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ABSTRACT OF THE DISSERTATION

Development of an integrative process to assess the environmental impacts of engineered

nanomaterials

by

Michelle Azucena Romero Franco

Doctor of Philosophy in Environmental Health Sciences
University of California, Los Angeles, 2018
Professor Hilary Godwin, Co-Chair

Professor Timothy Malloy, Co-Chair

The overarching goal of this work is to develop a framework and tools for assessing the
environmental and human health impacts of Engineered Nanomaterials (ENMs). As a first step,
the analysis focused on the identification of the types of decision makers that need to be able to
assess the environmental impacts of ENMs and the contexts in which they are making decisions
(decision scenarios). Next, a literature review was conducted to determine the utility of existing
environmental impact assessment frameworks for these different decision scenarios, and to
analyze which of these existing frameworks are most useful for assessing the potential impacts of



ENMs in each decision-making context and what gaps exist. This analysis revealed that there is a
significant need for a practical tool that decision makers can use to assess whether they have
sufficient data available to conduct an environmental impact assessment for a specific group of
ENMs for a specific decision context. To address this gap, the core of this thesis presents the
development of a decision-support tool that employs an evidential reasoning algorithm to assess
data required for environmental impact assessment of ENMs. As a proof of concept, this approach
was employed to evaluate whether sufficient data are available to assess the environmental impact
of nano Copper and nano Copper Oxide, nano Zinc Oxide and nano Titanium Dioxide (nano Cu-
CuO, nano ZnO and nanoTiOy) in four different risk scenarios. This analysis revealed that
sufficient data are available to assess the risk potential of TiO2 in consumer products and
occupational settings and that sufficient data are available to assess the risk potential of nano Cu-
CuO with respect to aquatic environments. In all of the other combinations of materials and
scenarios explored, the results show that additional data on the environmental fate and transport
and regarding exposure potential are needed to be able to assess potential environmental impact.
The final section of this thesis focuses on the implications that this and other work in the field of
Environmental Health and Safety for Nanomaterials (Nano EH&S) have for our overall
understanding of the risk of ENMs to human health. Specifically, key questions of concern to the
public health community are proposed, and answers to these questions and remaining gaps are
provided based on a comprehensive review of major accomplishments in the field of Nano EH&S
over the last decade and a half. An overarching set of conclusions is provided in chapter five
summarizing the scientific contributions of this work. The chapters of this work constitute
important progress towards the development of frameworks and tools for characterizing the

environmental and human health impacts of ENMs.
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CHAPTER 1: INTRODUCTION AND OVERVIEW OF THE ORGANIZATION OF THE

THESIS

THE ROLE OF SCIENTIFIC EVIDENCE IN ENVIRONMENTAL HEALTH
DECISION-MAKING: ASSESSING ENVIRONMENTAL IMPACTS OF ENGINEERED
NANOMATERIALS

Environmental health decision-making is a complex undertaking that involves navigating and
balancing scientific evidence and policy development to protect the environment and human
population from adverse effects. Holistic approaches are needed to provide an understanding and
assessment of the scientific evidence that also consider uncertainties related to this evidence. For
this purpose, decision support systems can be developed and adapted to specific decision contexts
and agents of concern (e.g., chemicals, technologies, materials). In this work, an illustration of a
decision support system (Figure 1.4) and its corresponding elements is presented for the case of
Engineered Nanomaterials (ENMSs) by first introducing an overview of the environmental health
and safety implications of ENMs and a critical review of needs and challenges in assessing the
environmental impacts of ENMs in different decision-contexts, followed by a scientific approach
to assess the information availability to assess such impacts and a synthesis of the progress in the
field with regard to public health implications. It is envisioned that the present decision-support
system can be tailored to chemicals, technologies or other materials of concern, given the
overlapping elements such as the critical evaluation of available data (e.g., a clear scientific
rationale behind the required environmental impact assessment information) and transparency of

the proposed methods.



HISTORICAL BACKGROUND ON ENVIRONMENTAL HEALTH AND SAFETY
RESEARCH ON ENGINEERED NANOMATERIALS

One of the drivers to the development of studies on the Environmental Health and Safety of
engineered nanomaterials (i.e., materials manufactured/synthesized with at least one dimension
<100 nanometers) (Nano EH&S) was the work from the air quality literature, which demonstrated
that ultrafine particles (UFPs) (i.e., particles that are <100 nm in size and inadvertently produced
through combustion or other processes) pose significant threats to human health. In the late 1990°s
and early 2000’s, a series of studies suggested that inhalation of particles that are less than 100 nm
in size is particularly hazardous. Pioneering studies (Oberdorster et al. 1995, Donaldson et al.
1998) demonstrated that UFPs possess specific properties that differ from those of larger particles
and, in some cases, elicit a greater toxicity response than larger analogs. Subsequent studies
revealed that in vitro exposure to UFPs results in oxidative stress in cells lines (i.e., macrophages
and epithelial cells) (Li et al. 2003), whereas epidemiological studies demonstrated that inhalation
exposure to UFPs leads to a decrease of pulmonary function (peak expiratory flow), and increased
exposure to UFPs also results in cough in non-smoking asthmatic individuals (Peters et al. 1997).
Given the above-mentioned findings and the similar size range between engineered nanomaterials
(ENMs) and ultrafine particles (i.e., less than 100 nm), scientists from the air quality field began
to assess the potential of ENMs to elicit similar adverse biological properties (Li et al. 2016).

Another driver contributing to interest in Nano EH&S studies has been the exponential market
growth in Nanotechnology and ENMs. As a result of their unique properties, ENMs have been
incorporated into over 1000 products and are anticipated to reach a market of $1 trillion globally
by 2020 (Roco 2011). The forecasted $1 trillion market of Nanotechnology and Nano-enabled

products is also reflected in an increasing trend in the diversity in patents for commercial
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applications. Between 2000 and 2008, the worldwide growth rate of the number of nanotechnology
patent applications reached 34.5% (Dang et al. 2010). This growth has been fueled by the
incorporation of ENMs into semiconductor devices, medical treatments, chemical and physical
processes, among others. This growth in commercial applications of ENMs along with the quick
rise in the number of novel ENMs being produced each year has fueled safety concerns.

Based on early studies and concerns, several federal agencies in the United States set aside
funding to support targeted research on the environmental applications and impacts of ENMs
during the early 2000’s. One of the earliest funding efforts to establish research centers in this area
came from the National Science Foundation (NSF), which granted ~$12 million to Rice University
for the establishment of the “Center for Biological and Environmental Nanotechnology ”(CBEN)
in 2001, which was directed by Vicki Colvin and Richard Smalley. One of the objectives of this
research center was to address concerns regarding interaction of ENMs and organic materials with
biochemical and cellular processes (NSF 2006). Subsequent funding programs focused on Nano
EH&S as well as greater coordination between different U.S. agencies. In 2003, CBEN nominated
ENMs for testing by the National Toxicology Program (NTP) (Colvin 2003), which resulted in
studies by the NTP evaluating nanoparticle translocation, characterizing the inhalation toxicology
of high aspect ratio materials and determining the immune responses to ENMs. At that time, the
U.S. Environmental Protection Agency (EPA) launched its first exploratory grants program on
Nano EH&S (NRC 2003) and the Nanotechnology Environmental and Health Implications (NEHI)
workgroup was established within the National Science and Technology Council (NSTC) to
specifically address the needs in terms of Nano EH&S (NSET 2006). Another milestone at this

time was the enactment of the 21st Century Nanotechnology Research and Development Act,



which aimed to ensure safe development of nanotechnology via the allocation of federal funding
for Nano EH&S (U.S.C. 2003).

These research initiatives from the U.S. federal government agencies resulted in the
publication of several seminal studies and reports in 2004-2007 that focused on developing Nano
EH&S research milestones and guidelines. In 2004, in the U.S., Donaldson et al. (Donaldson et al.
2004) highlighted the need for adequate toxicity and risk assessment of ENMs, and used the term
“nanotoxicology” for the first time in peer-reviewed literature (Santamaria 2012). This led to the
development of “nanotoxicology” as an identifiable field (Oberdorster et al. 2005). In 2005 the
EPA published a “Nanotechnology White Paper” (EPA 2005, Morris and Willis 2007), which
identified and described the issues that EPA needed to address to ensure protection of human health
and the environment. Likewise, in 2005, the U.S. National Institute for Occupational Safety and
Health (NIOSH) published the report “Approaches to Safe Nanotechnology and Information
Exchange with NIOSH” (NIOSH 2005) and the draft of the “Strategic Plan for NIOSH
Nanotechnology Research: Filling the Knowledge Gaps” (NIOSH 2005), both of which were
aimed at promoting recommendations for occupational safety and health practices for ENMs.
Around the same time, the Royal Academy of Engineering in the UK published the report
“Nanoscience and Nanotechnologies: Opportunities and Uncertainties”, which outlined potential
risks of ENMs (Royal 2004), and the Scientific Committee on Emerging and Newly Identified
Health Risks of ENMs (SCENIHR) of the European Commission issued a report outlining critical
knowledge gaps that required attention for risk assessment (SCENIHR 2005). In 2007, a
collaborative project, “NanoRisk”, was launched by DuPont aiming at analyzing exposure and

hazard potential of nanomaterials (DUPONT 2007).



CHALLENGES OF ENVIRONMENTAL HEALTH AND SAFETY RESEARCH OF
ENGINEERED NANOMATERIALS

Through the above-mentioned activities, a number of “challenges” related to the environmental
health and safety implications of ENMs were identified by the scientific and regulatory
communities. Based on a literature review of the Nano EH&S, these challenges have been
summarized into the list below, which serves as a guideline to illustrate the progress achieved over

the last two decades in this field (Figure 1.1, Figure 1.2 and Table A.1 in Appendix A):

Challenges Related to Characterizing the Physicochemical Properties of ENMs

1. Early syntheses of ENMs often resulted in high batch to batch variability in
materials and hazard properties. This variability led to the need to develop standard
reference materials and protocols for preparation and characterization of ENMs.

2. As a result of the rapid growth in discovery and increasingly large production of
new ENMs and safety data gaps, research on Nano EH&S has struggled to keep up
with the pace of new materials being discovered and placed in the market.

3. The increase in experimental research of ENM safety has resulted in the production
of large datasets that has led to the need for new computational and statistical

approaches to manage data sets of ENMs.

Challenges Related to Assessing the Hazard Potential of ENMs
4. The hazard potential and toxicity of ENMs typically depend on environmental and
biological conditions, which can also influence the fate and transport of ENMs. As
a result, there can be substantial differences between the hazards of pristine and

transformed ENMs studies need to consider these effects.
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The hazard potential of ENMs is highly dependent on their properties (e.g., Size,
shape, composition, surface coatings, etc.), which means that even closely related
materials may have vastly different hazard potentials and need to be independently
assessed for safety.

The vast numbers of ENMs (and continuous production growth) make it unfeasible
to conduct detailed/extensive in vivo assessments for all new ENMS. As a result,
there is a need for validated hazard assessment strategies and protocols that

incorporate both in vitro and in vivo test results.

Challenges Related to Assessing the Exposure Potential of ENMs

7.

The environmental conditions across media induce significant changes in the
physicochemical properties of ENMs, which in turns affect intermedia transport.
Hence data and models are needed to quantify environmental releases and fate and
transport of ENMs in the environment to assess environmental exposure, while
considering the transformations of ENMs in the environment.

Naturally-occurring nano-sized particles can interfere with quantitative
measurement of ENMs in real world settings. As a result, improved and more
specific field monitoring and measurement data are needed.

Occupational exposure assessment requires methods that (i) address the potential
of other particulate matter to interfere with ENMs and, (ii) translate exposure levels

measured in animals to values relevant for humans.



Challenges Related to Assessing the Risk of ENMs

10.

11.

12.

13.

14.

Given the above-mentioned challenges and significant differences between ENMs
and chemicals, researchers have questioned the suitability of traditional
environmental impact assessment approaches for ENMs. In cases where traditional
approaches are not suitable, alternative approaches would need to be developed to
assess ENM safety.

Tools are needed to assess whether available data are sufficient/adequate to conduct
a risk/environmental impact assessment of ENMs under different scenarios and for
different decision contexts, and, if not, identify what additional data are required.
Assessments are needed to determine whether/when/which traditional Life Cycle
Analysis (LCA) tools are applicable to ENMs. In cases where the traditional LCA
tools are not suitable as is, it is necessary to determine how such tools must be
modified.

Epidemiological studies are needed to demonstrate whether effects of ENMs
observed in animal models can be extrapolated to human populations.

The increasing numbers of ENMs applied to consumer products is associated with
a need for practical risk reduction strategies for ENMs. These risk reduction
strategies require Nano EH&S research and data that is adequate to inform

regulatory decision-making.

Challenges Related to Ensuring the Safety Next Generation ENMs

15.

The promising benefits of complex, next generation ENMs in commercial

applications (e.g., therapeutics and diagnostics) necessitates improved methods for



screening these materials for safety and the development and dissemination of best
practices for design of safer ENMs.
16.  Safety assessment procedures developed for relatively simple ENMs need to be

validated for and applied to more complex (3™ and 4™ generation) ENMs.

Challenges Related to Communicating the Risks of ENMs

17.  To reduce the possibility of rejection of this important new technology by the
public, key stakeholders (e.g., NGOs, industry and policy makers) need to be
engaged in prioritizing Nano EH&S research and education strategies.

18. NGOs, industry and policy makers need to be engaged in the development of risk
communications strategies for Nano EH&S and communicating research results to
different communities.

In the sections that follow, a critical analysis is provided with regard to the scientific milestones
over the last two decades, to what extent advances in the field of Nano EHS have addressed the
challenges listed above, and what gaps remain. Next, an explanation follows on how the work
reported in this thesis addresses those remaining gaps. At the end of this chapter, the organization

of the body of this thesis is provided.

KEY FINDINGS AND ADVANCES OVER THE LAST TWO DECADES IN NANO
EH&S

Over the last two decades large amounts of additional funding have been allocated to
address the above listed challenges (i.e., characterization, exposure, hazard, risk assessment and

communication) in Nano EH&S. The U.S. National Nanotechnology Coordination Office
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(NNCO) reported U.S. spending for Nano EH&S in 2004 to be $8.5 million (approximately 1%
of the NNTI’s total budget). By 2006, this increased to $38.5 million (almost 4% of the total of the
NNTI’s budget). Around the same time, the U.S. Environmental Defense Organization proposed
that the annual Nano EH&S budget in the U.S. should be increased to $100 million to meet
emerging research needs (Denison 2005). The amount allocated to Nano EH&S research increased
to 5% of the NNI’s budget in 2007 and surpass the $100 million mark in 2011 (National
Nanotechnology 2014). As part of the above trend, the EPA and NSF launched a call for proposals
in 2008 to create a collaborative center dedicated to Nano EH&S issues, which resulted in funding
of two different centers. The first of these is the University of California Center for Environmental
Implications of Nanotechnology (UC CEIN), which has the goal of developing environmental
decision making tools that consider ENM physicochemical properties, environmental fate,
transport, exposure, and hazard generation across a wide spectrum of nano/bio interfaces in cells,
bacteria, organisms, communities and ecosystems. The second is the Duke Center for
Environmental Implications of NanoTechnology (CEINT), led by Duke University, which has the
goal of exploring the relationship between a vast array of nanomaterials — from natural, to
manufactured, to those produced incidentally by human activities — and their potential
environmental exposure, biological effects, and ecological impacts. These centers were
continuously funded from 2008-2018 to study how nanomaterials behave in the environment and
interact with living systems, with the goal of translating this knowledge into mitigation strategies
useful in the development of nanotechnology (NSF 2008).

In Europe, funding for nanotechnology risk-related research (Nano EH&S) in the European
Union’s Framework Program 7 (FP7) was €261 million (USD $218 million) between 2006 and

2013, with a further €71 million (USD $59 million approximately) allocated in Horizon 2020 (the
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successor to the FP7 program) (Maynard and Aitken 2016). In Asia, the budget allocated for Nano
EH&S in Taiwan was about 10% of the total R&D expenditure in 2010, while Japan’s budget
averaged less than 2% for the same time period (Roco 2011). Following this second wave of Nano
EH&S funding, the research output in the field of Nano EH&S skyrocketed. The increase in the
number of publications consistent with raises in the U.S. Federal budget allocated for Nano EH&S
research is shown in Figure 1.3. The above increase in the number of publications is also an
indicator that significant progress was made towards addressing the Nano EH&S challenges
described in the previous section. In the following sections, major highlights of the progress

achieved for each challenge are further discussed.

Progress Related to Characterizing the Physicochemical Properties of ENMs

The highly variable physicochemical properties of ENMs that make them so desirable for many
applications also makes them challenging for toxicological analysis. One of the most important
characteristics of ENMs is that their properties differ substantially from those bulk materials of the
same composition, and many have exceptional properties (e.g., conductivity, reactivity, and optical
sensitivity). These properties can be modified systematically by varying parameters of the ENMs
(e.g., size, surface charge, core composition, coatings, etc.) to achieve a specific desired function.
However, some physicochemical properties, such as size, are also closely related to their hazard
potential or bioactivity (Wiesner et al. 2009). Hence, researchers need to know exactly what
nanomaterials they have if they wish to understand how toxicity of a particular class of ENMS
and interactions with biological and/or environmental systems depends on their physicochemical
properties (Nel et al. 2006). The broad diversity of ENM properties can lead to inconsistent results

in toxicity testing/assays if proper controls are not put in place (Challenge #1). In the early days
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of the Nano EH&S field, the lack of standard reference materials, standard preparation protocols
and standardized analytical characterization protocols meant that researchers often had difficulties
reproducing each other’s results (Maynard 2006, Roebben et al. 2011, Roebben et al. 2013).

One of the most significant advances made towards reducing inconsistency of results from
toxicity assays was the development and dissemination of standard reference nanomaterials by the
National Institute of Standards and Technology (NIST). Since 2004, when the NIST’s Advanced
Measurement Laboratory (AML) was established (Rashba et al. 2004), NIST has actively worked
on the development of measurement protocols of ENMs and the development of standard reference
nanomaterials. These standard reference nanomaterials are selected because they are sufficiently
homogeneous and stable with respect to one or more particular properties. NIST makes these
materials widely available to be fit for its intended use in a measurement process (NIST 2017).
These standard reference materials have proven to be essential tools in the quest for comparable
and reliable measurement results (Roebben et al. 2011) and have largely helped address variability
issues within the field. The NIST website (https://www.nist.gov/mml/nano-measurement-
protocols) also includes measurement and protocols developed in collaboration with external
partners (e.g., CEINT and UC CEIN). These include protocols for sample preparation,
physicochemical measurements and biological/environmental measurements (NIST 2017). Some
of the most influential advances include those for preparing dispersed solutions of ENMs (Ji et al.
2010), characterization of the aggregation state in various media using Dynamic Light Scattering
(DLS) (Taurozzi et al. 2013) and assays to study nanomaterial induced genotoxicity (Nelson et al.
2015).

