL is the dose below the LOAEL. This means that the

CE

NOAEL is smaller than the detectable effect size of the study, or in other words it could be anywhere between
this size and zero. Nevertheless, in practice the NOAEL is simply considered as a dose where the effect is zero.

AC

Moreover, the NOAEL tends to be higher when fewer animals are used, while the opposite would be more
appropriate as greater uncertainty should generate more conservative risk estimates (Van Leeuwen 2007).
Based on these considerations we can conclude that the unknown uncertainty in the NOAEL value is probably
large.
Other key sources of uncertainty are the inter- and intraspecies EF. These default values were defined for
regular chemical substances based on historical precedence and could be inappropriate for nanomaterials. In
order to reduce this type of uncertainty it may be necessary to establish nano-specific EF based on extensive
analysis of the already available large body of nano-specific physicochemical and toxicity data by means of in
silico tools. Such tools can be for instance pharmacokinetic models that are useful to derive the ADME

ACCEPTED MANUSCRIPT
dynamics of the nanomaterials in experimental animals and to compare them to humans, including the
sensitive sub-populations (children, older or diseased people).
There might also be unknown uncertainties arising from inappropriately using mass as the dose metric for
dose-response assessment. Indeed, other metrics such as particle number or surface area might be more
adequate if we assume nanoparticle-induced effects. The extrapolation of one dose metric to another can be
done (for instance when estimating surface area from particle size distribution of the number concentration for

IP

T

spherical nanoparticles) and should be considered as often as possible in dose-response assessments.
Other sources of uncertainty in this study may result from the fact that only external doses were considered,

CR

while the uptake and the translocation of the nanoparticles in the organism were not taken into account. In
fact, the size distribution of nanoparticles can strongly influence their deposition in the lungs. However, the

US

number of ultrafine particles can quickly decline due to aggregation, agglomeration or surface deposition
(Schneider 2009). This means that nanoparticles measured close to the emission source can easily be

AN

eliminated by these processes and may never deposit in the lungs. Although the assessed uncertainty is quite
large, the identification of the sources of uncertainty can help stakeholder to have a clear picture on which

M

parameter/information caused this uncertainty and should be further assessed to decrease the total
uncertainty on the provided results. This is a different approach compered to control banding or risk screening

ED

approaches which apply the Precautionary Principle to facilitate risk management decisions in the context of
large (often unknown) uncertainty (by basically hiding the uncertainty in their results). Indeed, while control

PT

bunding and risk screening approaches are useful to make pragmatic decisions, they do no clearly
communicate the actual range of uncertainty which makes them unacceptable for regulatory risks assessment.

CE

The use of a probabilistic risk assessment procedure raised the fundamental question of what levels of risk are
acceptable. We tried to answer this question by a comprehensive analysis of the literature and by organising a

AC

workshop with relevant experts to identify adequate risk acceptance classes. We decided to be on the safe side
by defining these classes as precautionary as possible in accordance with the conservative perspective of
regulators. Nevertheless, the understanding of which risks are acceptable varies across sectors, communities
and countries. To be able to develop a system that safely gives the opportunity to different stakeholders to set
their own risk acceptability levels we need to perform more research on this subject. This has the benefit of
extending the application domain of the SUNDS module beyond high-tier regulatory HHRA to allow its use by
industries and SMEs also for other purposes such as prioritisation of safety by design or other measures in
order to better decide on investments into their risk management portfolios.
In general, nanomaterials are offered in many different grades optimized for specific applications. This
heterogeneity of sizes at nanoscale introduces a huge variability of properties that may exhibit different
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exposure potentials or biological effects. In the presented study, this issue was avoided as the organic pigment
Red 256 nanomaterials used in the exposure studies are the same or similar to the ones used in the hazard
studies. Therefore, we performed a case-specific HHRA, but considering the large variety of nanoforms, doing
this for each of them individually would require excessive case-by-case testing. To avoid this, it is essential to
develop approaches to group them based on physico-chemical, release, exposure, bio-kinetic and/or
toxicological information. Grouping can facilitate also read-across between nanoforms and/or analogous (bulk)

IP

T

materials, which could optimise testing, thus reducing both costs and use of experimental animals.

CR

4. Conclusions

This paper introduced the SUNDS probabilistic HHRA methodology and presented one of its first applications to
a real case study: Red254 organic nanopigment for coloration of plastic automotive parts. The proposed

US

modeling approach successfully assessed the risks along the life cycle of this product and characterised the
associated sources of uncertainty. Our analysis demonstrated that the main source of uncertainty is the

AN

extrapolation from subacute to long-term exposure, which was necessary due to the lack of (sub)chronic in vivo
studies with the investigated substance. Considerable uncertainties also stemmed from the use of default

M

inter- and intra-species EF for conventional chemicals since such EF for ENMs are presently unavailable. The
proposed approach is currently unable to assess the uncertainties stemming from the use of NOAEL as a PoD,

ED

the selection of appropriate dose metrics, the behaviour of ENMs in the air and in humans, and the use of data
from studies involving different nanoforms of the same material. Therefore, although the proposed model is

PT

very suitable to apply for case-by-case risk analyses as currently required by regulations, its application to each
nanoform separately would require excessive data. Therefore, in order to increase the efficiency of the risk

CE

assessments it would be necessary to equip the proposed tool with grouping and read-across algorithms as it is
planned in the recently funded EU Horizon 2020 Gracious project.

AC

The results of our study showed that although the uncertainty in the risk estimates is high, which made them
more conservative, the risks are acceptable for all exposure scenarios. Therefore, we can confidently conclude
that the particular nanoscale organic pigment Red 254 application is safe in each stage of its lifecycle.

5. Acknowledgements
This research was funded by the European Commission in the frame of the FP7 project SUN (grant agreement
No. 604305). The authors would like to thank Bas Bokkers and Wout Slob for their valuable advice regarding
probabilistic risk assessments and for the training in using PROAST for dose-response analysis and Karin Wiench

ACCEPTED MANUSCRIPT
for her valuable support in the evaluation and use of the available toxicological information to properly
perform the hazard assessment.

6. References

T

Arts, Josje H.E., Mackenzie Hadi, Muhammad-Adeel Irfan, Athena M. Keene, Reinhard Kreiling, Delina Lyon,
Monika Maier, et al. 2015. “A Decision-Making Framework for the Grouping and Testing of Nanomaterials
(DF4nanoGrouping).”
Regulatory
Toxicology
and
Pharmacology
71
(2):
S1–27.
https://doi.org/10.1016/j.yrtph.2015.03.007.

CR

IP

Arts, Josje H.E., Muhammad-Adeel Irfan, Athena M. Keene, Reinhard Kreiling, Delina Lyon, Monika Maier, Karin
Michel, et al. 2016. “Case Studies Putting the Decision-Making Framework for the Grouping and Testing of
Nanomaterials (DF4nanoGrouping) into Practice.” Regulatory Toxicology and Pharmacology 76 (April):
234–61. https://doi.org/10.1016/j.yrtph.2015.11.020.

US

BAuA. 2013. “Bundesanstalt Für Arbeitsschutz Und Arbeitsmedizin. Bekanntmachung Zu Gefahrstoffen.
Hergestellte Nanomaterialien. – German Federal Institute for Occupational Safety and Health.
Announcement Regarding Hazardous Substances. Manufactured Nanomaterials. BekG.”

AN

Boonruksa, Pongsit, Dhimiter Bello, Jinde Zhang, Jacqueline A. Isaacs, Joey L. Mead, and Susan R. Woskie. 2016.
“Characterization of Potential Exposures to Nanoparticles and Fibers during Manufacturing and Recycling
of Carbon Nanotube Reinforced Polypropylene Composites.” Annals of Occupational Hygiene, October,
mev073. https://doi.org/10.1093/annhyg/mev073.