Several international groups/organizations have also piloted efforts in the development of

standard reference nanomaterials including representative test materials (i.e., nanomaterial from a
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single batch, which is sufficiently homogeneous and stable with respect to one or more specified
properties and has been validated as fit for use in the development of test methods). For example,
the European Commission’s Joint Research Center (JRC) at the Institute for Reference Materials
and Measurements (IRMM), in collaboration with the Institute for Health and Consumer
Protection (IHCP) have developed several representative test nanomaterials (Roebben et al. 2013).
These test materials are available to researchers through the European Nanomaterials Repository
(Totaro et al. 2016)

The diverse structures and compositions of ENMs studied by researchers also necessitates the
use of a wide array of analytical characterization techniques. Comprehensive characterization of
ENMs properties is necessary not only to provide an understanding of pristine materials, but also
to understand how these properties are altered in situ by environmental and biological conditions
and how measured ENM properties correlate with biological and environmental responses
(Holbrook et al. 2015). Two characterization techniques, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), have been particularly crucial to the advancement of
hazard assessment of ENMs. SEM and TEM are useful for tracking cellular and tissue uptake
(Buzea et al. 2007). These methods are most useful for studying electron-dense (metallic)
nanoparticles and are not very useful for studying soft materials (e.g., dendrimers and liposomes)
(Nel et al. 2009). Other techniques that have been adopted for characterization of ENMs (NRC
2012) include:

e Small-angle x-ray scattering, which is used to define nanoparticle cores;

e X-ray photoelectron spectroscopy and Fourier-transform infrared (FTIR) spectroscopy,

which is used to define ENM surface chemistry;
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Atomic-Force Microscopy (AFM), which provides information about the overall
dimensions of cores and shells of ENMs;

Thermal gravimetric analysis, which provides the ratio of ligand mass to core mass in
ENMs; and

Nuclear magnetic resonance spectrometry, which can be used to detect small-molecule

impurities in ENM preparations.

Given that the application of comprehensive measurements is not always feasible, a number of

groups have proposed minimal characterization studies that should be used for all Nano EH&S

studies (Boverhof and David 2010, Pettitt and Lead 2013). Typically, the following properties are

included in this minimum characterization set (Boverhof and David 2010, Pettitt and Lead 2013):

Size: particle size distribution (PSD), mean/median, variability;

Core properties: chemical composition, crystal structure (crystallinity), chemical
interactions, morphology and shape;

Surface properties: specific surface area, charge, oxidation state, coordination chemistry,
surface capping/coating agents;

Aggregation state/agglomeration: aggregate size and morphology, Kkinetics and
mechanisms of aggregation/disaggregation; and

Solubility (for metal based ENMs): dissolution rate.

Other considerations that should be considered when assessing toxicity of ENMs include the

stability of the ENM (e.g., how the ENM changes over time), the media and (where possible)

relevant dose metrics, mass and number concentration. Rigorous characterization of ENMs is

critical to safety assessment of ENMSs, and the inclusion of such information in toxicity studies has

been proposed as metric of the quality of ENM toxicity studies (Card and Magnuson 2010).
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The exponential growth of the field of Nanotechnology has also created challenges in
characterizing exposure potential and hazard for a large number of new materials in a small amount
of time (Challenge #2). Advances that have allowed researchers to gather a large amount of data
in a short amount of time include the development of:

e Alternative Testing Strategies (ATS), which allows a large number of materials to be
tested rapidly and can be used to reduce animal experimentation and the time/cost for
testing;

e In silico methods, which use computational approaches to predict toxicological
outcomes; and

e Read-across approaches, in which known information from well characterized
chemicals is extrapolated to novel ENMs (Oomen et al. 2015).

Examples of ATS include high-throughput (HTS) and high-content (HCS) screening methods.
These methods can be used to assess toxicological injury pathways, signaling pathways, membrane
damage, organelle damage, apoptosis and necrosis pathways, DNA damage, and mutagenicity
(Meng et al. 2009). HCS methods focus exclusively on cell-based assays that use microscopic
image analysis to assess certain cellular responses (e.g., reactive oxygen species production and
membrane changes) (Huo et al. 2015)), while HTS methods include a wide variety of assays to
study multiple biological effects (e.g., in vivo zebrafish models (Lin et al. 2013), and cell-free
biochemical assays (Rogers et al. 2008)).

In silico toxicology approaches involve the integration of modern computing and information
technology with molecular biology (Raunio 2011)) and have been key in the development of
models such as quantitative structure activity relationships (QSARSs), which are valuable tools for
filling data gaps (Roco 2011). High-throughput screening and in silico methods are closely related
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as high-throughput data can form the basis for developing and validating in silico toxicity models
(e.g., QSARSs). Both ATS and in silico methods can be used not only to address data gaps but also
to generate data-driven hypotheses to establish and/or validate possible toxicity mechanisms. Data
mining techniques (e.g., the process of examining large databases to generate new information)
have been shown to be useful during exploratory analysis of HTS data. Data mining can be used
to extract information for hypothesis formulation of possible toxicity mechanisms and relationship
among different cell responses, and relevance of environmental conditions and ENMs properties
(Cohen et al. 2012). One example is the use of heatmaps, which provide ordered representations
of data and can facilitate identification of similarity patterns via row and/or column
clustering(Cohen et al. 2012). Read-across approaches have also been proposed to predict toxic
endpoint information for a given ENM by using data from another ENM or bench chemical that
has similar physicochemical properties or a similar chemical composition (Arts et al. 2015,
Gajewicz et al. 2015).

The large amounts of data generated from these approaches have created an additional
challenge, which is the need for computational and statistical approaches for handling ENMs data
sets and providing Nano EH&S assessments (Challenge #3). A major advance has been the
development of professionally curated data repositories and nanoinformatics tools, which have
helped facilitate studies that link the physicochemical properties of ENMs to their toxicological
behavior (Guzan et al. 2013, Liu and Cohen 2015, Powers et al. 2015). Examples of initiatives for
data curation include, the Nanomaterial Registry (Guzan et al. 2013), ISATAB Nano (Thomas et
al. 2013), caNanoLab and eNano Mapper. The Nanomaterial Registry was established to provide
reported information on nanomaterials, which have been put through a robust curation process

(available at the website www.nanomaterialregistry.org) (Guzan et al. 2013). This registry was
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developed by RTI International and is funded by the National Institute of Biomedical Imaging and
Bioengineering (NIBIB), the National Institute of Environmental Health Sciences (NIEHS) and
the National Cancer Institute (NCI). The Registry captures details about biological and
environmental studies on ENMs and provides links, when possible, to the detailed endpoint data
associated with the studies. ISATAB Nano comprises four spreadsheet-based file formats for
representing and integrating various types of nanomaterial data. These spreadsheet formats are
broken down into the following elements: (1) investigation files (reference information about each
investigation, study, assay, protocol, study file and assay file); (2) study files (names and attributes
of protocols used for preparing samples for analysis); (3) assay files (values of measured endpoint
variables and references to external data files for each analyzed sample) and (4) material files
(description of the material sample and its structural parts and chemical components). One
advantage of such standardized file formats is that they provide a framework for recording and
integrating ENM descriptions, assay data (metadata and endpoint measurements) and protocol
information (Thomas et al. 2013). In this regard, another data-sharing portal is caNanoLab, which
is designed to facilitate information sharing in the biomedical nanotechnology research community
to expedite and validate the wuse of nanotechnology in biomedicine (available at

https://cananolab.nci.nih.gov/caNanoLab/) (Panneerselvam and Choi 2014). Likewise, within the

NanoSafety Cluster (a cluster of projects funded by the European Commission), eNanoMapper
was developed as a computational infrastructure for toxicological data management of ENMs.
eNanoMapper works towards supporting the collaborative safety assessment for ENMs by creating
amodular and extensible infrastructure for data sharing, data analysis, and building computational

toxicology models for ENMs (Jeliazkova et al. 2015).
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Efforts to host the large amounts of Nano EH&S data, data repositories and data management
plans have been facilitated by broadening data requirements by U.S. agencies regarding data
collection and distribution that are not nano-specific but are relevant to nano research. For instance,
in the United States, the U.S. Office of Science and Technology Policy (OSTP) coordinates with
U.S. Federal agencies to develop policies to promote public access to the results of federally
funded research, including digital data (NSF 2015). As part of their grants program, U.S. Federal
funding agencies have established requirements for data repositories and data sharing. In the
United States, NSF requires applicants for funding to prepare a Data Management Plan (DMP)
(NSF 2015). NSF requires that (to the extent feasible), consistent with applicable law and policy,
and agency mission, digitally-formatted scientific data resulting from unclassified research
supported wholly or in part by NSF funding should be stored and publicly accessible to search,
retrieve, and analyze (NSF 2015). Other U.S. research institutions and funding agencies have also
developed open data policies. For example, the U.S. National Institutes of Health (NIH) developed
a data-sharing policy as early as 2003 to encourage NIH-funded researchers to share scientific data
sets (OECD 2015). The policy requires of applicants requesting USD $500,000 or more of funding
to include a data-sharing plan in the grant application procedure, or to justify why data sharing is
not possible (OECD 2015).

Despite all of these advances, expert systems specific to Nano EH&S are still needed for
researchers to manage the information and knowledge linked to data, and to aid in the process of
defining the minimal information required to describe ENMs. Currently, heterogeneous formatting
of data from different sources continues to challenge integration for nano-databases. Furthermore,
data sharing within the Nano EH&S field is still hampered as a result of concerns related to

intellectual property and “authorship” of data. Another limitation at present is that curation of data
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into data repositories is primarily conducted manually by extraction from the literature. Significant
challenges include the time required, as well as uncertainty about what criteria to use when
selecting data for analysis (Harper et al. 2013). To address some of the challenges involved in
information management, researchers at the UC CEIN have developed a new and improved web-
based data/information management system (NanoDatabank: http://nanoinfo.org/nanodatabank/)
for Nano EH&S research. This data management system has provisions for convenient data
storage, classification, retrieval and sharing (with individual users and/or user groups). This system
allows researchers to access data from various studies; these data are classified via a dynamic
system that automatically generates Meta Data. At the date at which this was written (July 2018),
NanoDatabank contained over 1000 uploaded investigations from UC CEIN and it is expected to

be deployed for use of external investigators as well.

Progress Related to Assessing the Hazard Potential of ENMs

Because ENMs are in the same size range as biological receptors, they can have unique
biological properties. Hence, the study of ENM interactions with proteins, membranes, cells, DNA
and organelles and their nanoparticle/biological interfaces is critical to ascertain their potential
hazardous effects.

The interactions of ENMs with proteins and other biological entities can also lead to the
formation of protein coronas, particle wrapping, intracellular uptake and biocatalytic processes
which can in turn lead to changes in hazard potential (Challenge #4). The effects produced by
interaction with biomolecules include ENM phase transformations, free energy releases,

restructuring and dissolution (Nel et al. 2009).
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Given the need to study these interactions to develop safer-by-design ENMs, many
technologies are emerging or are being adapted for studying nano—bio interfaces (Nel et al. 2009).
For example, Surface Enhanced Raman Scattering (SERS), which is a common technique used for
bioimaging of cells and intact animals and has proven very valuable for studying nano-bio
interactions (Salata 2004, Nel et al. 2009, Cardinal et al. 2017). SERS is sensitive enough to detect
single molecules and can be used as a molecular imaging technique in living organisms (Nel et al.
2009, Cardinal et al. 2017). Other imaging techniques, such as transmission electron microscopy
(TEM) cryomicroscopy can be used to image unstained biomolecules and intercellular structures
at the sub-nanometer level. TEM, combined with data processing, enables the molecular
topographies of single biomolecules to be visualized in conformational states that are not
accessible through X-ray diffraction (Nel et al. 2009).

Some properties of ENMs that are related to a high potential for eliciting hazard and such
properties can also interfere with standard toxicological assays (Challenge #5). For example, in
ENMs such as Carbon Nanotubes (CNTSs) aspect ratio, impurities, and coatings (Fubini et al. 2011)
are important determinants of hazard potential (e.g., CNTs evoke pulmonary inflammatory
response similar to asbestos due to their high aspect ratio). For other materials, such as Quantum
Dots, the hazard potential has been correlated with their diameter and surface properties including
shell, ligand and surface modifications in a recent analysis of more than 300 publications (1,741
toxicity data samples) (Oh et al. 2016). For nano silica, the hazard potential has been correlated
with oxidation state/hydration state of surface (Napierska et al. 2010, Fruijtier-P6lloth 2012). In
the case of synthetic amorphous silica (SAS), biological activity has been related to the particle

shape and surface characteristics interfacing with biological media (Fruijtier-Polloth 2012).
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Major advances have been achieved in understanding the mechanisms of toxicity of ENMs by
studying how toxicity varies with particle size distribution, surface area, particle shape,
hydrophobicity, chemical composition, redox potential and band gap (Gao and Lowry 2017), thus
leading to the development of approaches to predict hazard based on ENMs properties. For metal
oxide ENMs (MOXx), two properties that have been identified as relevant to their hazard potential
are redox potential and band gap energy (Zhang et al. 2012). A study conducted with 24 metal
oxide (MOx) nanoparticles showed that it is possible to use conduction band energy levels to
delineate their potential toxicity on cellular and animal levels. For MOx ENMs, an overlap of
conduction band energy (Ec) levels with cellular redox potential strongly correlates with the ability
of ENMs to induce oxygen radicals, oxidative stress, and inflammation (Zhang et al. 2012). In
silico approaches, such as nano-SAR (structure activity relationships) leveraging those data have
revealed that conduction band energy and ionic index (often correlated with the hydration
enthalpy) can be used as suitable descriptors of toxicity mechanisms for MOx ENMs and metal
ions (Liu et al. 2013).

Despite the progress made in hazard assessment involving the influence of ENM properties
and biological interactions, an area that still requires further research is understanding how
transformations of ENMs in the environment can affect hazard outcomes. A recent review (Holden
et al. 2016) suggests that pristine ENMs, including those with surface functionalization, capping
agents, or adsorbed species or coatings, are more frequently assessed, with only a minor fraction
of transformed versions of ENMs being studied. However, studies on textiles, paints, and
nanocomposites suggest that released particles significantly transform and age in the environment
and exhibit different environmental behavior and effects compared to pristine ENMs (Holden et

al. 2016). Hence, based on expert elicitation Holden et al. identify the following strategies to
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improve toxicology assays, a) choose test end points, duration, and study conditions (e.g., use of
ENM test concentrations that align with realistic exposure scenarios from modeling or monitoring
studies), and b) consider environmental realism in ENM hazard assessments (e.g., using receptors
and exposure conditions that reflect real life scenarios) (Holden et al. 2016). In their study, Holden
et al. recommend improving the coordination among ENM quantitative analysts, exposure
modelers, and ecotoxicologists, and stakeholders across government, industry, and academia
(Holden et al. 2016).

Assessing hazard of ENMs also requires standard protocols and materials to avoid difficulties
in comparing studies done with similar ENMs and inconsistencies in outcomes of in vivo and in
vitro studies (Challenge #6). Discordance between findings from in vivo and in vitro studies can
be partially attributed to batch to batch variability, method and duration of dosing and dose level
and method of ENM manipulation prior to testing (Bonner et al. 2013). In this regard, important
steps have been made towards standardization of toxicity testing. Relevant examples include
efforts by the U.S. National Institute of Environmental Health Sciences (NIEHS) Nano Go
Consortium (Xia et al. 2013), the European group QualityNano (Hole et al. 2013) and international
groups, such as the International Alliance for NanoEHS Harmonization (IANH) (Roebben et al.

2011) and the OECD (Petersen et al. 2015).

U.S. — Nano GO Consortium

Nano GO Consortium is an interlaboratory, multi-investigator project involved in (NIEHS)-
funded consortium studies that conducted a series of in vivo and in vitro interlaboratory
experiments to determine if it could generate consistent data sets using a well-characterized and

commonly sourced panel of ENMs. This consortium conducted in vitro experiments on bioactivity
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evaluations on zinc oxide (ZnO), three forms of titanium dioxide (TiO2), and three forms of multi-
walled carbon nanotubes (MWCNTSs) using mammalian cell lines, lung epithelial cells and
macrophages (Xia et al. 2013). Their results suggest that conducting studies with multiple relevant
cell types to avoid false-negative outcomes is critical for accurate evaluation of nanomaterial
bioactivity (Xia et al. 2013). The second set of experiments conducted by members of the
consortium included in vivo models to evaluate lung responses in mice and rats to nano TiO> and
multi-walled carbon nanotubes (MWCNTS) exposure. The results from the Nano GO consortium
revealed similar patterns of pathology in rats and mice produced by the nanomaterials. Although
interlaboratory variability was observed for the degree of neutrophilia caused by the three types of
TiO2 nanoparticles, similar findings for relative potency for the three types of MWCNTSs were
found across all laboratories. As a result, this initiative has generated greater confidence in the

utility of interlaboratory comparisons (Bonner et al. 2013).

European research consortium Quality Nano

Another group working towards validation of hazard assays is the Quality Nano initiative,
which is an EU FP7-funded research group that integrates researchers from 28 European analytical
and experimental facilities that study nanotechnology, medicine and natural sciences (Hole et al.
2013). The goal of Quality Nano is to develop and implement best practice and quality in all
aspects of nanosafety assessment. The results of an interlaboratory comparison (ILC) exercise
measuring modal particle size, via nanoparticle tracking analysis (NTA), showed that even a well-
defined protocol (much more complete and detailed than usually described in published

experimental studies) can still lead to variability of outcomes (Hole et al. 2013).
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International consortiums

The International Alliance for Nano EHS (IANH), established in 2007, is one of the pioneer
groups working towards the development of standard (reference) materials, methods, and
procedures relevant to Nano EH&S (Roebben et al. 2011). IANH was an interdisciplinary group
of scientific experts from Europe, Japan and the United States. This group conducted a series of
interlaboratory comparisons (ILCs) among ten different laboratories using reference materials
provided by the U.S. National Institute of Standards and Technology (NIST) and the Institute for
Reference Materials and Measurements of the European Commission’s Joint Research Center
(JRC-IRMM) and following 1SO standards to assess the size and surface charge of suspended
nanoparticles. Results showed that, when detailed shipping, measurement, and reporting protocols
are followed, measurement of the hydrodynamic particle diameter of nanoparticles in predispersed
monomodal suspensions using the dynamic light scattering method results in reproducible
(Roebben et al. 2011). On the other hand, measurements of more polydisperse suspensions of
nanoparticle aggregates or agglomerates were not reproducible between laboratories (Roebben et
al. 2011).

The OECD has also led efforts towards the standardization and validation of toxicity tests. One
of the main objectives of the OECD has been to develop aquatic toxicity tests for use with ENMs.
To develop such standardized tests, an expert workshop was convened to develop guidelines using
OECD aquatic and sediment tests. As a result of this workshop, specific requirements for testing
were identified, including ones related to preparation of dispersions, dose metrics, the importance
and challenges associated with maintaining and monitoring exposure levels, and the need for

reliable methods to quantify ENMs in complex media (Petersen et al. 2015).
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Progress Related to Assessing the Exposure Potential of ENMs

Exposure assessment of ENMs poses a unique challenge to Nano EH&S, given the changes
that occur in ENM properties that result from contact of ENMs with biological and environmental
media. An important point to be considered is that not all nano-enabled products will result in
exposures, and not all exposures will lead to new risks. For instance, the use of modern nano-
semiconductors is unlikely to lead directly to ENM exposure. Materials and products of most
concern are those with the potential to release nanoscale materials into the environment that may
lead to biologically relevant exposure (e.g., aerosols, powders, and suspensions of engineered
nanometer-diameter particles (nanoparticles) and micrometer-scale agglomerates or aggregates of
these particles).

The exposure potential of ENMs depends on properties such as reactivity, toughness and
solubility in water, which are highly dependent on ENM size, shape and structure. Once released,
ENM properties such as solubility in water, colloidal stability and reactivity have been shown to
influence how ENMs interact with the environment into which they are released (Garner and Keller
2014). These same properties also influence the fate and transport of ENMs in the environment
and consequently the exposure potential of ENMs.

Data and models have been developed to estimate environmental releases of ENMs and
understand how ENMs physicochemical properties influence their behavior, which have in turn
improved our understanding of the fate and transport and exposure potential of ENMs (Challenge
#7). Major advances in this field include the development of several probabilistic and mechanistic
models to estimate environmental concentrations of ENMs in different environmental
compartments. Relevant probabilistic models include material flow analysis (Gottschalk et al.

2009, Gottschalk et al. 2010, Sun et al. 2014, Gottschalk et al. 2015), mechanistic multimedia fate
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and transport models (Liu and Cohen 2014, Meesters et al. 2014) and applied Bayesian Network
tools to model environmental multimedia distribution of ENMs using probabilistic (Money et al.
2014) and mechanistic approaches (Bilal et al. 2017). These environmental fate and transport
models have also been reviewed in terms of their applicability in Nano EH&S regulatory settings
(Nowack 2017). Even though model validation has been limited by the availability of relevant
analytical measurements, material flow analysis and mechanistic models can be useful in
regulatory frameworks. Such models, for instance are likely to be useful to the European
Chemicals Agency (ECHA), where predicted environmental concentrations (PECs) are accepted
for the registration of conventional chemicals (Nowack 2017). To further improve this fate and
transport models, the parameterization of release models (i.e., input data for fate and transport
models) should rely more on measured data, and less on qualitative assessments. To reduce
uncertainties derived from missing or conflicting data in such models, additional efforts should
aim at reducing uncertainty in ENM production and emission data, as well as market penetration
(Gottschalk et al. 2013). Finally, human exposure models have also been developed to estimate
oral uptake of nanoparticles in consumer products (Frohlich and Roblegg 2012) and inhalation
exposure to nanoparticles from consumer spray products (Nazarenko et al. 2011) and powders
(Nazarenko et al. 2012).

To address the complexities of exposure assessment of ENMs, improved technologies (e.g.,
analytical methods) have been developed to track the presence, fate and transport of ENMs in the
environment (Challenge #8). A first step towards improving exposure assessment of ENMs has
been the development of standardized methods for analysis and characterization of pristine ENMs
(Nowack et al. 2015). Examples of advances in this field include the application of 1) liquid

chromatography-atmospheric pressure photoionization-mass spectrometry (LC-APPI-MS), 2) x-
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ray absorption fine structure spectroscopy (XAFS) and 3) environmental scanning electron
microscope (ESEM). LC-APPI-MS can be used to determine aqueous concentrations of ENMs
with positive electron affinity at relatively low levels. Spectroscopic techniques, such as x-ray
absorption fine structure (XAFS), including x-ray absorption near-edge spectroscopy (XANES)
and extended x-ray absorption fine-structure spectroscopy (EXAFS), have been used in
conjunction with electron microscopy to determine the chemical state and local atomic structure
of inorganic ENMs and assess their chemical transformations (Domingos et al. 2009, Nowack et
al. 2015). Another important method is the environmental scanning electron microscope (ESEM),
which allows a gaseous environment in the specimen chamber, and hence can be useful for
detecting ENMs in the environment (Farre et al. 2009, Nel et al. 2011). However, most of these
the analytical tools are not yet capable of distinguishing the naturally occurring nano-sized
materials/particles from engineered nanomaterials at the low ENM concentrations expected in
complex environmental media (Nowack et al. 2015). Additional research is needed to further
improve analytical technologies to track, sense, detect and image ENMs in environmental,
biomedical and biological systems (Nel et al. 2011, Cohen et al. 2012, Nowack et al. 2015).
Another important advance in exposure assessment of ENMs has been the development of
rigorous methodologies for assessing the physical state of ENMs in complex media (dosimetry)
(Liu et al. 2015). The goal of these studies is to address the difficulty to measure amounts of
specific ENMs beyond the traditional mass-dose, particle number, and surface area-dose (SAD)
considerations (Nel et al. 2011). Moreover, life cycle considerations have also been included in
exposure assessment approaches. For instance, a recently published life cycle methodology
simulates consumer use and disposal conditions of nano-enabled products and nanoparticle

releases for in vitro and in vivo toxicological studies (Pal et al. 2015). The published methodology,
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provides a standardized protocol to assess the release and toxicological implications of Nano
particles released across the life cycle, which consists of the following elements:

1. Real-time monitoring and sampling of size-fractionated nanoparticles;

2. Efficient extraction of particles collected on substrates using aqueous or ethanol extraction

protocols to ensure minimal physicochemical alterations;

3. Optimized particle dispersion preparation and characterization;

4. Use of dosimetric techniques for in vitro and in vivo toxicological studies (Pal et al. 2015).

To address the challenges involved in estimating workplace exposure (Challenge #9),
monitoring approaches and techniques have increased over the last decade allowing scientists and
decision makers to improve the identification of sources of exposure, quantification and the
implementation of effective management measures. Since 2006, when the U.S. National Institute
for Occupational Safety and Health (NIOSH) formally established a nanotechnology unit. One of
NIOSH’s goals has been to develop strategies to semi-quantitatively evaluate airborne ENM
concentrations in the workplace. To achieve this goal, the project NEAT (Nanoparticle Emission
Assessment Technique) (Methner et al. 2010) implemented approaches using portable direct-
reading instrumentation supplemented by a pair of filter-based air samples (source-specific and
personal breathing zone) in a series of field studies in research and development laboratories, pilot
plants, and manufacturing facilities. The NIOSH team has used this approach to study a variety of
ENMs, including CNTs (single-walled and multi-walled), Carbon Nanofibers (CNFs), fullerenes,
Carbon Nano Pearls, MOx, electro spun nylon, and QDs. Of particular importance is that, by
incorporating filter-based samples, the team was able to identify particle sources and address
differentiation between incidental and process related ENMs (Methner et al. 2010). The results

provided by NEAT were useful in evaluating ENM emissions and identifying readily available
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engineering controls that can be applied to minimize nanomaterial emissions in the 12 facilities
were NEAT’s experiments were conducted (Methner et al. 2010). Additional studies include work
performed by Harold et al. (Howard 2013) in facilities manufacturing or processing CNTs and
Kuempel et al. in occupational settings involving nano TiO2 (Kuempel et al. 2012). These studies
highlighted pulmonary exposure as the main concern for workers, which can be mitigated using
engineering controls and Personal Protective Equipment (PPE). Another recent analysis of ENM
occupational exposure (studies published between January 2000 and January 2015) ranked ENMs
in terms of the quality of evidence behind the exposure assessments (Debia et al. 2016). According
to the analysis of these occupational exposure studies, high-quality evidence is available (as of
2016) to support controls of worker exposure to MWCNTs, SWCNTs, CNFs, nano Al2O3, nano
TiO», and nano Ag worker exposure. Oppositely, there was insufficient high-quality studies to
conduct an analysis on workers exposure to nano SiO2, non-classified CNTSs, nanoclays, nano Fe,
fullerene Cso, DWCNTS (double-walled CNTs), and nano ZnO (Debia et al. 2016). In the study
conducted by Debia et al., no information was identified about occupational exposure to CeOo.
Additional observations made in the above mentioned study included that exposure to ENMs is
heavily related to handling tasks, and that the ENM forms that workers are exposed to include
micro-sized agglomerated ENMs, and that engineering controls play a critical role in reducing
workers’ exposure. One limitation is that the information included in the analysis of occupational
exposure conducted by Debia et al. included developed countries only, which highlights the need

for ENM occupational exposure studies in low income countries (Debia et al. 2016).
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Progress Related to Assessing the Risk of ENMs (Mitigation/Risk Management, Safe
Deployment of ENMs)

One of the central questions in the field of Nano EH&S has been whether conventional risk
assessment tools are suitable for ENMs, or whether they need to be modified (Challenge #10).
Risk assessment of ENMs is complicated by the physicochemical properties of ENMs, which make
the direct application of traditional chemical risk assessment to ENMs challenging. As a result, a
number of alternative frameworks have been proposed ENM risk analysis. This topic remains a
subject of high interest among scientists, organizations, governments and policy-makers.

Over the last decade, extensive work has been conducted not only to analyze the suitability of
traditional risk assessment methodologies for ENMs (SCENIHR 2005, SCENIHR 2007,
SCENIHR 2009), but also to assess the suitability of novel and modified risk assessment
approaches for ENMs (Hristozov et al. 2012, Hristozov et al. 2016, Oomen et al. 2017, Romero-
Franco et al. 2017). Since 2005, starting with the SCENIHR report (SCENIHR 2005), a wave of
studies, meetings and reports have focused on developing new approaches to assess environmental
and human health risks of ENMs and to adapt traditional chemical approaches to accommodate
the complex physicochemical properties of ENMs and their transformations in the environment.
In 2007, the OECD, in collaboration with DuPont, launched a collaborative project “NanoRisk”
aiming at analyzing exposure and hazard potential of ENMs (DUPONT 2007). Another effort was
led by the International Life Sciences Institute Research Foundation, which convened an expert
working group to develop a screening strategy for the hazard identification of ENMs (Roco et al.
2011). The report issued by expert working group, as reported by Roco et al. 2011, included the
elements of a screening strategy (i.e., physicochemical characteristics, cellular and non-cellular in

vitro assays, and in vivo assays) applicable to an early stage in the development of a risk
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assessment process for nanomaterials (Roco et al. 2011). Additional approaches that have been
proposed as suitable for conducting risk analysis of ENMs (Erbis et al. 2016) including:
e Monte Carlo simulation methods, which provide a representation of uncertainty,
producing distributions for performance measures (Sun et al. 2014),
e Decision tree analysis, in which graphical representation of all decisions and their
possible outcomes, and associated uncertainties are incorporated into a risk model
(Godwin et al. 2015),
e Multi-criteria decision analysis, in which a trade-off or compromise solutions are
assessed to balance several often-competing criteria (Tervonen et al. 2009),
e Bayesian methods, in which a risk or outcome probability estimation is obtained based
on observed prior distribution or historical information (Money et al. 2012), and
e Control banding, which is used to determines the safety control measures based on the

hazard and exposure risk in the workplace (Paik et al. 2008).

Over the last decade, the application of statistical/probabilistic approaches to deal with
uncertainty and or incomplete datasets (e.g., Bayesian Networks, Montecarlo) (Money et al. 2012,
Gottschalk et al. 2013) has increased significantly, thus improving the researchers’ ability to
manage data gaps (Erbis et al. 2016).

Overall, several frameworks and approaches have been identified as partially applicable to risk
assessment of ENMs under specific conditions/scenarios (see Romero-Franco et al. 2017) and
Chapter 2). However, some gaps still remain, in which a lack of consensus regarding how to
standardize knowledge/information and a need for detailed information elements for improving
risk assessment in practice (e.g., certain risk assessment frameworks discuss elements theoretically
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rather than demonstrating the application in case studies) (Oomen et al. 2017). Furthermore,
various studies have shown that further research is needed to address how full risk assessments of
ENMs could be conducted using read-across and grouping approaches to address data gaps
(Oomen et al. 2017).

Quantitative risk assessment of ENMs has been furthered by the incorporation of
computational approaches and mathematical models (QSARs), but more work is still needed in
this area as well (Gajewicz et al. 2012, Gajewicz et al. 2017). In a recent review, the currently
available (Q)SAR models for regulatory risk assessment of ENMs were analyzed and the results
revealed that several of the reviewed QSARs did not fully comply with OECD validation
principles and/or did not consider relevant endpoints. Hence, the use of these models for regulatory
purposes was only recommended in a weight of evidence approach and therefore in conjunction
with other in vitro and in vivo information. The results of this study suggest that additional data is
required from standardized testing protocols and complemented with metadata (Burello 2017).

As the analysis and development of novel risk assessment approaches has increased, so has the
need for adequate data and tools to assess data sufficiency to conduct such assessments (Challenge
#11). To address data requirements, several methodologies (e.g., scientific reviews, multi-criteria
decision analysis (MCDA), weight of evidence (WOE), and integrated approaches to testing and
assessment) have been proposed to address the identification and prioritization of critical hazard
and exposure data.

One approach to assessing whether sufficient information is available to conduct risk
assessments of ENMs has been to conduct scientific reviews of the existing literature on the health
and safety of specific categories of ENMs. The project ENHRES (Engineered nanoparticles:

review of health and environmental safety) in the EU addressed the availability of scientific
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information to assess potential risks for four classes of ENMs (fullerenes, carbon nanotubes
(CNT), metals and metal oxides) via a comprehensive and critical scientific review (Aschberger
et al. 2010, Aschberger et al. 2010, Christensen et al. 2010, Aschberger et al. 2011, Christensen et
al. 2011). As part of ENHRES results, key recommendations were developed in the context of
informing policymakers in the development of methods to address exposure as it relates to the
potential hazards posed by ENMs (Aschberger et al. 2010, Aschberger et al. 2010, Christensen et
al. 2010, Aschberger et al. 2011, Christensen et al. 2011).

Additionally, a weight of evidence (WOE) approach, which has been used in traditional hazard
and risk assessment of chemicals, has been adapted to evaluate individual sources of information
related to ENMs and form conclusions (Hristozov et al. 2014, Hristozov et al. 2014). By
incorporating a WOE method with a weighted sum (MCDA technique), hazard is estimated on the
basis of data for three (sets of) criteria: material properties, toxicity and data quality. This approach
was tested on a case study involving nano TiO2, where data from 29 papers reporting toxicity
endpoints and highlighted conflicting results/data quality concerns were analyzed (Hristozov et al.
2014).

Approaches such as WOE and the ENHRES project that have focused on identifying whether
adequate data exists to conduct risk assessments on ENMs have also been paralleled by a drive to
prioritize of research needs. One approach for prioritizing research was developed by Linkov and
coworkers (Linkov et al. 2011), which focuses on identifying and ranking how research resources
should be directed to produce effective information to manage the risk and impacts of ENMs on
the environment and health, based on MCDA and a value of information approach. The second
example has been developed by the EU “NanoSafety Cluster” and aims at identifying key areas

for further research on risk assessment procedures for ENMs. As part of this project, integrated
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approaches for the (eco-)toxicological testing and assessment (IATA) of ENMs are used in a tiered
manner to retrieve necessary information by starting at determining concerns, i.e., specific
information needs for a given ENM based on realistic exposure scenarios (Oomen et al. 2014). In
addition, the Intelligent Testing Strategy (ITS) Nano (also in the EU) was developed based on
expert opinions (government, industry, academia, funders and NGOs). ITS Nano proposed the
following elements as priorities for current and future risk assessment of ENMs, physicochemical
characterization, exposure identification, hazard identification and modelling approaches (Stone
et al. 2014).

To ensure sustainable development of nano-enabled products, some studies in the Nano EH&S
have incorporated life-cycle assessment considerations, which allows for more holistic estimates
of the potential environmental impacts of ENMs (Challenge #12). The importance of Life Cycle
Analysis (LCA) in assessing the environmental and human health impacts of ENMs has been
highlighted in several studies (Linkov and Seager 2011, Hischier and Walser 2012) and the
incorporation of LCA and RA for ENMs has been assessed in terms of key ‘‘lessons learned”’
from previous experience with chemicals (Grieger et al. 2012). While the studies addressing LCA
of ENMs are limited (Hischier and Walser 2012) and differ from the scope of Risk Assessment
(RA), the inclusion of life cycle perspectives has regarded as an important parameter in the
applicability of RA frameworks to ENMs (Grieger et al. 2012). At this point, there appears to be
fairly high consensus among the scientific community that environmental and health risks should
be considered over the entire life cycle of ENMs or nano-products (Grieger et al. 2012). Advances
in the field include the development of methodologies where LCA and RA inform each other
(Walker et al. 2015). One example is a method that draws upon insights produced by risk

assessment to better estimate potential harms associated with expected releases from a hypothetical
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(or actual) process in LCA models (Walker et al. 2015). While, there remain challenges in the
adaptation of LCA to ENMs and in communicating results for scientific as well as policy
audiences, the influence of LCA offers considerable insights into potential consequences of ENMs
as an emergent technology (Walker et al. 2015).

In addition to the development of frameworks to assess risk potential of ENMs and the
incorporation of life cycle perspectives, a major milestone has been the translation of the effects
see in experimental assays to human population via epidemiological studies (Challenge #13). The
relevance of epidemiological studies to Nano EH&S s critical, given that these studies integrate
the assessment of ENMs hazards and human exposure resulting in human health risks. In this
regard, the first wave of epidemiological studies conducted over the last decade was analyzed in
2015 (Liou et al. 2015). A recent review of the epidemiological literature identified 15 studies
(Liou et al. 2015), of which 11 were cross-sectional, 4 were longitudinal (prospective), and 1 was
a descriptive pilot study. These studies focused on occupational exposure by assessing biomarkers
of exposure (the assessment of exposure was made by mass concentration in 10 out of the 15
studies) as the dependent variables. Eleven cross-sectional studies showed a positive relationship
between various biomarkers and ENM exposures (Liou et al. 2015). Only three of the four
longitudinal studies showed a negative relationship between the biomarker and the exposure. Most
studies involved a small sample size (from 2 to 258 exposed workers). In conclusion, the exposure
levels reported were not very high in comparison to those in human inhalation chamber studies
(Liou et al. 2015).

Finally, one of the most important applications of risk information and methodologies has been
the development and implementation of risk reduction strategies to protect human health and the

environment (Challenge #14). As a result of the focus on occupational safety of ENMs, some
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advances have been made in the last decade to develop risk management guidance. Important
achievements in the mitigation of occupational risks related to ENMs, include determination of
risk exposure levels and implementation of industrial hygiene (IH) control measures by a NIOSH
research group (Kuempel et al. 2012).

To mitigate risks, important advances in the last decade include determination of occupational
exposure limits (OELs) (Kuempel et al. 2012) and prevention strategies (e.g., modification of
ENMs physicochemical properties) (Yan et al. 2011). A grouping approach to develop OELs was
proposed by Kuempel et al. (Kuempel et al. 2012) and consists on the identification of relevant
benchmark (reference) particles, which can be defined as substances with adequate data on dose—
response relationships and biological mode of action (MOA) for use in quantitative risk estimation.
Using this approach, Kuempel and co-workers developed OELs for ultrafine TiO2, Diesel exhaust
particles and Carbon black (Kuempel et al. 2012). Additional studies have also proposed OELSs for
ENMs such as CNTs (single and multi-walled), nano TiO., nano Ag and Fullerenes (Lee et al.
2011, Van Broekhuizen et al. 2012). However, existing studies suggest a need for further
development of more scientifically robust OELs that are based on long term inhalation and
epidemiological studies (Gordon et al. 2014). In the absence of OELSs for specific nanomaterials,
occupational health specialists consider that the best strategy to mitigate risks is to minimize
exposures to ENMs by using engineering controls and personal protective equipment (PPE)
(Schulte et al. 2013). Other prevention strategies include ENMs that still have desirable materials
properties but have lower hazard potential. For instance, in the case of carbonaceous ENMs,
effective strategies include: chemical modification (e.g., regulating one or more of the factors such
as reactivity, purity and solubility), modification of surface chemistry (e.g., transform the surface

of carbon ENMs from hydrophobic to hydrophilic by attaching different water-soluble and
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functional moieties on the surfaces or adding a coating material to reduce hazard (Wang et al.
2015)), and modification of the ENM structure (e.g., replacing single-walled CNTs for double-

walled CNTs in applications lead to safer products) (Yan et al. 2011).

Progress Related to Ensuring the Safety Next Generation ENMs

Over the last two decades, the development of new ENMs and nano-enabled products, such as
those applied in medicine has led to a higher level of complexity in assessing their safety
(Challenge #15). The development of novel and complex ENMs (and their commercial
applications) has led to a critical need for scientific evidence to support their submission for
approval by regulatory agencies. With nanotechnology medical applications already in the market
(e.g., liposomes in Doxil used to treat certain types of cancer) (Chang and Yeh 2012) and
continuous growth, it is expected that the need for novel testing strategies will also increase.