M

Cain, Markys, and Roger Morrell. 2001. “Nanostructured Ceramics: A Review of Their Potential.” Applied
Organometallic Chemistry 15 (5): 321–30. https://doi.org/10.1002/aoc.153.

ED

Cavalcante, P.M.T., M. Dondi, G. Guarini, M. Raimondo, and G. Baldi. 2009. “Colour Performance of Ceramic
Nano-Pigments.” Dyes and Pigments 80 (2): 226–32. https://doi.org/10.1016/j.dyepig.2008.07.004.

PT

Chiu, Weihsueh A., and Wout Slob. 2015. “A Unified Probabilistic Framework for Dose–Response Assessment of
Human
Health
Effects.”
Environmental
Health
Perspectives
123
(12):
1241–54.
https://doi.org/10.1289/ehp.1409385.

CE

Christie, Robert M. 1998. “Pigments for Plastics BT - Plastics Additives: An A-Z Reference.” In , edited by
Geoffrey Pritchard, 485–98. Dordrecht: Springer Netherlands. https://doi.org/10.1007/978-94-011-58626_53.

AC

CPMA. 2018. “Color Pigment Manufacturers Association, Inc.
Index.Com/Definitions-of-a-Dye-and-a-Pigment in September 2018.”

Accessed

at

Https://Colour-

Davis, J. Allen, Jeffrey S. Gift, and Q. Jay Zhao. 2011. “Introduction to Benchmark Dose Methods and U.S. EPA’s
Benchmark Dose Software (BMDS) Version 2.1.1.” Toxicology and Applied Pharmacology 254 (2): 181–91.
https://doi.org/10.1016/j.taap.2010.10.016.
ECHA. 2012. “Guidance on Information Requirements and Chemical Safety Assessment Chapter R.8:
Characterisation of Dose [Concentration]-Response for Human Health. Version: 2.1 November 2012.”
EFSA, Susan Barlow, Andrew Chesson, John D Collins, Albert Flynn, Anthony Hardy, Ada Knaap, et al. 2009.
“Guidance of the Scientific Committee on a Request from EFSA on the Use of the Benchmark Dose
Approach in Risk Assessment.” The EFSA Journal 1150: 1–72. https://doi.org/10.2903/j.efsa.2009.1150.
Farnum, Donald G, Goverdhan Mehta, George G I Moore, and Frederick P Siegal. 1974. “Attempted
Reformatskii Reaction of Benzonitrile, 1,4-Diketo-3,6-Diphenylpyrrolo[3,4-C]Pyrrole. A Lactam Analogue
of Pentalene.” Tetrahedron Letters 15 (29): 2549–52. https://doi.org/http://dx.doi.org/10.1016/S0040-

ACCEPTED MANUSCRIPT
4039(01)93202-2.
Gosens, Ilse, Flemming R. Cassee, Michela Zanella, Laura Manodori, Andrea Brunelli, Anna Luisa Costa, Bas G.
H. Bokkers, et al. 2016. “Organ Burden and Pulmonary Toxicity of Nano-Sized Copper (II) Oxide Particles
after Short-Term Inhalation Exposure.” Nanotoxicology 10 (8). Taylor & Francis: 1084–95.
https://doi.org/10.3109/17435390.2016.1172678.
GrandViewResearch.
2016.
“High
Performance
Pigments
Market
Availalbe
at
Https://Www.Grandviewresearch.Com/Press-Release/Global-High-Performance-Pigments-Market.” 2016.
https://www.grandviewresearch.com/press-release/global-high-performance-pigments-market.

IP

T

Helton, J. C., and F. J. Davis. 2003. “Latin Hypercube Sampling and the Propagation of Uncertainty in Analyses
of Complex Systems.” Reliability Engineering and System Safety. https://doi.org/10.1016/S09518320(03)00058-9.