Highlights of new nano-enabled products include medical applications such as ENMs used as
diagnostics (e.g., imaging), drug delivery agents and cancer therapies (Bobo et al. 2016). In the
case of diagnostics, magnetic nanoparticles (MNP) have been used for disease imaging via passive
targeting, and recently they have been used for to cellular-specific targeting, drug delivery, and
multi-modal imaging (Veiseh et al. 2010). In order to work effectively, MNPs must be able to
bypass in vivo barriers, which is highly influenced by the physicochemical properties of ENMs
(size, shape, and surface chemistry all can dictate in vivo behavior, including biodistribution,
biocompatibility, and pharmacokinetics) (Veiseh et al. 2010). Other relevant examples in
nanomedicine include silica particles, which have been developed into improved treatments for

pancreatic cancer (Liu et al. 2016), Aluminum based ENMs have been used as vaccine adjuvants
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(Sun et al. 2013) and gold based ENMs have been used for dermal formulations (Bessar et al.
2016).

As of 2015, a significant number or nanomedicine applications had been approved by the FDA
(Bobo et al. 2016). Bobo et al. identified 51 FDA-approved nanomedicines (i.e., therapeutic or
imaging agents which included a nanoparticle in order to control the biodistribution, enhance the
efficacy, or otherwise reduce toxicity of a drug or biological agent) and 77 additional products in
clinical trials (Bobo et al. 2016). While most of the FDA-approved materials include polymeric,
liposomal, and nanocrystal formulations, the field is moving towards the inclusion of more
complex materials including micelles, protein-based NPs, and a variety of inorganic and metallic
particles.

However, to advance the progress of nanomedicine applications from research stage into the
market, a key challenge for researchers, industry, and regulators is how to classify new materials
and what safety testing is required before products become available. Advances in terms of testing
include work conducted by the Nanotechnology Characterization Laboratory (NCL) (U.S.) in 2004
to develop and perform characterization standards for nanomedicines (e.g., the use of multiple
methods based on different principles to measure each physicochemical and performance property
of a nanomedicine) that reach the clinical-trial stage (Tinkle et al. 2014). In Europe, The European
Medicines Agency (EMA) evaluates and supervises medicines designed for use in the EU for
protecting and promoting public (and animal) health (Hafner et al. 2014). As part of these
evaluations, the EMA monitors the safety of nanotherapeutic products and regulates them within
a conventional regulatory framework. However, additional expert evaluations are necessary to
confirm the quality, safety, and efficacy of nanotherapeutics because of their complexity. In this

regard, recent EMA activities aiming to provide regulatory guidance (i.e., implementing the needs
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of nanotherapeutic-specific properties) and assistance (i.e., scientific advice on the appropriate
tests and studies) in developing high-quality, effective, and safe nanotherapeutics have been
reviewed in the literature (Hafner et al. 2014). Furthermore, the regulatory frameworks in Europe
and elsewhere are still adapting to the needs of nanomedicine and incorporating new scientific data
addressing the safety of novel applications (Sainz et al. 2015). Consequently, a series of reflection
papers has been drafted on principles for the development and evaluation of nanomedicines off-
patent. These have been developed largely with reference to first-generation nanomedicines and
provide the principles to be considered when generating supporting evidence to changes made to
the manufacture and control of these products, as well as principles for the development and
evaluation of emerging nanomedicines (second-generation nanomedicines) progressing towards
first-in-man studies (Ehmann et al. 2013).

As this field keeps evolving, the current regulatory gaps that exist in nanomedicine must be
addressed and a general recommendation among experts is that existing and future efforts are
balanced between innovation (e.g., R&D) and public health protection (Tinkle et al. 2014). In the
U.S., the need for adequate standardization and characterization of nano-based systems is currently
being addressed by a specific initiative (i.e., the NCL). Thus, novel challenges in regulatory
science (e.g., related to personalized medicine) questions could be met in the US within this
initiative (i.e., the NCL) by integrating materials science with validation of adequate models (e.g.
preclinical human cells and tissues in appropriate setting to foster clinical translation and better
outcomes within clinical phase), and targeting an adequate disease stage and disease evolution
conditions (Tinkle et al. 2014).

Overall, the development of next generation ENMs (3" and 4" generation) is growing at a fast

pace, which means that procedures developed for relatively simple ENMs to be validated as
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suitable for these next generation ENMs (Challenge #16). Over the last decade, major advances
have been accomplished in terms of EH&S and risk assessment approaches for passive structures
(e.g., 1t generation ENMs, including aerosols, colloids, nanoparticles, polymers, etc. and 2"
generation ENMs, including targeted drugs and biodevices). However, emerging 3" generation
ENMs (systems of nanosystems, including guided assembling; 3D networking and new
hierarchical architectures, robotics, evolutionary Biosystems) and 4™ generation ENMs (molecular
nanosystems, including molecular devices ‘by design’, atomic design, emerging functions) still
warrant tailored safety assessment approaches.

As nanotechnology improvement milestones (e.g., better control of molecular self-assembly,
quantum behavior, creation of new molecules, and interaction of nanostructures with external
fields in order to build materials, devices, and systems by modeling and computational design
(Roco et al. 2011)) are coming to reality, a framework has been developed to assess the safety of
complex ENMs (von Gleich et al. 2008). In this approach, the step from the stage of self-
organization towards self-replication is considered critical with respect to precautionary risk
management measures. This framework will likely be important in cases where nanotechnology is
combined with biotechnology or robotics. However, the steps of the proposed approach (i.e.,
technology characterization, development of eco-profiles through life cycle and development of
vision statements that integrate health, safety and environment) do not include a differentiation
between first/second generation ENMs and novel generations. More recently, a call for
changes/improvements in EH&S oversight/regulatory actions was part of a NSF 4-year project on
“Evaluating Oversight Models for Active Nanostructures and Nanosystems: Learning from Past
Technologies in a Societal Context’> (Ramachandran et al. 2011). This call includes three major

features:
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e More stringent regulatory oversight is needed that is adapted to the changes of
nanotechnology in a timely manner;

e Inputs from all stakeholders must be integrated, with strong public engagement in
decision-making; and

e An overarching coordinating entity should be considered to assure strong inter-
agency coordination and communication.

Despite their activity, certain challenging features/characteristics of next generation ENMs are
still to be addressed by safety assessments and warrant further research (Subramanian et al. 2010).
Important classes of next generation ENMs for which safety research is needed include:

e Remote-actuated active nanostructures (nanotechnology based on the principle of
remote activation of sensing),

e Environmentally-responsive nanostructures (nanotechnology that is sensitive to stimuli
like pH, temperature, light, oxidation-reduction, etc.),

e Hybrid active nanostructures (nanotechnology involving uncommon combinations of
biotic, abiotic, organic, inorganic materials), and

e Transforming active nanostructures (nanotechnology that changes irreversibly during

some stage of its life cycle).

Progress Related to Communicating the Risks of ENMS

Among the elements considered by the Nano EH&S community in addressing long-term
implications of nanotechnology, the Ethical, Legal and Societal Issues (ELSI) related to
nanotechnology and the involvement of stakeholder groups have remained as a priority (Challenge

#17). In the U.S., the NNI has incorporated ELSI into Nano EH&S since 2010 (Roco et al. 2011).
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The NNI aims to achieve collaboration from different communities, such as consumers, engineers,
ethicists, manufacturers, nongovernmental organizations, regulators, and scientists. As these
stakeholder groups provide their perspectives on new research directions, this process is critical to
ensure public trust in nanotechnology and to promote innovation and commercialization of ENMs.
Stakeholder engagement activities such as meetings, workshops and symposia have resulted in an
active/ongoing participation of members from all fields related to Nano EH&S (e.g., scientists,
regulators, industry, various interest groups, representatives of media and the public at large)
(Linkov et al. 2009, NNI 2012, Nel et al. 2013, NNI 2013, NRC 2013, Godwin et al. 2015).
Dialogue in this regard has been encouraged by U.S. and European funding and government
agencies to disseminate reliable information on nanosafety, and outreach to various stakeholder
groups in order to assure that health and environment aspects are being taken into account
(Savolainen 2013).

In the United States, the NNI has been actively involved in stakeholder engagement activities
since 2006, when the NNI’s first comprehensive workshop on public participation in
Nanotechnology was held. This NNI workshop was intended as a guidance to the Nanotechnology
Public Engagement and Communications (NPEC) group in the development of strategic plans for
ongoing participation activities. This workshop brought together people with a wide range of
interests and expertise, from diverse backgrounds in academia, industry, government and NGOs,
along with members of the general public, to explore ideas on how to engage the public in
nanotechnology policy development and decision making (NNI 2012). A subsequent effort was
the workshop on Stakeholder Perspectives on Perception, Assessment, and Management of the
Potential Risks of Nanotechnology (the “R3 Workshop”), which was held in 2014. The goal of

this workshop was to assess the status of Nano EH&S risk science three years after the
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development of the 2011 NNI EH&S Research Strategy and to identify the tools and best practices
used by risk assessors to address the implications of nanotechnology. At this event, a wide range
of stakeholders including Federal and State regulators, small and large businesses, insurance
companies, academic researchers, occupational safety specialists, and public and environmental
advocacy groups shared their perspectives on ENM risk management and discussed strategies and
approaches for improving risk science methods for ENMs. Another important outcome was the
discussion of ways that NNI agencies can assist stakeholders in the responsible development of
nanotechnology (NNI 2013). Since their first report, the U.S. National Research Council (NRC)
“A Research Strategy for Environmental, Health and Safety aspects of Engineered
Nanomaterials”, the agency worked on improving agency interaction, accountability and
stakeholder involvement (NRC 2013). In a 2012 workshop, federal agency and foreign officials,
academic researchers, and representatives of nongovernment organizations and industry discussed
scientific and regulatory progress on Nano EH&S (NRC 2013). As part of the report, successful
collaboration efforts were highlighted including the NIOSH’s work with the NNI and external
partners in the private, academic, government, and international sectors aimed at stakeholder
engagement; and direct engagement with the ENM industry through the site-visit program for
ENM manufacture and use and through evaluation of materials and processes that are under
development. Additional efforts by NIOSH consist of public—private partnerships, including
publication of research results from NIOSH and development of memoranda of understanding at
key research and development centers (NRC 2013).

Other initiatives involving stakeholder involvement include a series of meetings held by the
OECD nanomaterial working party (OECD 2013) and the development of Nano Risk framework

for ENMs by DuPont (DUPONT 2007). Starting in 2006, the meetings organized by OECD
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nanomaterial working have provided a platform for OECD delegates to describe national
initiatives related to the safety of ENMs (OECD 2006). During their first meeting, the OECD
delegates reported the milestones related to:

1. Any national regulatory developments on human health and environmental safety including
recommendations or discussions related to adapting existing regulatory systems or the drafting of
laws/ regulations/ guidance materials;

2. Developments related to voluntary or stewardship schemes;

3. Information on any risk assessment decisions;

4. Information on any developments related to good practice documents;

5. Research programs or strategies designed to address human health and/ or environmental
safety aspects of nanomaterials; and

6. Information on any public/stakeholder consultation (OECD 2006).

Groups from academia have also led important activities to promote stakeholder participation
in Nano EH&S. In 2014, during a meeting of the Sustainable Nanotechnology Organization, a
wide-ranging discussion concerning nano-manufacturing environmental health and safety,
between industry and government representatives, insurers and litigators, and experts in life cycle
and risk analysis, was transformed into a sharing experience of the participants’ expertise and
concerns. In this meeting, key understandings emerged about a broad range of factors influencing
industry decision-making and investment, public perception, and government regulation (Isaacs et
al. 2015). A separate workshop convened by the UC-CEIN brought together national and
international leaders from government, industry, and academia. Using CNTs as a case study,
participants were able to discuss the utility of ATS for decision-making analyses of ENMs. As a

result of this interaction, a short list of generally shared viewpoints on this topic was generated,
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including a general view that ATS approaches for ENMs can significantly benefit chemical safety
analysis (Nel 2013). A second workshop convened by the UC-CEIN resulted in the articulation of
a process for categorization of ENMs according to risk potential and a description of how such an
approach could facilitate regulatory decision-making in the future (Godwin et al. 2015).

Beyond international meetings and academic efforts, active participation and engagement of
stakeholders has been part of an enhanced implementation of and compliance with the Nano EH&S
regulations. For example, in the EU, the relevant stakeholders have actively participated not only
in the design but in the implementation of nano-regulations (Justo-Hanani and Dayan 2016). Given
the high attention to the regulatory and public engagement aspects of nanotechnology in Europe
several efforts have emerged. The Department for Environment, Food and Rural Affairs (DEFRA)
in the UK and the Europe Nanotechnology Trade Alliance (ENTA) have organized policy
workshops for stakeholders and published research reports with a clear focus on understanding the
social implications of nanotechnology (Matsuda and Hunt 2009).

In addition to stakeholder involvement programs, the dissemination of knowledge regarding
the benefits and potential risks of ENMs is another factor affecting the public perception, and
potential “acceptance” of ENMs (Savolainen 2013) (Challenge #18). Hence, work carried out by
federal agencies and research groups to communicate risks/develop risk communication strategies
to inform relevant stakeholders is critical (Bostrom and Lofstedt 2010, Gibson et al. 2012).
Effective risk communication strategies must consider public perception, which may have a critical
effect on the development, uptake and exploitation of ENMs. Hence, targeted, neutral and reliable
communication by the different stakeholders (regulators, industry, various interest groups,
representatives of media and the public at large) associated with Nano EH&S can influence the

acceptability of safe ENMs (Savolainen 2013).
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One of the challenges in the dissemination of knowledge in Nano EH&S is that not all of the
long-term risks associated with ENMs are not fully understood (Priest 2011). In this regard, efforts
by the European NanoSafety Cluster have been directed towards the identification of priority areas
for Nano EH&S research (e.g., understanding of ENM features, exposure to them, hazard
mechanisms of ENM, and risk assessment and management) (Savolainen 2013) and a description
of best practices for stakeholder engagement in these areas. The NanoSafety Cluster report
highlights that effective communication and knowledge dissemination should include the
integration of all relevant key stakeholders and dialogue in focus groups to gain added value via
detailed in-depth discussion. Such stakeholder groups should involve representatives of all key
stakeholder groups within European Union, North America, Asian countries and other global
interest groups in active communication with press/media to facilitate science-based information
transfer to the general public (Savolainen 2013). The European Agency for Safety and Health at
Work (EU-OSHA\) has also published a report aimed at identifying principles risk perception and
communication of nanotechnology in the workplace and the public understanding of the risks
(Gibson et al. 2012). At the time of publication this report (2012), the state of risk communication
regarding ENM safety was deemed as limited, given the many uncertainties of ENMs’ hazards. It
was observed that workers had minimal knowledge and understanding of ENMs. As for the
initiatives (e.g., exhibitions, web-based materials or events) available at the time, only a few of
them were considered suitable to engage the public or promote dialogue and some of them were
aimed at researchers or the public as consumers rather than at people potentially exposed in an

occupational setting (Gibson et al. 2012).
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Key elements of Nano EH&S risk communication

Good risk communication practice in Nano EH&S should involve planning, delivering and
evaluating new initiatives. Different risk communication approaches should be used depending on
whether risks are routine, highly uncertain or potentially controversial and tailored to the target
audiences (user-centered) considering the audience’s information needs and preferences, concerns
and value systems. An additional parameter for successful strategies is whether the intended
audience retains key information and takes action based on such information (Gibson et al. 2012).
In addition to these activities, the dissemination of knowledge to the public has been identified as
critical. In the U.S., surveys conducted in 2004-2005 showed little to limited knowledge of
nanotechnology by the general public and a need for further public awareness of nanotechnology
(Bostrom and Lofstedt 2010). Media coverage regarding nanotechnology showed a significant rise
during the 2000-2009 period (Bostrom and Lofstedt 2010). Based on these results, Bostrom et al.
concluded that regulators and industry needed to play a more active role in proactive risk
communication strategies, as most of the available risk communication documents had been
developed by NGOs and other third parties, among whose interests the science may sometimes be
secondary (Bostrom and Lofstedt 2010).

Other studies have addressed the need to communicate Nano EH&S findings to academics and
decision-makers. For example Handy et al. (Handy and Shaw 2007) have provided a toxicologists
perspective, outlining possible routes of uptake by humans, environmental concentrations, known
or suspected toxic effects, and the practical implication for human health risk assessments and
public perception (Handy and Shaw 2007). Massawe et al. (Massawe 2013) conducted a survey
among state agencies responsible for the environment, safety, and public health to understand their

current and future information needs and capabilities to regulate ENMs. The results showed that,
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at the time of the survey, participants considered there were significant data gaps on the toxicity
and ecological impacts of nanomaterials and hence precautionary measures should be taken. These
researchers suggested that research to develop techniques for exposure assessments, surveillance
and monitoring, databases, and characteristics of workplaces where ENMs are used was warranted
based on the results of the survey (Massawe 2013). Innovators across disciplines such as
engineering, biology, medicine, and public health should collaborate in order to minimize potential
negative impact on health for individuals and populations. Knowledge gaps regarding the potential
health and safety implications of exposure to engineered nanomaterials need to continue to be
addressed and actively researched (Pautler and Brenner 2010).

Finally, significant milestones have also been reached in providing education and outreach
about Nano EH&S to the public. Important initiatives led by the NSF include academic programs,
student fellowship programs, combined research-educational curriculum development and public
education programs (Roco 2002). With the continuous growth of nanotechnology, projections of
work force needed in the next decade suggest that 2 million workers will be needed worldwide for
the nano industry. Hence, the U.S. NSF has supported education and training activities (directly
by education awards, or in conjunction with research projects) in the areas of nanoscale science
and engineering. Key areas of focus have included courses offered in universities; student
fellowship programs; education and training in centers and networks; combined research —
curriculum development (CRCD); local and long-distance outreach education; technological
education; public education (non-technical audiences); and international education exchanges
(Roco 2002). In addition to workforce training, informal education events have also been
developed on Nano EH&S topics. For example, the National Informal STEM Education Network

(NISE) organized annual “Nano Days” during the period of 2008 — 2015. NanoDays was an
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annual, nationwide festival of educational programs about nanoscale science and engineering and
their impact on society. NanoDays events were organized by participants in the Nanoscale
Informal Science Education Network and took place at science museums, research centers, and
universities across the country from Puerto Rico to Hawaii (NISE 2015).

Although major accomplishments have been accomplished in terms of outreach and risk
communication, one group of stakeholders that have been largely overlooked, but who are
important to the sustainability of nanotechnology, is the public health community. The
contribution of nanotechnology and nanomedicine to public health is important because a wide
range of innovations in nanomedicine have the potential to impact nearly every medical specialty
and unveil novel ways to improve the quality and extend the duration of life (Pautler and Brenner
2010). For example, heart disease and cancer combined make up approximately half of all deaths
in the United States per year, and advances in nanomedicine demonstrate great potential to reduce
rates of morbidity and mortality due to these diseases. Most of the publications on Nano EH&S
and public health have exclusively focused on the potential roles of ENMs and nanomedicine in
improving global health (Faunce and Watal 2010, Pautler and Brenner 2010). Public health
applications of nanomedicine such as rapid and portable diagnostics and more effective
vaccinations do have the potential to revolutionize global health (Pautler and Brenner 2010), but
there are other areas where nanotechnology can be leveraged to further public health. One example
is a study published in 2010, where nano Ag in waste water was listed by a team of public health
experts as one of 15 nascent issues that could deleteriously affect the conservation of biological
diversity (Faunce and Watal 2010). The position of these action was that, while the application of
nano Ag to water treatment presented considerable benefits, major concerns were related to its

high in vitro toxicity for aquatic organisms and capacity to environmentally persist. The
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researchers were also concerned about potential effects from direct poisoning of humans or the

production of bacterial resistance in hospital settings (Faunce and Watal 2010).