US

CR

Hofmann, Thomas, Lan Ma-Hock, Volker Strauss, Silke Treumann, Maria Rey Moreno, Nicole Neubauer, Wendel
Wohlleben, et al. 2016. “Comparative Short-Term Inhalation Toxicity of Five Organic Diketopyrrolopyrrole
Pigments and Two Inorganic Iron-Oxide-Based Pigments.” Inhalation Toxicology 28 (10). Taylor & Francis:
463–79. https://doi.org/10.1080/08958378.2016.1200698.

AN

Hristozov, Danail, Stefania Gottardo, Elena Semenzin, Agnes Oomen, Peter Bos, Willie Peijnenburg, Martie van
Tongeren, et al. 2016. “Frameworks and Tools for Risk Assessment of Manufactured Nanomaterials.”
Environment International 95 (October): 36–53. https://doi.org/10.1016/j.envint.2016.07.016.

M

Hristozov, Danail R., Stefania Gottardo, Andrea Critto, and Antonio Marcomini. 2012. “Risk Assessment of
Engineered Nanomaterials: A Review of Available Data and Approaches from a Regulatory Perspective.”
Nanotoxicology 6 (8): 880–98. https://doi.org/10.3109/17435390.2011.626534.

ED

IPCS. 2017. “GUIDANCE DOCUMENT ON EVALUATING AND EXPRESSING UNCERTAINTY IN HAZARD
CHARACTERIZATION.
Http://Www.Who.Int/Ipcs/Methods/Harmonization/Uncertainty_in_hazard_characterization.Pdf?Ua=1.”

PT

Iqbal, A. and Cassar L. 1982. “Process for Colouring Highly Molecular Organic Material and Polycyclic Pigments.
Eur. Pat. Appl. 61426.”

CE

Jacobs, Rianne, Hilko van der Voet, and Cajo J. F. ter Braak. 2015. “Integrated Probabilistic Risk Assessment for
Nanoparticles: The Case of Nanosilica in Food.” Journal of Nanoparticle Research 17 (6): 251.
https://doi.org/10.1007/s11051-015-2911-y.

AC

Koivisto, Antti Joonas, Kirsten Inga Kling, Marcus Levin, Wouter Fransman, Ilse Gosens, Flemming Ralph Cassee,
and Keld Alstrup Jensen. 2017. “First Order Risk Assessment for Nanoparticle Inhalation Exposure during
Injection Molding of Polypropylene Composites and Production of Tungsten-Carbide-Cobalt Fine Powder
Based upon Pulmonary Inflammation and Surface Area Dose.” NanoImpact 6: 30–38.
https://doi.org/10.1016/j.impact.2016.11.002.
Leeuwen, CJ, and TG Vermeire. 2007. Risk Assessment of Chemicals. Springer. https://doi.org/10.1007/978-14020-6102-8.
Ma-Hock, Lan, Silke Burkhardt, Volker Strauss, Armin O. Gamer, Karin Wiench, Bennard van Ravenzwaay, and
Robert Landsiedel. 2009. “Development of a Short-Term Inhalation Test in the Rat Using Nano-Titanium
Dioxide
as
a
Model
Substance.”
Inhalation
Toxicology
21
(2):
102–18.
https://doi.org/10.1080/08958370802361057.
Ministère de l’Environnement, de l’Énergie et de la Mer. 2015. “Éléments Issus Des Déclarations Des
Substances à l’état Nanoparticulaire: Exercice 2015.”
Norman, M. 2007. “The Story behind Pigment Red 254, Nicknamed ‘Ferrari Red’. Available via

ACCEPTED MANUSCRIPT
Http://Blog.Cleveland.Com/Pdextra/2007/10/Pollock_cuts.Html.”
OECD. 2012. “IMPORTANT ISSUES ON RISK ASSESSMENT OF MANUFACTURED NANOMATERIALS Series on the
Safety of Manufactured Nanomaterials No. 33.”
Research and Markets Report. 2015. “Automotive Plastics Market for Passenger Cars. Summary Available via
Http://Www.Researchandmarkets.Com/Reports/3339984/Automotive-Plastics-Market-for-PassengerCars-By.”