THE NEED FOR INTEGRATIVE ENVIRONMENTAL IMPACT ASSESSMENT
FRAMEWORKS FOR ENGINEERED NANOMATERIALS

ENMs are ubiquitous as they are applied in various commercial and domestic products and
technology, which include catalysis, imaging, medical treatments and equipment, and
environmental applications (Hotze et al. 2010). The promise of remarkable benefits through the
potential applications of ENMs has reached all aspects of cutting-edge technology and everyday
life. Such implications mark a huge milestone in terms of development since the current and
expected applications are present in medicine and pharmaceuticals, personal care and consumer
products, food and agriculture, energy, computing, the environment and public health. Currently,
nanomaterials used in commerce include the application of nano sized TiO- in sunscreen lotions
to provide transparency and a less toxic alternative to certain organic sunscreens (Coussens and
Goldman 2005). Other ENMs are also incorporated in sporting equipment, clothing, and even
three-dimensional printing (Coussens and Goldman 2005) and pharmaceuticals such as Doxil (e.g.,
in treatment for certain types of cancer) (Chang and Yeh 2012).

However, this rapid introduction of existing and new engineered nanomaterials (ENMSs) into
the market and their increased production levels (Roco 2011) has led to increased concern about
potential exposure (e.g., in the workplace, among consumers, and in the environment (Som et al.
2010)) and potential impacts. Various studies have reported that certain ENMs possess properties

that may lead to biological hazard (Elder et al. 2009, Oberdoester 2010, Pietroiusti 2012).
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However, the elucidation of the general principles governing the toxicity potential and the long-
term environmental health and safety impact of ENMs is yet to be determined (SCENIHR 2009).
Thus, an imperative step to address the increasing concerns about ENM safety is to develop
data/information, modeling/analysis, tools and frameworks to conduct Environmental Impact
Assessment (EIA) of ENMs for various release and exposure scenarios and communicate the
results back to the Nano EH&S community. To accomplish the above, the scientific community is
faced with critical needs and challenges, including:
e Insufficient data/information to conduct quantitative environmental impact/risk
assessment,
e A need for data storage and integration techniques for seamless integration with
analysis tools/models,
e A need for methods to handle uncertainties associated with potentially conflicting
published data and meta-analysis based on multiple sources, and
e The complexities involved in integrating qualitative and quantitative information to
identify and rank ENMs with respect to their environmental concentrations and toxicity
outcomes.

To date, a substantial amount of work has been published in efforts to address the needs in this
field (as shown in Figures 1.2 and 1.3). However, the field of environmental impact/risk
assessment of ENMs is at present not advanced enough to accomplish all of the criteria needed for
the development of an internationally accepted nanomaterial decision framework (Hjorth 2017).

Given the current information gaps and complexity in analyses faced by the Nano EH&S
community and the fact that waiting until all the elements needed for an ideal framework is
unfeasible, one way to design a practical and rapid EIA strategy is via an integrative process
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divided in tiers (e.g., sequence of logical/incremental steps). For this purpose, one can think of
such an approach, geared towards the EIA of ENMs, as capable of handling data uncertainty and
identify conditional dependence of various attributes affecting ENM toxicity, exposure and ENMs
release scenarios. Thus, prior to commencing with the process of assessing the potential impacts
of ENMs, the objectives of the targeted assessment must be formulated, and the process divided

into a sequence of organized steps.

DESCRIPTION OF A PROPOSED INTEGRATIVE PROCESS FOR
ENVIRONMENTAL IMPACT ASSESSMENT OF ENMS AND ORGANIZATION OF
THE THESIS

The primary goal of this thesis is to present a proposed tiered process to conduct the EIA of
ENMs and provide a methodology to enable this process. The tiered EIA process we propose
includes the following steps (Figure 1.4): 1) Identify the intent/purpose of the analysis; 2) Identify
frameworks /approaches available to conduct the assessment; 3) Assess the adequacy/sufficiency
of information available to conduct the assessment and 4) Select the framework for the
environmental impact assessment and conduct the analysis for the desired scenario(s).

1. Identify the intent/purpose of the analysis. The first step in the analysis is to identify the
intent for making the decisions regarding the potential risk of ENMs and the level of decision
making, if any (i.e., who is and/or what is the authority of the decision maker/analyst?).
Another relevant element is to identify the analysis type (e.g., if the purpose is to assess
hazard, assess exposure or assess risk potential of the target ENM or all or some of the

above).
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2.

Identify frameworks/approaches available to conduct the assessment. One way of
identifying suitable E1A/risk assessment frameworks is to identify potential decision-making
contexts. In Chapter 2, a critical review and analysis (Romero-Franco et al. 2017) is
presented to provide an overview of the state of the art of existing frameworks and
approaches developed to conduct EIA of ENMs and to illustrate how such frameworks can
be applied for different purposes (Steps 1 and 2). This chapter covers six plausible decision
scenarios with the types of information involved and potential solutions/tools development
to address potential challenges. These scenarios were designed based on the most common
and pressing needs by critical stakeholders to arrive at decisions regarding the environmental
health and safety of ENMs. The first four of the selected scenarios were related to
manufacturing ENMs and occupational health and safety concerns, and the last two scenarios
were related to registration of new ENMs and establishment of maximum allowable exposure
levels. This chapter also highlights the gaps that currently exist between the needs of decision
makers, and the abilities of present frameworks and tools to meet those needs.

Assess the adequacy/sufficiency of information available to conduct the assessment. A
critical step in any EIA or risk assessment process is problem formulation, since a deficient
problem formulation may lead to insufficient clarity regarding the purpose and the use of
data being collected (EPA 2004). In the context of EIA for ENMs, the assessment of the
adequacy of information during a problem formulation stage (i.e., prior to conducting a full
EIA), can help the analyst in the identification of critical information and data gaps before
too much time is invested in the EIA. This step is of particular importance in order to quantify
the availability or lack of information so as to avoid, to the extent possible, “paralysis by

analysis” where the decision process is slow or “frozen” (Hansen and Baun 2012). One
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possible way to assist EIA analysts and decision makers is to provide a decision support tool
(DST) that can integrate elements from multi-criteria decision analysis, whereby different
studies are organized systematically and assigned to specific information parameters. These
parameters (divided into categories, sub-categories and attributes, as shown in Chapter 3)
can be given weights to reflect their relevance to the EIA process (or parts of the process).
Next, the information elements, including the individual studies, are aggregated to estimate
quantitative scores that represent the adequacy of information and so the analyst can proceed
with the selection of a suitable method/framework to conduct an EIA. Major challenges in
developing this type of approach are the integration of heterogeneous information (i.e.,
quantitative and qualitative) and handling data uncertainties.

In Chapter 3, we present the design, development and implementation of a tool to assess
the adequacy of available information to conduct EIA of ENMs (IANano) (Step 3). Also, in
Chapter 3, we discuss how regardless of the level of EIA complexity, the application of
literature data mining and knowledge extraction approaches to heterogeneous datasets must
consider the relevance and significance of various ENMs physicochemical and experimental

conditions (i.e., attributes) with respect to their environmental and health impacts.

The final step consists of selection of the suitable framework/method for the
environmental impact assessment and conduct the analysis for the desired scenario(s).
By assessing the adequacy of the body of available information for EIA, the analyst is able
to apply a selected framework and conduct an impact assessment. If the results of the

previous step indicate that additional information is required, then the analyst can proceed

53



with gathering additional information or selecting a different approach/framework based on
the purpose of the analysis.

Finally in Chapter 4, an analysis is provided of the advances in Nano EH&S in a relevant
context to the public health community, including key milestones and changes in policy
related to Nano EH&S research over the last two decades. In Chapter 4, the scientific
advances highlighted in Chapters 1, 2 and 3 are analyzed and presented in a way that
illustrates how these advances have been matched by changes in policies and regulations at
the local, national, and international level. Furthermore, this analysis is used to provide
answers to key questions that are of importance to the public health community.

In Chapter 5, key messages are presented showing how specific frameworks are suitable
to (partly) meet the needs of potential decision makers in a set of decision making scenarios
(based on the results shown in Chapter 2); the elements needed to assess the
sufficiency/adequacy of information to conduct an EIA of ENMs (as discussed in Chapter
3); and how the main advances identified in the field of Nano EH&S research can be used to
answer key questions posed by the public health community (Chapter 4). In Chapter 5, a
brief description is also included on how a suitable method can be implemented to conduct
an EIA using exposure and hazard potential datasets curated for a group of ENMs included
in a case study presented in Chapter 3 and future research steps recommended towards this

goal.
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Figure 1.1 Challenges in Nano EH&S
Derived from a literature review of the field of Nano EH&S, the above-mentioned challenges in
the field are classified into information elements needed to assess the safety of ENMs. These
challenges also reflect novel concerns derived from next generation ENMs, as well as societal and
ethical concerns surrounding the potential risks of ENMs.

55

i Risk Assessment K

| Suitable
| approaches

| Data sufficiency
| LCA scope

lo Epidemiological
| studies

—— o —————

l'e  Link to decision-

k|
e

A .
A}

[Risk communication\

(¢ Stakeholder
| involvement

e e e e

I+ communication [

Next Generation
ENMs

« Therapeutics
and
nanomedicine
applications

I
|
|
o Safety of 3%and |
|
)

4" generation
ENMs

\ _ ofresults )




2003 - 2005
Early stage of Nano EH&S

2006 - 2009
Identification of Nano EH&S

priorities

Early in silico studies

2010 - 2016
Increase in Nano EH&S policy
and nanoinformatics

5004 Early toxicity g
NiST  studies Intl Alliance g1y fate and transport !
AMLab / for Nano EHS studies Nano GO EU Quality Nano
| |
% 2 v‘v: - 0-'-"‘| : g
2003 2008 2017
OECD CEIN and CEINT TSCA
21° Century 1st meeting funded by NSF Amendment
Nanotech Act WPMN EPA1*SNURs  EPA modification
1 Nano EH& Studies/reports on the needs for nano EIA/RA reportingirale
meeting

= NIST focus on development of
reference materials

= |mproved analytical techniques
for ENMs (e.g., SEM, TEM, X-
ray scattering, AFM)

= Proposed physicochemical
properties relevant to EHS
(PSD, chemical composition,
surface properties, aggregation
state and solubility)

Development of analytical
techniques to assess ENM in
the environment (e.g., ESEM)
Development of probabilistic
and mechanistic modeling
approaches to estimate ENM
environmental concentrations
and fate and transport (F&T)
Development of techniques for
assessing human exposure to

= Standardization of protocols for
testing (inter-laboratory testing)

= High throughput screening

= Metal Oxide mechanisms of
toxicity

= In silico approaches (e.g.,
QSARs, meta-analyses)

ENMs in occupational settings

Role of nanoinformatics in Nano EH&S
(e.g.;-data curation, knowledge extraction, data mining, artificial intelligence, and modeling)

Figure 1.2 Infographic of progress in the field of Nano EH&S over the last decade and a half
The brackets above the timeline represent time periods showcasing the main information
needs/priorities related to Nano EH&S research. The elements marked in the timeline (blue marks)
represent events relevant to advances in characterization of ENMs and inter-laboratory cooperation
efforts. The boxes below the timeline include examples of research advances in various aspects
relevant to environmental impact assessment of ENMs.
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Figure 1.3 U.S. Federal budget allocated to Nano EH&S research per fiscal year according
to the National Nanotechnology Initiative and number of publications, in the U.S., available
in Web of Science from a 2017 literature search.
The dark blue circles represent the total number of Nano EH&S publications identified on the Web
of Sciences database filtered by country for the U.S. (search terms used: “nanomaterial”,
“nanoparticle”, “nanotechnology”, AND “environmental health”, “environmental health and
safety” “risk assessment”, “risk management”, “fate and transport”, “environmental release”,
“exposure assessment”, “hazard”, “toxicity”, ”, “occupational health”, “occupational
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nanotoxicity”,
risk”, “worker health). The light blue circles represent the number of publications identified for
ENM hazard related topics only. The yellow cross marks represent the number of publications
identified for ENM exposure related topics only.
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Figure 1.4 Tiered process to conduct an environmental impact assessment of Engineered
Nanomaterials (ENMs)

The steps shown in this process are proposed to assess the potential environmental impacts of
ENMs. As discussed throughout Chapter 1, it is envisioned that the process illustrated here can
be adopted to assess potential impacts of emerging chemicals and technologies. This process can
also be used in environmental health decision-making to support the evaluation of scientific
evidence.
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CHAPTER 2: NEEDS AND CHALLENGES FOR ASSESSING THE

ENVIRONMENTAL IMPACTS OF ENGINEERED NANOMATERIALS (ENMS)

(A modified version of this chapter has been published in Beilstein J. Nanotechnol. 2017, 8,

989-1014. doi:10.3762/bjnano.8.101) Reprinted under Creative Commons License (CC BY 4.0)

ABSTRACT

The potential environmental impact of nanomaterials is a critical concern and the ability to
assess these potential impacts is of top priority for the progress of sustainable
nanotechnology. Risk assessment tools are needed to enable decision makers to rapidly assess the
potential risks that may be imposed by engineered nanomaterials (ENMs), particularly when
confronted by the reality of limited hazard or exposure data. In this review, we examine a range of
available risk assessment frameworks considering the contexts in which different stakeholders may
need to assess the potential environmental impacts of ENMs. Assessment frameworks and tools
that are suitable the different decision analysis scenarios are then identified. In addition, we
identify the gaps that currently exist between the needs of decision makers, for a range of decision

scenarios, and the abilities of present frameworks and tools to meet those needs.

INTRODUCTION

Engineered nanomaterials (ENMSs) are increasingly being used in numerous industrial products
and processes owing to their unique physicochemical properties. There are over 1000 nano-
enabled consumer products (Hristozov et al. 2012), representing an estimated global and U.S.

markets of $1 trillion and $800 billion, respectively (Roco 2011). Applications of ENMS include,
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for example, nanomedicine (e.g., drug delivery, early diagnosis and therapy for chronic diseases)
(Dekkers et al. 2010) and environmental remediation (Mauter and Elimelech 2008).

Given the rapid growth of the market for ENMs, there is concern about potential adverse
impacts from possible exposures to ENMs during production, distribution, use, and disposal (Som
et al. 2010). Human exposure to ENMs can occur through inhalation, ingestion or dermal
absorption. Despite the fact that chronic health effects of ENMs have not been conclusively
identified in human populations (WHO 2013), animal studies suggest that the ENMs exhibit
mechanisms of respiratory toxicity similar to those of ambient ultrafine particles (UFPs) (Xia et
al. 2009). Furthermore, in-vitro and in-silico studies (Maynard et al. 2011, Gajewicz et al. 2012)
suggest that inhalation of some ENMs may cause additional adverse outcomes, such as damage to
the respiratory tract, inflammation, and activation of signaling pathways. For additional routes of
exposure, such as dermal absorption, existing evidence suggests that certain ENMs may penetrate
the skin (e.g., cobalt nanoparticles in human volunteers and quantum dots ‘QDs’ in rat skin) and
cause irritation (e.g., nano ZnO in zebrafish models) (Teow et al. 2011). Oral exposure to ENMs
can result in subsequent absorption in the Gl tract and organ damage (e.g., nano Cu in mice via
oral gavage damaged liver, spleen and kidneys, and nano ZnO caused necrosis of liver tissues and
severe renal damage) (Teow et al. 2011). Given the above concerns, decision-makers and relevant
stakeholders are confronted with the need to identify and utilize reliable methods to ascertain
environmental impacts related to the production, use and disposal of ENMs.

The default process for evaluating the potential impacts of ENMs would be to use existing
frameworks that were developed to assess the environmental health and safety (EHS) impacts of
new chemicals and new industrial technologies more broadly. One such general framework is

Environmental Impact Assessment (EIA), which was promoted within the National Environmental
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Policy Act (NEPA) in the early 1970’s (NRC 1994) as a holistic approach that considers the
environmental, social and economic implications of planned projects. Another existing general
framework is “risk assessment” (RA) (National Research and Committee on the Institutional
Means for Assessment of Risks to Public 1983), which was developed to estimate human health
related risks in a systematic manner based on toxicity, dose response curves and quantitative
exposure assessment. These frameworks (i.e., EIA and RA) have also been incorporated into
ecological risk assessment (ERA) (Liu et al. 2012), which is used to evaluate the likelihood of
adverse environmental effects with focus on ecological receptors (e.g., biota, environmental
compartments) (EPA 1998). However, application of these existing frameworks to ENMs is not
straightforward. For example, although RA methods for chemicals are well established, their
adoption and/or adaptation for ENMs would require consideration of various issues that include,
but are not limited to the: behavior of ENMs in various media (e.g., dissolution,
agglomeration/aggregation, adsorption); persistence (techniques to predict aspects of degradation
of certain ENMs; transportation/distribution; predicted environmental concentrations (PECs) and
transformation products and impurities; bioaccumulation; effects/predicted no effect concentration
(PNEC) (Cohen et al. 2012, OECD 2012) (Figure 2.1). As a result, the implementation of RA for
ENMs would be extremely costly and time consuming. Additionally, challenges such as the lack
of information on background levels of naturally occurring nanoparticles and needed monitoring
data on environmental concentrations of ENMs (David 2013) restrict the application of traditional
RA and EIA to ENMs. Furthermore, the adaptation of chemical RA to ENMs would require the
development of data on: (i) ENMs hazard properties, (i) ENMs dose-response and dosimetry

metrics, (ii) production volume and emission rates (including modes of release) of ENMs, (iii)
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environmental transformations, and (iv) distribution of ENMs in the environment and associated
multimedia exposure levels (Cohen et al. 2012, OECD 2012).

Due to data gaps, RA of ENMs that have been performed to date have frequently had to rely
on expert judgment, which can result in ongoing debates about the validity of the results obtained
from this approach (NRC 2009, Cohen et al. 2012). Furthermore, the complexities of ENMs
transformation (e.g., agglomeration, complex formation) make it difficult to quantify the relevant
ENM absorbed and/or effective doses and complicate the development of dose-response
relationships.

As defined by the United States Environmental Protection Agency (U.S. EPA), “Risk
characterization is an integral component of the risk assessment process for both ecological and
health risks, i.e., it is the final, integrative step of risk assessment...risk characterization integrates
information from the preceding components of the risk assessment and synthesizes an overall
conclusion about risk that is complete, informative, and useful for decision makers” (EPA 2000).
Evidence regarding the harmful impacts of chemicals has been traditionally addressed via toxicity
and epidemiological studies, which allow risk assessors to establish causal relationships between
exposure and effects. Risk characterization for chemicals entails quantitative integration of
exposure assessment and dose-response information, and the metrics include the establishment of
reference doses (e.g., to protect the susceptible population from harmful effects), hazard index and
cancer potency factors. By contrast, the bulk of available toxicity data for ENMs are mostly based
on in-vitro assays and modeling approaches (e.g., quantitative structure activity relationships
(QSARSs)). For exposure assessment, the RA process for chemicals has been traditionally
performed via laboratory studies, field monitoring, use of biomarkers, or fate and transport

modeling. The RA process for ENMs, on the other hand, involves the additional complexity
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associated with having to address the impact of particle size distribution and agglomeration on the
fate and transport and bio-uptake of ENMs by ecological receptors.

Given the complexity of quantifying environmental exposures to ENMs and the scarcity of
toxicity data at the organism level, several alternative approaches have been proposed (as an
alternative to RA or EIA) for assessing the potential environmental impacts of ENMs. Previous
reviews of the above approaches (Grieger et al. 2012, Hristozov et al. 2012, Hendren et al. 2013)
have provided insight into the various elements of the assessment methods, but did not assess
whether they meet the needs for ENMs RA and the associated challenges faced by the multiplicity
of stakeholders for specific decision-making scenarios. Here, we provide a critical assessment of:
(1) the types of decisions that different stakeholders in regulatory and non-regulatory environments
need to make about the risk potential of ENMs and what types of tools they require; (2) which of
the existing frameworks may be most suitable to address these needs; and (3) the gaps that exist

between the needs of decision makers and the RA tools that are currently available.