IP

T

Slob, Wout, Martine I Bakker, Jan Dirk Te Biesebeek, and Bas G H Bokkers. 2014. “Exploring the Uncertainties in
Cancer Risk Assessment Using the Integrated Probabilistic Risk Assessment (IPRA) Approach.” Risk
Analysis : An Official Publication of the Society for Risk Analysis 34 (8): 1401–22.
https://doi.org/10.1111/risa.12194.

CR

Sotiriou, Georgios A., Dilpreet Singh, Fang Zhang, Marie Cecile G. Chalbot, Eleanor Spielman-Sun, Lutz Hoering,
Ilias G. Kavouras, Gregory V. Lowry, Wendel Wohlleben, and Philip Demokritou. 2016. “Thermal
Decomposition of Nano-Enabled Thermoplastics: Possible Environmental Health and Safety Implications.”
Journal of Hazardous Materials 305: 87–95. https://doi.org/10.1016/j.jhazmat.2015.11.001.

US

Störmer, A., J. Bott, D. Kemmer, and R. Franz. 2017. “Critical Review of the Migration Potential of Nanoparticles
in
Food
Contact
Plastics.”
Trends
in
Food
Science
and
Technology.
https://doi.org/10.1016/j.tifs.2017.01.011.

M

AN

Subramanian, Vrishali, Elena Semenzin, Danail Hristozov, Alex Zabeo, Ineke Malsch, Eamonn McAlea, Finbarr
Murphy, et al. 2016. “Sustainable Nanotechnology Decision Support System: Bridging Risk Management,
Sustainable Innovation and Risk Governance.” Journal of Nanoparticle Research 18 (4): 89.
https://doi.org/10.1007/s11051-016-3375-4.

ED

Tsang, Michael P., Danail Hristozov, Alex Zabeo, Antti Joonas Koivisto, Alexander Christian Østerskov Jensen,
Keld Alstrup Jensen, Chengfang Pang, Antonio Marcomini, and Guido Sonnemann. 2017. “Probabilistic
Risk Assessment of Emerging Materials: Case Study of Titanium Dioxide Nanoparticles.” Nanotoxicology
11 (4): 558–68. https://doi.org/10.1080/17435390.2017.1329952.

CE

PT

USEPA. 2001. “Risk Assessment Guidance for Superfund (RAGS) Volume III - Part A: Process for Conducting
Probabilistic Risk Assessment, Appendix B.” Office of Emergency and Remedial Response U.S.
Environmental
Protection
Agency
III
(December):
1–385.
http://www.epa.gov/sites/production/files/2015-09/documents/rags3adt_complete.pdf.

AC

———. 2014a. “Probabilistic Risk Assessment to Inform Decision M; D.C.: Risk Assessment Forum; Office of Th
e Science Advisor; USEPA. Http://Epa.Gov/Raf/Prawhitepaper/Index.Htm.”
———. 2014b. “Risk Assessment Forum White Paper: Probabilistic Risk Assessment Methods and Case Studies.
EPA/100/R‐09/001A. Washington, D.C.: Risk Assessment Forum, Office of the Science Advisor,.”
Wohlleben, Wendel, and Nicole Neubauer. 2016. “Quantitative Rates of Release from Weathered
Nanocomposites Are Determined across 5 Orders of Magnitude by the Matrix, Modulated by the
Embedded Nanomaterial.” NanoImpact 1: 39–45. https://doi.org/10.1016/j.impact.2016.01.001.

AN

US

CR

IP

T

ACCEPTED MANUSCRIPT

AC

CE

PT

ED

M

Graphical abstract

ACCEPTED MANUSCRIPT
Highlights

CE

PT

ED

M

AN

US

CR

IP

T

Probabilistic HHRA to estimate risks posed by ENMs along the lifecycle
Application of the methodology to a real case study: Ferrari Red254 organic pigment
The methodology is implemented in the web-based SUN Decision Support System (SUNDS)
Capability to report the uncertainty that propagates through the assessment process

AC