METHODS

Delineation of Decision-Making Scenarios. To assess the relevance of the different risk
assessment approaches, six different plausible decision-making scenarios were considered. The
term “scenario” has been used across different fields and practices with different meanings and
uses (Ramirez et al. 2015), ranging from management and planning (e.g., a description of future
events to identify key variables and questions, trends and actors to identify strategic options)
(Godet and Roubelat 1996) to software design (e.g., envision of potential problems related to the
use of the developed product) (Carroll) and environmental assessment (e.g., assessment of

pathways of events under a set of key assumptions (‘what if’?)) (van Vuuren et al. 2012). A
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common ground for the different uses of scenario analysis is in its application as a tool to study
multi-disciplinary problems. Within the context of framework analysis in this review, “scenarios”
are defined as a set of equally plausible contexts in a narrative form (Ramirez et al. 2015). In the
present review the example scenarios were selected with a focus on the United States landscape
considering various frameworks reported in the published literature. The first four scenarios are
related to manufacturing ENMs and occupational health and safety concerns, and the last two
scenarios are related to registration of new ENMs and establishment of maximum allowable
exposure levels. Evaluation of RA frameworks within the context of decision-making scenarios is
particularly instructive in assessing the utility of specific RA methods (Beaudrie and Kandlikar
2011). The specific information needs for each decision-making scenario include: (1) definition of
the intent of the analysis (e.g., selection of hazard identification, exposure assessment or risk
characterization); (2) the level of resolution/type of the analysis result (e.g., qualitative
categorization/prioritization of needed research or testing or quantitative information, for example,
a permissible exposure limit (PEL)); (3) the typical level of expertise of stakeholders who would
be making the decision; and (4) the type of data accessible to stakeholders (e.g., data reported from

the literature, publicly available production reports, material safety data sheets (MSDS), etc.).

Scenario | reflects a process by which a company must decide whether to control exposure to
workers during manufacturing or processing of ENMs. This is a common assessment carried out
in industry to ensure occupational health and safety standards, require information about process

details and potential exposures, and establish control practices.
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Scenario 11 is for the establishment of safe exposure levels related to occupational health by a
regulatory body (e.g., the U.S. Occupational Safety and Health Administration (OSHA)). OSHA
requires information to drive risk management (e.g., establishment and enforcement of
occupational exposure limits (OELs) and permissible exposure limits (PELS) and guidance for
compliance). The main needs of this scenario are to establish OELS/PELs for a specific class of

ENMs for which the agency is required to provide evidence based exposure limits.

Scenario 111 is for a company manufacturing ENMs that has to decide whether risk associated
with such ENMs or products containing ENMs is manageable and how to manage any potential
risks. This decision-making scenario requires information/data regarding the potential for
exposure throughout the ENM’s life cycle and the hazards it may pose to humans and the

environment.

Scenario 1V addresses the need for arriving at a decision by a company or regulatory agency
for choosing the safest ENM out of a group of alternatives (ENMS or chemicals). In this scenario,
the assessment of alternatives requires information regarding hazard posed to humans and the
environment for all different alternatives as well as technical performance of the material for the

intended application.

Scenario V focuses on decisions made by a regulatory body (i.e., the U.S. EPA) about whether
to control the use, release, or emissions of an ENM via a Significant New Use Rule (SNUR). This
decision entails gathering substantial evidence that indicates any unreasonable risk to people or

the environment given information about production volume, release, exposure potential and

82



anticipated hazards. The SNUR must be justified considering: (1) the projected ENM volume of
manufacturing and processing; (2) the extent to which ENM use changes the type or form of human
and ecological receptors’ exposure to the ENM; (3) the extent to which the ENM use increases the
exposure level and period; and (4) the reasonably anticipated manner and methods of
manufacturing, processing, distribution in commerce and disposal of a chemical substance (EPA

2016).

Scenario VI focuses on decisions involving food, drugs or personal care products. In this
scenario, a regulatory body (i.e., the U.S. Food and Drug Administration (FDA)) needs to decide
whether to allow registration of a new nano-enabled product in food, drugs and personal care
products. In Scenario VI, examples are explored that pertain to cosmetics and new drugs
containing ENMs (FDA 2016). While safety assessment is required for both product types, new
drugs require a detailed Risk Evaluation and Mitigation Strategy (REMS) (Craig 2010), including
an estimation of population exposed to the drug, benefits from treatment with the drug, potential

health risks, and if the drug represents a new molecular entity (Duvall 2012).

Review of Available Frameworks in the Context of Specific Decision-Making Scenarios
Eighteen existing frameworks, identified from a literature review finalized in 2015, that are
potentially useful for assessing the impacts of ENMs were evaluated. The literature review focused
on peer review publications available through the UCLA library system. These frameworks can
be categorized as follows: (1) hazard identification frameworks, (2) frameworks for environmental
risk/impact characterization, and (3) frameworks for occupational risk characterization. The

hazard identification frameworks that were evaluated were the Swiss Precautionary Matrix (SPM)
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(Hock J. et al. 2013), Risk Classification System based on Multi Criteria Decision Analysis
(MCDA risk classification) (Linkov et al. 2007, Linkov et al. 2009, Tervonen et al. 2009),
NanoRiskCat (Hansen et al. 2014), the Decision-making framework for the grouping and testing
of nanomaterials (DF4Nano grouping) (Arts et al. 2015), and the modified GreenScreen (Sass et
al. 2016). The evaluated frameworks for environmental risk/impact characterization were Life
Cycle Analysis (LCA) (Eckelman et al. 2012, Gavankar et al. 2012, Hischier and Walser 2012),
DuPont’s NanoRisk (DUPONT 2007), U.S. EPA’s Comprehensive Environmental Assessment
(CEA) (Powers et al. 2012, Powers et al. 2014), NanoHAZ (O'Brien and Cummins 2010),
Nanomaterial risk screening tool (NRST) (Beaudrie et al. 2015), Engineered Nanoparticles -
Review of Health and Environmental Safety: Human health and Ecological Risk Assessment
(ENRHES RA) (Aschberger et al. 2011), Risk Quantification based on Probabilistic Mass Flow
Modeling Analysis (PMFA Risk Assessment) (Gottschalk et al. 2013), Forecasting of the Impacts
of Nanomaterials in the Environment (FINE) based on Bayesian Networks (BN) (Money et al.
2012), and Life Cycle Risk Analysis for nanomaterials (Nano LCRA) (Shatkin 2008, Shatkin and
Kim 2015). The assessed frameworks for occupational risk characterization were Risk based
classification for occupational exposure control (Risk based OEL) (Kuempel et al. 2012), Risk
Classification based on an Industry Insurance Protocol (RCIP) (Robichaud et al. 2005), CB
Nanotool (Paik et al. 2008) and the Web-Based Tool for Risk Prioritization of Airborne
Manufactured Nano Objects (Stoffenmanager Nano) (Van Duuren-Stuurman et al. 2012).

The potential for using existing frameworks for environmental impact/risk assessment and
other relevant health and safety assessment of ENMs was evaluated systematically (see Appendix

B Tables B1 and B2) by identifying the following characteristics for each framework:
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1)

)

©)

(4)

(5)

(6)

The intent of the analysis based on the framework’s main elements of the risk assessment
process (e.g., hazard identification, exposure assessment, and risk characterization);

The inputs required to conduct the analysis (e.g., environmental fate and transport data,
physicochemical properties; toxicological information including dose-response
information);

The outputs/results obtained from the analysis such as description of the outcome (e.g.,
predicted values of environmental concentration, probability of risk) and its category (e.g.,
quantitative value/magnitude, qualitative classification) relative to the intent of the
analysis;

The intrinsic characteristics of the applied methodologies including, for example, the basis
for the analysis (e.g., conceptual model, questionnaire, statistical model), settings or
conditions for which the framework was designed (e.g., a specific geographical location, a
particular working environment) and data used to support the design of the framework
(e.g., experimental data, mechanistic studies, authors’ assumptions);

The capability of a framework to address data gaps (e.g., via consideration of expert
judgment or modeling tools incorporated in the framework); and

The availability of software tools specifically designed to conduct the analysis.

Upon analysis of the reviewed frameworks, the process and criteria used to identify their

suitability for each of the specific decision-making scenarios is illustrated in Figure B1 and Table
B4 on Appendix B. Finally, a discussion is provided of the potential opportunities for improving
and/or adapting current frameworks and further to develop recommendations for the development

of future tools. Moreover, the reviewed frameworks and the corresponding required information
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were further evaluated within the context of the selected decision-making scenarios in order to

identify remaining major challenges.

REVIEW

The basic characteristics of the 18 frameworks that were evaluated are summarized in Table
2.1. Below, we summarize the intent, inputs, outputs, intrinsic characteristics, ability to address
data gaps, and availability of software tools for each of the frameworks. The frameworks were
evaluated, as detailed in the following sections, according to their intended applications for hazard

identification, characterization of environmental risk, and characterization of occupational risk.

(1) Hazard ldentification Frameworks

The following four frameworks for identifying hazards associated with engineered
nanomaterials were assessed: (a) the Swiss Precautionary Matrix, (b) “Risk” Classification
Systems Based on Multi Criteria Decision Analysis, (¢) NanoRiskCat, and (d) Decision-making
framework for the grouping and testing of nanomaterials. Although several of the above
approaches include “risk” in their titles, in practice they have been used either to solely assess
hazard and/or do not yield a combined risk score. As a result, the above frameworks that are
summarized below are considered in the present review as a category separate from those

frameworks that have been used to identify risks associated with ENMs.

(a) The Swiss Precautionary Matrix (SPM) was designed as a response to the Swiss Action
Plan on Synthetic Nanomaterials (SAPSN) to use existing information to identify potential harmful

impacts of synthetic nanoparticles on health and the environment (Hock J. et al. 2013). The SPM,
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which is available as a web-tool (Health 2013) is not designed to be a comprehensive risk
assessment framework, but rather to provide an initial screening approach to determine the
required measures for safe handling of nanomaterials in Switzerland (Hock J. et al. 2013). Prior to
evaluating a specific ENM or a nano-enabled product using the SPM, the analyst has to assess
whether that material or product meets the definition of “nano-relevant” using the European Union
regulatory recommendation of 2011 (EU 2011). According to this recommendation, a
nanomaterial is defined as “an unknown material containing primary particles in an unbound state
or as an aggregate or as an agglomerate and where, for 50% or more of the primary particles in the
number size distribution, one or more external dimensions is in the size range 1 nm -100 nm or if
the number size distribution is unknown”. A material is also considered to be “nano-relevant” by
this definition if its specific surface area per unit volume is greater than 60 m?/cm?, or a material
that consists of fullerenes, graphene flakes or single wall carbon nanotubes.

For materials considered to be nano-relevant, the SPM tool can be used to develop scores
representing levels of concern for the following parameters: potential effect (W), potential
exposure of humans or environmental release (E), and available information on the material’s life
cycle (1). Threshold values and limits for each of these parameters (W, E, I), as determined by the
peer-reviewed literature are specified in the SPM guidance document, which is provided online by
the tool developers (Hock J. et al. 2013). The potential effect (W) is a score assigned on the basis
of the ENMs’ reactivity (e.g., redox activity, catalytic activity, oxygen radical formation potential
or induction potential for inflammation reactions) and stability (e.g., half-life of the nanomaterial
in the human body, or under environmental conditions). For example, a metal oxide nanoparticle
with a conduction band energy that is much lower relative to the redox potential of biological

molecules would be given the lowest score (1) on a scale of 1-9 (where 1 is low, 5 is medium and

87



9 is high). Likewise, a score is assigned for the ENM period of stability (e.g., 1, 5 and 9 for hours,
days-weeks, and months respectively). The potential for human exposure to a given ENM and its
environmental release (E) is assessed based on: (a) the carrier material of the ENM and
availability of the ENM for release, (b) the maximum possible extent of human exposure via
inhalation based on the daily amount of nanomaterial with which a worker comes into contact; (c)
the maximum ENM input into the environment during manufacture via wastewater, exhaust gases
or solid waste; and (d) the available information on the ENM life cycle. Finally, the score for (d)
the available information on life cycle (1) is assigned based on the answers the user provides to the
following questions: (i) is the ENM’s origin (i.e., starting material(s)) is known? (ii) Is sufficient
information available to complete the SPM based on the ENM starting materials? (iii) Are users
of the ENM known? And (iv) is the composition/purity of the ENM known or can be estimated?
Once the categories for each of the assessed parameters has been determined, an overall score
for the nano-relevant material is calculated, which is expressed as a Precautionary need =f (N, W,
E, I) (Hock J. et al. 2013). The resulting score represents a measure of the need to review existing
measures or evaluate new measures of risk management related to the nanomaterial. It should be
noted that the SPM framework allows for updating data/information given that calculated scores
can be high when data gaps exist. Overall, the SPM is a useful approach for setting priorities for
action related to nano-relevant materials. However, the SPM tool does not identify specific control
measures for risk reduction nor quantifies the risk/impact posed by the nano-relevant materials in

question.

(b) “Risk” Classification Systems Based on Multi Criteria Decision Analysis (MCDA) has

been used as an analytical framework for environmental hazard assessment and/or management
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for ENMs, which can also aid in decision support or decision analysis (Linkov et al. 2013).
Although this approach has been termed “Risk Classification by MCDA”, to date, use of this
approach has primarily focused on hazard identification; hence for the purpose of this review it is
categorized as a “hazard identification” approach (Linkov et al. 2007, Linkov et al. 2013). The
MCDA process involves (Linkov et al. 2007) identification of stakeholders and evaluation criteria,
elicitation of MCDA parameters (e.g., establishment of weights and thresholds), model execution
using available software tools (Mustajoki and Marttunen 2013), and interpretation of results.
MCDA is often limited with regard to addressing data gaps, since scores must be provided by the
assessor or via expert elicitation. Integration of MCDA with Life Cycle Analysis (LCA) and RA
has been proposed to compare the impact of ENMs across life cycle stages (Linkov and Seager
2011). However, case studies based on this integrative approach have not yet been reported (as of
September 2016).

An interesting MCDA example of classifying the risk potential of ENMs is the “stochastic
multi-criteria acceptability analysis” (SMAA-TRI) approach (Tervonen et al. 2009). In the above
approach, ENMs are classified into “risk” categories (e.g., very low, low, medium, high and
extremely high risk) to provide recommendations for additional testing prior to ENM use in
consumer products (Tervonen et al. 2009). In the SMAA-TRI method, the highest scoring category
(i.e., extremely high risk) is assigned to ENMs that have high scores for the majority of the criteria
described below. The SMAA-TRI was utilized (Tervonen et al. 2007) to compare a set of ENMs
(called “alternatives” in the framework) based on selected hazard and toxicity criteria (e.g.,
extrinsic ENM properties such as agglomeration, reactivity/charge, critical functional groups,
contaminant dissociation and size; evidence of toxicity; and other factors related to toxicity such

as bioavailability and bioaccumulation). This outranking method has the advantage, when criteria
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metrics are not easily aggregated, of providing qualitative metrics for ENM ranking (e.g., “most-
least” favorable) (Linkov et al. 2007). The SMAA-TRI approach has been demonstrated for
ranking of Ceo, Multi-walled Carbon Nanotubes (MWCNTSs), CdSe, Ag nanoparticles (NP), and
Al NP according to the following scales: size (quantitative scale 1-100 based on literature review
for the studied ENMSs); agglomeration, reactivity/charge, critical functional groups and
contaminant dissociation (qualitative scale of 1-5, where scores are assigned based on expert
judgement with 1 representing the most favorable score as judged based on the perceived
hazard/toxicity (i.e., lower score for less harmful/toxic ENM) and 5 the least favorable/more
toxic); and toxicity evidence, bioavailability, and bioaccumulation (scale of 0-100 of a
“subjective” probability scale constructed by the authors based on their expert judgment). In the
proposed approach, the authors followed the scoring with a Monte-Carlo simulation to sample
from a given probability distribution for each parameter to arrive at probabilities for the ranked
ENMs for each of the categories. Such analysis suggested that CdSe was of greatest concern among
the analyzed ENMs, ranking in the high-risk category with a 98% probability. In contrast, the
ranking for Ceo was fairly evenly divided between medium risk (51% probability) and high risk
(49% probability), and Al NP was fairly evenly divided between medium risk (34% probability)
and low risk (33% probability) (Tervonen et al. 2009). As illustrated by the above case study, the
Risk Classification MCDA framework is useful in a context where the ENMs hazards are known
and can be reasonably or rationally grouped within categories for the intended ranking. However,
the assignment of ENMs’ properties or hazard traits involves subjective expert analysis and

therefore may be biased depending on the knowledgebase available to the assessor.
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(c) NanoRiskCat is roadmap/flowchart designed as a first-tier approach to assess and
communicate the hazard and exposure potential of ENMs that are used in consumer products
(Hansen et al. 2014). In the above approach, hazard and exposure potential are assessed
individually and are not combined to yield a risk score. Therefore, in the current review,
NanoRiskCat is categorized as a “hazard identification framework™. This framework typically
requires expert judgement in order to interpret the available data. In addition, use of this framework
by individuals other than the developers is currently limited given the present unavailability of a
software implementation of the framework. Nonetheless, this framework could serve to aid
companies and regulators for assessing the potential exposure, human health and environmental
hazards associated with specific ENMs.

The NanoRiskCat framework leads the assessor through a series of questions that guide
through the process of qualitatively classifying the hazard and exposures potential of the ENM of
concern. Qualitative Classification is expressed in terms of a color code where red, yellow, green
and gray indicate high, medium, and low potential hazard/exposure, respectively, while gray
signifies that data are insufficient for an assessment. Questions are then posed to allow one to
classify the hazard and exposure potential; such questions also include queries regarding the
physical form of the ENM and potential receptors (e.g., professional-end users, consumers and/or
environment) that could be exposed to the ENM. The framework includes questions about the
potential hazards of the ENM with respect to human health (e.g., evidence of acute toxicity, germ
cell mutagenicity, carcinogenicity, reproductive toxicity) and environmental hazards (e.g., adverse
outcomes to aquatic and terrestrial species). Based on answers to the posed questions,
NanoRiskCat bins ENMs into three categories of potential exposure (high, medium and low)

(Hansen et al. 2007, Hansen et al. 2008). The potential for ENM human hazard is also evaluated
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based on answers to questions about the ENM aspect ratio (e.g., a high aspect ratio ENM is
categorized immediately as high), evidence of adverse outcomes related to acute and chronic effect
posed by the ENM (e.g., evidence to support genotoxicity, neurotoxicity, carcinogenicity, and/or
cardiovascular, respiratory toxicity). Environmental impacts are also assessed based on
bioaccumulation, persistence, as well as dispersibility and other “warning signs” of potential
hazard (Hansen et al. 2013). Given the above, it can be stated that qualitative results obtained via
NanoRiskCat are intended to be a tool for risk communication strategies.

The use of NanoRiskCat was demonstrated for the categorization of the following ENM
containing products: cleansing soap (containing nano Ag), tennis rackets (CNTSs), automotive oil
(Fullerene Ceo), and sunblock (nano ZnQO), among others (Hansen et al. 2014). NanoRiskCat
analysis concluded that sunblock and cleansing soap were in the category of overall red/high
exposure potential for human and for environmental hazards (Hansen et al. 2014). The tennis
racket, as a source of ENMSs, on the other hand, was categorized as being of low potential exposure.
However, since the tennis racket contained CNTs it was designated in the medium/high category
for human and environmental hazard. As demonstrated in the case study (Hansen et al. 2014), the
NanoRiskCat framework can be a useful tool to qualitatively identify areas of concern (e.g.,
ecological and/or human health hazards) through the analysis of published information. However,
the approach does is not built for direct analysis of quantitative data or handling of areas of missing

information.

(d) The Decision-making framework for the grouping and testing of nanomaterials
(DF4Nano grouping) was designed by the European Center for Ecotoxicology and Toxicology of

Chemicals (ECETOC) “Nano Task Force” as a regulatory framework to guide the users on
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grouping ENMs to make human health hazard assessment and identify information needs/research
priorities for inhaled ENMs (Arts et al. 2015). This framework leverages the concept of “read-
across”, which allows data gaps to be filled assuming that ENMs with similar structures and/or
physicochemical properties will exhibit similar hazard profiles (Arts et al. 2015). The Nano Task
Force proposed that this framework could be useful for categorizing substances into common
groups based on similarity of structural and physicochemical properties that induce similar patterns
of toxicity.

In DF4Nano, ENMs are grouped into four main categories: soluble ENMs, biopersistent high
aspect ratio (HAR) ENMs, passive ENMs, and active ENMs. Soluble ENMs are defined as ENMs
with a water solubility that exceeds 100 mg/L or not water-soluble but soluble in biological media
and/or if the ENM has a pulmonary half-life of less than 40 days. For soluble ENMs, no further
nano-specific sub-grouping is specified and read-across of the properties of the dissolved materials
to the corresponding bulk materials is applied. Biopersistent high aspect ratio (HAR) ENMs are
defined as ENMs with an aspect ratio less than 3:1, a length greater than 5 pm, a diameter less than
3 um, and an aqueous dissolution rate (suggesting biopersistence) greater than 100 mg/L or a
pulmonary half-life upon intratracheal instillation greater than or equal to 40 days. Passive ENMs
are those materials considered to be of very low or no hazard potential by virtue of containing less
than 0.1% toxic components, low surface reactivity (e.g., based on ferric reducing ability of serum
or cytochrome C), high dispersibility (based on an average aggregation number (AAN) > 3), no
cellular effects observed at a surface area < 10 pg/cm?, and low toxic potency (i.e., a no adverse
effect concentration (NOAEC) in short-term inhalation studies (STIS) > 10 mg/m?3). Active ENMs
are those that either do not meet the criteria for soluble ENMs, biopersistent high aspect ratio

ENMs, or passive ENMs, or that meet the criteria for multiple categories, assuming that the
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NOAEC for the ENM in STIS is > 610 mg/m®. For ENMs of group 4, further sub-grouping is
required according to the degree of mobility in air (dustiness) and in physiological fluids
(dispersibility), as well as on the uptake, biopersistence, and biodistribution as determined in vitro
and in vivo short-term inhalation studies (STIS).

The DF4Nano Grouping is based on data provided by the analyst for the ENMs of interest
through “tiers” or information filters, where specific thresholds are set for intrinsic material
properties (e.g., water solubility, primary particle size, surface area, composition, crystallinity, and
surface chemistry); system-dependent properties (e.g., dissolution rate in biological simulation
fluid (BSF), release of toxic ions, size in relevant media and dispersibility); biopersistence (e.g.,
property of the ENM to persist in a cell, tissue, organ or organism as a proxy of pulmonary
retention); uptake and biodistribution (e.g., evidence of alveolar uptake and subsequent
distribution through the pulmonary system); and cellular (e.g., membrane damage including
cationic phagolysosome damage, generation of reactive oxygen species (ROS), oxidative stress,
redox activities, etc.) and apical toxic effects (e.g., respiratory effects shown in short-term
inhalation studies).

In the initial tier (0) of information focuses on gathering data regarding intrinsic material
properties (e.g., water solubility, primary particle size (PPS), surface area, composition,
crystallinity, and surface chemistry). In tier 1, the ENM can be assigned into one of the following
groups of intrinsic material properties: water solubility, particle morphology (PPS and shape,
including aspect ratio and surface area) and chemical composition. Tier 2 focuses on the ENM’s
i) intrinsic properties and those linked to the ENMs functionality in the environment, (e.qg., surface
reactivity, dissolution rate, and dispersibility), ii) intended use, release and exposure, iii) uptake,

biodistribution and biopersistence, and iv) biophysical interactions and cellular effects (Arts et al.
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2015) to assign non-soluble ENMs to one of the following groups: biopersistent high aspect ratio
(HAR) ENMs, passive ENMs, or active ENMs. Analysis within tier 2 is meant to indicate whether
the ENM should be classified as either a biopersistent HAR ENM or an active ENM. Tier 3 is
reached if the ENM has not been classified within any of the groups of tiers (1) and (2) or to
confirm/revise the assignment of ENMs to the resulting category. Tier 3 includes a confirmation
of in vivo toxic effects, which are considered higher in ranking than in vitro effects, to define and
refine additional information needs. The specific toxicological information assessed in tier 3
includes: lung burden, systemic uptake, in vivo biopersistence, biodistribution, apical toxic effects
and toxic potency, as assessed by STIS, in addition to ex vivo genotoxicity screening.

The application of the DF4Nano Grouping has been proposed (Arts et al. 2015) as a resource
where physicochemical characterization and toxicity data are available for the ENM under
consideration, or for those ENMs with similar properties to those for which toxicological
information is available. In cases involving novel ENMs or where physicochemical
characterization data are lacking, the application of DF4Nano requires additional ENM
characterization. Also, given that exposure assessment is not performed in this framework the
applicability of DF4Nano is suitable where qualitative assessments may suffice.

(e) A modified GreenScreen tool (Action 2017) was recently developed (Sass et al. 2016)
following the original GreenScreen approach advanced by the Clean Production Action Group to
assist in conducting chemical hazard assessment. The approach incorporates aspects of the U.S.
EPA’s Design for the Environment (DfE) Alternatives Assessment Criteria for Hazard Evaluation
and the Globally Harmonized System (GHS) of Classification and Labelling of Chemicals (Sass
et al. 2016, Action 2017). GreenScreen was modified for application to ENMs by including

collection of physicochemical properties of the target nanomaterials (e.g., agglomeration and or
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aggregation, chemical composition, purity, shape, surface area, surface chemistry (including
composition and reactivity)) (Sass et al. 2016). The various studies from which information on the
nanomaterials (properties and toxicity endpoints) is compiled are then assessed with respect to the
reliability of the provided information. Briefly, the application of the modified GreenScreen
approach, which is available as an online software tool, entails the following steps: 1) collection
of publicly available data for 18 parameters that are relevant to hazard outcome (both chronic and
acute) associated with the hazard endpoints of the target chemical, 2) expert evaluation of the
collected data to assign “Benchmark Scores” (e.g., low, medium or high concern) or “DG” for data
gaps to each of those 18 hazard endpoints; 3) assigning an aggregated benchmark (BM) score to
categorize recommendations with respect to the material use. The proposed five categories are as
follows: BML1 is for a substance of very high concern as defined by U.S., Canadian and European
regulatory bodies, BM2 and BM3 designate a material that can be continued to be used but safer
substitutes are desirables as the nanomaterial may present human health concerns, BM4 is for a
material that represent low hazards to humans and the environment, and a fifth category (BM-U)
where information is insufficient to assign a score.

In a case study developed by Sass et al (Sass et al. 2016), two types of nano-sized silver, AGS-
20 and low soluble nano silver, were compared to non nano silver (conventional silver). Analysis
using the modified GreenScreen tool suggested that low soluble nano silver and conventional
Silver were of category BM-1 given evidence of high persistence and high ecotoxicity. In contrast,
the lack of data for AGS-20 suggested classification of BM-U. As the above study notes (Sass et
al. 2016), the modified GreenScreen tool is not intended for quantitative risk assessment, but rather
as a suitable means for rapid screening to identify data needs and to compare available hazard

information for ENMs.
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(2) Frameworks for characterization of environmental risk

In evaluating frameworks that were designed to explicitly assess both hazard and exposure
potential and to yield a net measure of risk potential, the present review focused on first
considering frameworks that were designed to characterize environmental risk (including risks to
humans due to exposure through environmental media) and then those designed to characterize
occupational risk. Nine different frameworks for characterization of environmental risk of ENMs
were assessed: (a) Life Cycle Analysis, (b) DuPont’s Nano Risk Framework, (c) the U.S. EPA’s
Comprehensive Environmental Assessment (CEA) Framework, (d) NanoHAZ, (e) Nanomaterial
risk screening tool (NRST), (f) the Engineered Nanoparticles - Review of Health and
Environmental Safety: Human Health and Ecological Risk Assessment (ENRHES RA), (g) Risk
Quantification based on Probabilistic Mass Flow Analysis (PMFA risk quantification), (h)
Forecasting of the Impacts of Nanomaterials in the Environment (FINE) based on Bayesian

Networks (BN), and (i) Life Cycle Risk Analysis for Nanomaterials (Nano LCRA).

(a) Life Cycle Analysis (LCA) refers to a class of approaches that follow a product over its
life stages, including: (a) material acquisition and purification, (b) manufacturing and fabrication,
(b) commercial uses, and (d) end-of-life product management (Theis et al. 2011). LCA is rooted
in assessing environmental impacts. Examples of impacts that have been assessed previously using
LCA include climate change, smog creation, eutrophication, toxicological stress on human health
and ecosystems, depletion of resources that occur as a consequence of releases into the
environment, and consumption of resources (Rebitzer et al. 2004). According to the Society of
Environmental Toxicology and Chemistry (SETAC), LCA consists of the following steps: i) goal

scope and definition (e.g., establishment of the product under analysis and study objectives); ii)
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life cycle inventory analysis (e.g., tabulation of emissions and consumption of resources at each
life stage of the product); iii) life cycle impact assessment (e.g., assessment of the impacts at each
life stage of the product, which depend on the scope of the LCA); and iv) life cycle improvement
assessment (e.g., a review of the LCA results to reduce impacts related to the product under
analysis) (Rebitzer et al. 2004).

The applicability of LCA to assess the environmental impacts of ENMs has been subject of
different reviews (Gavankar et al. 2012, Grieger et al. 2012, Hischier and Walser 2012), and the
integration of LCA with risk assessment has also been suggested as a tool that could inform
development of nano-enabled products that are “safer by design” (Som et al. 2010). For instance,
Grieger et al (Grieger et al. 2012) qualitatively analyzed published case studies of ENMs RA and
LCA. Their analysis demonstrated the differences between these two approaches: LCA provides
an assessment of environmental impacts of a product/system while RA provides an assessment a
particular substance or component of a complex material. Hischier et al (Hischier and Walser
2012) reviewed LCA case studies of several ENMs (e.g., CNTSs, single walled CNTSs, fullerenes,
quantum dots and TiO2) and nano-enabled products (e.g., dye containing nanoTiO2 and carbon
powder, t-shirt with nano Ag coating, and polymer composite) to assess the potential contributions
of material production to CO2 emissions. Most of the reviewed studies focused primarily on
inventory of CO2 emissions or energy analysis (Hischier and Walser 2012). An exception was a
partial LCA and aquatic ecotoxicity impact assessment of carbon nanotubes (CNTSs) reported by
Eckelman et al (Eckelman et al. 2012). This latter study compared the environmental impacts (in
freshwater) of chemical releases resulting from the manufacture (e.g., arc ablation, chemical vapor
deposition (CVD), and high-pressure carbon monoxide (HiPCO)) for a hypothetical scenario in

which CNTs and chemical releases are associated with the production of CNTs. The environmental
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impact of CNTs was quantified via a characterization factor (i.e., CF = effect factor x fate factor
x exposure factor) calculated as per the methodology of the fate and transport module of the
USEtox model (Rosenbaum et al. 2008). The aquatic environmental impact of the release of
chemicals released to freshwater due to CNT manufacturing was assessed based on previously
reported data (Healy et al. 2008) and LCA software (Sima Pro 7.3) (Eckelman et al. 2012). In the
above approach, the effect factor was defined the ratio of the potentially affected fraction (PAF)
of aquatic organisms and average ECso’s for the evaluated aquatic species. The fate was quantified
as the residence time (days) of the CNTSs or related chemicals in freshwater expressed as per the
USEtox model. USEtox was not developed to specifically describe the fate and transport of
particles or particle-bound chemicals; thus, its extended application to ENMs was based on
heuristic assumptions and approximations. In the presented case studies, two different hypothetical
release scenarios were considered for two hypothetical scenarios in either 100% (“‘worst case”) or
2% of the total produced CNTs were assumed to be released to freshwater. It was concluded that
under the “worst case” scenario the expected environmental impacts of CNTs would be equivalent
to that which would result from chemicals released to the environment during the manufacture of
CNTs. However, under the 2% release scenario, the expected environmental impacts of CNTs
were assessed to be several orders of magnitude lower than for chemicals released during the
manufacture of CNTs. Hence, it was recommend that further research was required to develop
safer manufacturing processes for CNTs (Eckelman et al. 2012). LCA is noteworthy because it
offers a myriad of options for analyses of ENMs and that have to be considered on a case-by-case
basis. Depending on the scope of the assessment when sufficient data are available regarding ENM
properties, fate and transport parameters, emissions, and toxicity/hazard then LCA could be

performed to a reasonably approximate level via the USEtox model. The results of such analysis
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must be evaluated cautiously given that USEtox is a model designed for dealing with organic
chemicals and does not consider the complex environmental fate and transport behavior and

toxicity of ENMs.

(b) DuPont’s NanoRisk Framework was developed based on a joint effort by the
Environmental Defense Fund and DuPont (DUPONT 2007) is a guide to presenting questions and
request for information that should be considered by an organization to evaluate the risks
associated with specific ENM applications. NanoRisk is a qualitative framework that guides the
development of informational profiles (e.g., properties, hazards and exposures associated with a
nanomaterial and its application) for the target ENMs throughout their lifecycle. The output is a
worksheet that includes information on: (1) material description and application (e.g., technical
name, commercial name, common form), and (2) ENM Profile Lifecycle(s) which consists of
ENM Lifecycle Properties (ELP), ENM Lifecycle Hazard (ELH), and ENM Lifecycle Exposure
(ELE) Profiles.

The NanoRisk ELP Profile includes ENM physicochemical properties such as chemical
composition, surface coating, molecular structure, crystal structure, physical, form/shape, particle
size, size distribution and surface area, agglomeration state, particle density, ENM bulk density,
porosity, dispersibility, solubility in water and biologically relevant fluids, surface charge, and
surface reactivity. The ELH profile includes acute hazard/toxicity information for the target ENM,
and the ELE profile focuses on workers’ exposure to ENM during the industrial process.

NanoRisk is useful in guiding the analyst in gathering information needed to assess the
potential risk associated with the ENM of interest following the Chemical Process Quantitative

Risk Assessment (CPQRA) approach (AIChE 2000). CPQRA is a methodology applied in the
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chemical, petrochemical and oil processing industries to evaluate the overall process safety rather
than a specific chemical substance or ENM (AIChE 2000). CPQRA consists of 7 steps: 1)
definition of the potential incidents (e.g., qualitative hazard analysis), 2) evaluation of the potential
consequences of the incidents (e.g., via vapor dispersion modeling and fire and explosion effect
modeling), 3) estimation of the potential incident frequencies (e.g., via databases), 4) estimation
of the incident impacts on people, environment and property, 5) estimation of the risk (e.g.,
combination of the potential consequences for each incident with the incident frequency and
summing over all events), and 6) evaluation of the risk (e.g., identify the major sources of risk and
determination if there are cost-effective process or modifications to reduce risk). NanoRisk itself
does not generate specific guidance regarding quantitative estimation of risk associated with
ENMs and does not provide a stand-alone methodology for integrating quantitative and qualitative
information related to risk potential. However, NanoRisk does document a series of possible risk
management decisions that should be addressed and provides recommendation on how to

document specific risk management options.

(c) The U.S. EPA’s Comprehensive Environmental Assessment (CEA) Framework
provides a high-level set of recommendations for approaching the subject of assessing the potential
health and environmental impacts of nanomaterials (Powers et al. 2012). CEA recommends
following a traditional risk assessment process (NRC 2009), but stresses the need for considering
the complete product lifecycle, transport and transformation in the environment, and exposure
potential or absorbed dose (by all exposure pathways), in addition to impact assessment. CEA
recommends the construction of an information system that considers both an expert domain

knowledge (including via meta-analysis) and utilization of various LCA methods, cost-benefit
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analysis, and decision science methods, while engaging stakeholders in the CEA process. CEA
was evaluated via a case study (Powers et al. 2014) in which stakeholder engagement (expert
elicitation) served to collect information about the risk potential of using Multi-Walled Carbon
Nanotubes (MWCNTS) in flame-retardant coatings in upholstery textiles. Expert opinions were
elicited, via a web-based tool (“CEAWeb”) (Powers et al. 2014) to prioritize the range of needed
studies on MWCNT release across the product life cycle and human exposure or health impacts,
which included, for example, defining/quantifying exposure scenarios, effects of MWCNT
functionalization, developing techniques to quantify MWCNTSs in air and other media, and
estimation of safety thresholds (Powers et al. 2014). CEA case studies were also documented for
nano Ag and nano TiOg, in which information gaps were assessed to identify future research needs
and priorities (EPA 2010). Overall, although CEA provides a useful roadmap for evaluating the
potential impacts of ENMs, this “framework” is essentially a guidance document that falls short
of providing or recommending specific quantitative methodologies for the integration and analysis

of information/data to assess the risk potential of ENMs.

(d) NanoHAZ is an approach developed specifically for assessing the potential ecological
risks associated with ENMs (including human risks associated with exposure to ENMs through
environmental media) in Ireland (O'Brien and Cummins 2010). NanoHAZ is based on comparison
of estimated ENMs concentrations with existing regulatory limits for specific ENMs or their
chemical building blocks (O'Brien and Cummins 2010). The approach relies on probabilistic
material flow analysis (MFA) with heuristics or assumptions based on empirical knowledge
regarding the potential ENM exposure concentrations in the various media. The estimated

exposure level in a given media (primarily air and water) for the target ENM is then compared to
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a bench-mark exposure concentration or critical concentration at which a specific effect is
observed (as determined from in vivo toxicological studies) for the target receptors (human or
ecological). One limitation of the NanoHAZ approach is the paucity of regulatory limits for ENMs
(O'Brien and Cummins 2010). As a result, the initial reported application of the approach, which
focused on metal and metal oxide ENMs, utilized regulatory limits on exposure concentrations for
dissolved metals or chemical building blocks of the ENMs as surrogates for the ENMs themselves
(O'Brien and Cummins 2010). Specific NanoHAZ case studies were reported for nano TiOz in
paints, nano Ag as an antimicrobial agent in food packaging, and nano CeO: as a fuel additive. It
was concluded that the level of concern regarding inhalation exposure to airborne nano CeOg,
associated with its use as a fuel additive, was higher relative to concern regarding air releases of
nano Ag and nano TiOz. The level of concern for nano TiO, was considered moderate given its
relative high score of potential exposure in drinking and surface (relative to nano Ag and
nanoCe0>), and low relative score of hazard (e.g., ecotoxicological and toxicological effects)
compared to nano Ag. Finally, nano Ag as an antimicrobial agent in food packaging was
considered of low concern given its low score for potential exposure (lower release expected in
water compared to nanoTiO) despite its moderate and high scores for ecotoxicological and
toxicological effects.

Overall, the application of NanoHAZ can be useful if information is available regarding
environmental releases of ENMs and their potential toxic effects are known or can be predicted
from suitable models. As described in the available case study (O'Brien and Cummins 2010)

NanoHAZ can serve to compare and rank ENMSs with regard to their potential exposure and hazard.
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(e) The Nanomaterial risk-screening tool (NRST) was developed on the basis of expert
opinions compiled at a nanotechnology workshop that focused on assessing the importance of
various factors that may affect hazard, exposure and risk associated with ENMs. The framework
was formulated as an excel spreadsheet in which the analyst can select qualitative “risk ratings”
(scale of 1-5, where 1 represents the lowest concern) (Beaudrie et al. 2015). The hazard rating is
then calculated as the linear aggregation (using weight factors) of scores assigned to each
contributing ENM physicochemical attribute (e.g., ENM chemical composition, crystallinity,
average size, aspect ratio, surface area and charge, reactivity, solubility, hydrophobicity,
agglomeration and sorption tendency) and contributing ENM hazard indicators (e.g., ENM
potential for inducing ROS and mobility through cells). The exposure rating is determined based
on aggregation of individual scores assigned to factors linked to environmental and human
exposure potential during product manufacturing, use and end-of-life. These factors include
product characteristics (e.g., content of ENM in product and form, product type) and exposure
indicators (e.g., ENM environmental release potential, frequency and duration of exposure,
number of exposed individuals). The aggregation of scores follows an assumption of linear
additivity with assumed weight factors and does not provide for the establishment of bi-directional
cause-effect relationship pathways. Therefore, one cannot directly ascertain the reliability of the
obtained ranking relative to the existing quantitative body of evidence. Overall, however, the
approach is a useful first step in organizing information and opinions to arrive at an initial ranking

of concerns as being high, medium or low.
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(F) Engineered Nanoparticles - Review of Health and Environmental Safety: Human
Health and Ecological Risk Assessment (ENRHES RA) is a framework developed as part of the
European Union project “Engineered Nanoparticles: Review of Health and Environmental Safety
(ENRHES)” (Aschberger et al. 2011) The goal of ENRHES is to facilitate estimation of ecological
and human health impacts of ENMs and identification of data gaps for regulatory risk assessment
under the European REACH (Registration, Evaluation, Authorization and Restriction of
Chemicals) guidelines (Aschberger et al. 2011). While the focus on human risk assessment
presented in the published case studies (Aschberger et al. 2011) is not occupational, the exposure
profiles reviewed included human exposure via manufacturing, consumer products and contact
with the environment. The first step of the analysis process entails hazard identification (e.g.,
obtaining indicative no effect concentrations (INEC) for ecological receptors and indicative of no
effect levels (INELs) for human population from published data) (Aschberger et al. 2010,
Aschberger et al. 2010, Christensen et al. 2010, Christensen et al. 2011). The second step consists
of exposure assessment, performed on the basis of evaluating the occupational exposure for human
receptors reported in the literature for the target ENM(s). Environmental exposures are
qualitatively estimated using the expected or known ENM presence in environmental
compartments based on estimates obtained from material flow analysis (MFA) (Mueller and
Nowack 2008). When incorporated into the ENRHES RA, the MFA data are not based on
fundamental modeling of multimedia fate and transport. Thus, mass balance inconsistencies may
arise and violations of constraints imposed by intermedia transport mechanisms. The third step
consists of risk characterization for human and ecological receptors. For human risk
characterization, the measured and/or monitored occupational exposure concentrations were

compared with the INELs, whereas for ecological risk assessment the modeled ENMs
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concentrations (e.g., orders of magnitude ng/L, pg/L, and pg/m3) were compared with the INEC
values.

ENRHES RA was demonstrated in a case study (Aschberger et al. 2011) exploring the
potential human risk of four ENMs (nano silver, nano titanium dioxide (TiO2), nano zinc oxide
(Zn0O), fullerenes and carbon nanotubes (CNTs). The analysis revealed that the INELs of
fullerenes, nano Ag and nano TiO> are lower than most of the reported occupational exposure
concentrations for these materials. It was also suggested that the exposure concentrations of
concern, for ecological receptors, are likely to be due to release of the ENMs into water in the
following decreasing level of concern: ZnO >>nano Ag>> nano TiO2 > (MWCNT=Cg)
(Aschberger et al. 2011).

In summary, the application of ENRHES RA framework for ENMs is particularly useful as a
roadmap for the REACH process. While the approach provides a conceptual based description of
the analysis process, as illustrated by case studies, application of the ENRHES RA framework is

at present limited by the availability of exposure and hazard information for the target ENMs.

(9) Risk Quantification Based on Probabilistic Mass Flow Analysis (PMFA risk
Quantification) was proposed as a basis for risk-based classification system of ENMSs present in
water and soils with the goal of quantifying the probability of environmental risks (Gottschalk et
al. 2010, Gottschalk et al. 2013). The approach relies on a probabilistic material-flow analysis
(PMFA) (Gottschalk et al. 2010) to estimate the releases of ENMs to the environment on the basis
of available data and expert judgement regarding production, use and disposal, along with heuristic
and empirical assumptions to arrive at potential exposure concentrations in various media (Liu and

Cohen 2014). Published toxicity data (e.g., terrestrial and aquatic species tested for no observed
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effect concentrations, lowest observed effect concentrations and lethal concentrations for a 50%
of the population) are used as inputs. The above compiled information is then used to build species
sensitivity distribution (SSD) models (Gottschalk and Nowack 2013). SSD models have also been
used by the U.S. EPA to summarize evidence for stressor-response relationships obtained from
laboratory studies (EPA 2012). In such an approach, the risk probability metric is defined as the
product of the probability distribution of the predicted environmental concentrations and the
probability that one or more organisms would be negatively impacted as a function of
environmental concentration. In such analysis, zero percent risk indicates that all predicted
environmental concentrations are lower than the lowest limit of the probabilistic SSD, and a 100%
risk means that all predicted environmental concentrations overlap with the probabilistic SSD.
Using this approach, Gottschalk et al (Gottschalk et al. 2013) evaluated the relative environmental
risk posed by selected ENMs in Switzerland. It was reported that the highest risk, due to releases
from sewage treatment plants, was associated with nano Ag (40% overlap of the modeled
environmental concentrations with the SSD for aquatic species), followed by nano TiO2 (19%
overlap) and nano ZnO (1% overlap). With regard to ENMs found in surface water, nano Ag was
reported to present a higher risk (1% overlap) than nano TiO2 (< 0.1% overlap). In contrast, the
authors concluded that there was no measurable risk related to CNTs and fullerenes in any of the
studied environmental compartments (e.g., water and soil) (Gottschalk et al. 2013).

The PMFA framework is useful if quantitative data/information are available to construct the
SSD and to estimate environmental concentrations. However, the application of the PMFA
framework also requires expertise to conduct the analysis and reliance on expert judgement in

estimating exposure concentrations and the SSD.
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(h) Forecasting of the Impacts of Nanomaterials in the Environment (FINE) Based on
Bayesian Networks (BN) is an approach proposed to formally incorporate expert judgments to
address data gaps and provide a probabilistic measure of potential environmental impacts of ENMs
(Money et al. 2012). The above approach is suitable both for incremental learning and the
propagation of uncertainties (Wiesner and Bottero 2011). The initial demonstration of this method
was an assessment of the environmental impacts of nano Ag in water and sediment (Money et al.
2012). BN were used to integrate quantitative and qualitative information, address data gaps,
quantify uncertainties, and provide bidirectional causal relationships. Briefly, the BN approach
consists of two main parts: 1) development of the network structure (nodes and their connectivity),
and 2) determination of baseline parameters for each node in the form of conditional probability
tables (CPTs). In the test study reported for nano Ag (Money et al. 2012), the BN structure was
developed on the basis of expert elicitation and consisted of nodes that were grouped into three
categories: i) media parameters (e.g., temperature, pH, presence of organic matter), ENM
properties (e.g., ENM coatings, zeta potential, fractal dimension, ENM diameter) and ENM
transformations (e.g., ENM aggregation potential, attachment efficiency, biodegradation,
dissolution and deposition); ii) exposure potential (e.g., ENM concentration entering system,
concentration in sediment, water and dissolved concentration), and iii) hazard potential (e.g.,
bioavailability potential, biouptake, effects on biomass/mortality, effects on the ecosystem, such
as decomposition, methanogenesis, eutrophication). In the case study reported by Money et al
(Money et al. 2012), the CPT for the different nodes and individual variables (input values, units,
ranges and categories) were established based on expert judgment, and the BN was applied to
estimate ecological risks (e.g., probability distribution of risk being < 1 or > 1) posed by nano Ag

particles present in the aquatic environment. The case study suggested that the greatest potential
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risk is expected when nano Ag is accumulated in sediments rather than in water (Money et al.
2012). Given that the FINE BN framework was tailored specifically for nano Ag in water, its
applications is relevant to the aquatic environment. However, FINE BN can be tailored to different
ENMs, and various environmental media, provided that the BN design includes the causal
relationships governing the various aspects of the environmental fate and transport and toxicity
behavior of the classes of ENMs under consideration. The FINE BN framework can be particularly
useful for integrating quantitative and qualitative information and for enabling period update (i.e.,

as new data becomes available) via incremental learning.

(i) Life Cycle Risk Analysis for Nanomaterials (Nano LCRA) is a screening approach
developed with the intent of identifying potential risks and data gaps over a nanoproduct’s life
cycle (Shatkin 2008, Shatkin 2013). Nano LCRA incorporates relevant data through the life cycle
of the target ENM with the intent of informing risk management practices and prioritizing research
strategies. The analysis consists of the following ten steps: 1) Description of the life cycle of the
product; 2) Identification of the materials and assessment of the potential hazards in each life cycle
stage; 3) Exposure assessment for each life cycle stage; 4) Identification of the life cycle sages in
which exposure may occur; 5) Evaluation of potential human and nonhuman toxicity at the key
life cycle stages; 6) Analysis of risk potential for the selected life cycle stages; 7) Identification of
key uncertainties and data gaps and communication of findings; 8) Development of
mitigation/risk-management strategies; 9) Gathering additional information (e.g., data that might
have been identified as missing from the assessment); and 10) Evaluating the efficiency of the
developed risk management strategies and identifying the next set of priorities (e.g., identify newly

available data to update mitigation/risk-management strategies) (Shatkin 2013).
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The Nano LCRA framework was applied by to assess the potential risks of using cellulose
nanomaterials (CNs) as substitutes for resource-intensive materials, such as plastics, including
those used in commercial applications such as packaging, composite polymers, paints, cosmetics,
water and air filtration, and recyclable electronics, and to identify data gaps (Shatkin and Kim
2015). Case study results indicated that the highest priority for the development of new data is the
need for information/data regarding occupational inhalation exposure associated with handling
CNs as a dry powder. The authors also concluded that significant knowledge gap regarding the
toxicity of CNs used in consumer use products, such as packaging, particularly for food contact
limited the scope of the study.

The Nano LCRA framework appears to be useful for qualitative analysis. However, the
available studies have not incorporated a method for integration of quantitative data (e.g., release
amounts of ENMs to the environment, predicted/calculated environmental concentrations, toxicity
thresholds, etc.) Evaluation of the reported LCRA case study suggests that use of the Nano LCRA
framework would require extensive data collection and analysis expertise throughout the various

steps.

(3) Frameworks for risk characterization in occupational settings

In general, the proposed frameworks to characterize risks in occupational settings reflect
efforts to adapt existing environmental RA approaches for conventional chemicals to develop and
implement effective risk management (RM) guidance for addressing the risks of occupational
exposures to ENMs (Kuempel et al. 2012). Four different frameworks for characterizing the
occupational risks of ENMs were evaluated: (a) the Risk-Based Classification for Occupational

Exposure Control (“Risk-Based OEL”) approach, (b) the Risk Classification Based on an Industry
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Insurance Protocol (RCIP) approach, (c) CB Nanotool, and (d) the Web-Based Tool for Risk

Prioritization of Airborne Manufactured Nano Objects (“Stoffenmanager Nano”).

(a) The Risk-Based Classification for Occupational Exposure Control (“Risk-Based
OEC”) approach was proposed to facilitate the development of occupational exposure levels
(OELs) to improve risk management (reduce workers’ exposure) in the workplace (Kuempel et al.
2012, Kuempel et al. 2012). In the Risk-Based OEC approach, hazard of ENMs are evaluated and
risk estimates (e.g., % of excess risk) are developed. In cases where limited hazard data are
available for the ENMs, hazard data for reference (benchmark) materials are used. Reference
materials are selected based on whether they exhibit similar chemical/materials properties and
similar modes of action (MOA) to the ENM of interest (e.g., for nano TiO», data for fine and
ultrafine TiO2 were used). Examples of modes of action include ROS formation, genotoxicity, or
interference with specific cellular functions. The risk potential for exposure to the new ENM(s) in
occupational settings via inhalation is then systematically compared with those of benchmark
material(s) in the same MOA class. For example, Kuempel et al (Kuempel et al. 2012) used the
approach to assess the risk potential of exposure to a variety of airborne particles, including both
fine and ultrafine materials. The following standard risk assessment process steps were followed
(NRC 2009): 1) Identifying the relevant animal model, dose metric, and disease response; 2)
Modeling the animal dose—response relationship and estimate the critical effect level (e.g.,
benchmark dose); 3) Extrapolating the animal critical effect level estimates to humans by adjusting
for factors that influence the deposited or retained lung dose in each species, assuming equal
response at equivalent dose; and 4) Estimating airborne exposures (8-h time weighted average,

TWA) that would result in the human-equivalent dose. The authors then calculated the 1/1,000
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excess risk of lung cancer based on animal-to human extrapolation of benchmark dose estimates
(“BMD” is a dose associated with a specified increase in the probability of a given response known
as the “benchmark response” (BMR)) using a multistage cancer model and the U.S. EPA’s BMD
software (EPA 2010). Four risk categories were established in the above case study, for ENMs and
fine-sized particles in air based on information derived from previously reviewed control
approaches (Zalk and Nelson 2008): (1) Low risk bin/category aimed at dusts at an airborne
concentration range > 1 mg/m? and where exposure can be controlled with general ventilation
measures (e.g., fine-sized particles TiO2 and MoQOs at concentrations between 1,000-4,000 pg/m?®
TWA (time weighted average)); (2) moderate risk bin for dusts at an airborne concentration range
(0.1-1 mg/m?®), which can be controlled with local exhaust ventilation measures; (e.g., carbon
black, diesel exhaust particulate (DEP), and ultrafine TiO, at TWA airborne concentration (90—
250 pug/m?); (3) high risk bin for dusts at an airborne concentration range (0.01-0.1 mg/m?), which
can be controlled through ventilated enclosures; (e.g., fine particles of NiO and soluble CoSO4 at
TWA 20-30 pg/m®); and (4) very high risk [dusts at airborne concentrations 0.001-0.01 mg/m?],
which can be controlled with containment systems (e.g., fine particles NisS; and GaAs at TWA 4—
5 ug/md).

The above Risk-Based OEC is useful for grouping inhalable ENMs in occupational settings on
the basis of workers’ exposure to ENMs or their ultrafine counterparts. However, considerations

of the latter also require adequate characterization and toxicity/hazard data.

(b) The Risk Classification Based on an Industry Insurance Protocol (RCIP) was designed
to compare risks associated with specific steps in the manufacturing of ENMs (as opposed to

overall occupational risk) with those of traditional chemicals used in current activities such as

112



petroleum refining, polyethylene production, and synthetic pharmaceutical production (Robichaud
et al. 2005). This framework follows two major parts. The first part involves data collection for
each of the steps of a particular manufacturing/synthesis process including, inventory of input or
constituent materials, output materials, waste streams, and physical conditions of the
manufacturing processes (e.g., temperature, pressure and enthalpy, if available, or representative
synthesis methods including a full description of the processes in form of flowcharts). For each
constituent material the data to be collected include: toxicity values (e.g., LCso and/or LDso), water
solubility, octanol-water partition coefficient, flammability, expected emissions, molecular
weight, and photolysis and degradation rates (e.g., photolysis and degradation rates are considered
to predict mobility of a material). In the second part of the framework an actuarial tool (“XL tool”)
is used to assign and tabulate risk scores to the operating conditions of the chemical processes, as
well as to hazardous properties and toxicity values of the constituent materials.

The XL tool follows a protocol that is routinely used by industry to calculate insurance
premiums. In the RCIP framework, the XL analysis involves a series of arithmetic operations to
calculate additive scores for the “risk” posed by a specific process, the “risk” posed by the
hazard/toxicity of the constituent materials, and the “risk” posed by the amount of the material
emitted. After additive scores for the individual parameters inventoried in the first step are
obtained, an aggregated score is calculated (e.g., the sum of the “risk” posed by the process, the
“risk” posed by the hazard/toxicity of the constituent materials and the “risk” posed by the amount
of the material emitted). The aggregated score is calculated considering two scenarios: a) normal
conditions of operation (e.g., assuming that none of the constituent materials are mobile and that
photolysis and degradation do not occur); and b) an accident scenario (to account for what might

occur if there was an accidental emission resulting in mobility of the constituent
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materials/chemicals); photolysis and degradation rates are also considered along with process
conditions (e.g., temperature, pressure and heat transfer). These two aggregated scores, for the
normal conditions and accident scenarios are then added and normalized with respect to the
highest score to yield an overall score, which is referred to as the latent risk score.

The above approach was demonstrated by Robichaud et al (Robichaud et al. 2005), for a case
study that considered representative synthetic processes for selected ENMs (Ceo, single-walled
carbon nanotubes (SWCNT), multi-walled carbon nanotubes (MWCNT), Cadmium selenide
(CdSe) and Zinc selenide (ZnSe) quantum dots, carbon black, aluminum and silver nanoparticles
(nano Al and nano Ag)) that were compared to synthetic processes for traditional chemicals
(petroleum refining, polyethylene production, and synthetic pharmaceutical production). The
analysis suggested that the manufacturing of the ENMs studied might present lower risks than for

the chemicals listed above.

(c) The Control Banding (CB) Nanotool (Paik et al. 2008) is an approach developed with the
intent of identifying/prioritizing health risks in the workplace in order to assist in the
implementation of exposure controls (Paik et al. 2008). Control banding is a term originated from
the field of industrial hygiene (Paik et al. 2008) and represents a qualitative approach to assessing
risks associated with chemicals with the goal of developing suitable control measures (e.g., via
personal protective equipment, administrative or engineering controls). In CB Nanotool,
categories or ‘‘bands’’ are established for health hazards of ENMs, which are then combined with
exposure scenarios for the target ENMs, to determine recommended levels of control. An
advantage of this approach is that it can be used even in the absence of toxicity data for the specific

ENM of interest. The above is regarded as a practical approach in the field of ENMs occupational
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risk management, given the need to provide recommendations for control measures in the absence
of complete hazard profiles for the rapidly growing number of new ENMs (Paik et al. 2008).

The CB Nanotool (Paik et al. 2008) was designed specifically for inhaled ENMs to determine
the level of risk of operations carried out in research laboratories. In this approach, the risk level
band is assigned based on a matrix that combines two scores, one for severity (e.g., degree of
biological response elicited by the ENM exposure via inhalation or presence in the bloodstream)
and one for probability (e.g., the extent to which employees may be potentially exposed to ENMs
throughout the handling processes). The severity score is calculated by adding individual scores
(e.g., scores assigned via the guidelines recommended by the authors) for physicochemical
properties of the ENM (e.g., surface chemistry, particle shape, particle diameter, solubility) and
evidence of toxicity (e.g., reproductive, carcinogenic, mutagenicity, dermal and acute toxicity)
available for the ENM and for the ENM bulk counterpart (main chemical substance in the
composition of the ENM). A probability score is calculated by adding individual scores assigned
to the estimated amount of handled ENM (i.e., by the worker), dustiness/mistiness, number of
employees with similar exposure, and duration of operation. Similar to the severity score, the
proposed approach provides guidelines for assignment of values to each of the parameters of the
probability score. The final product is presented as a combined score of the severity and probability
parameters which are assigned to control bands. The combined score or assignation to a control
band (e.g., RL) is done qualitatively via a matrix in which the severity scores of low, medium,
high and very high grouped by category as rows, while the probability scores of extremely high,
less likely, likely and probable grouped by category as columns. For example, the box assigned to
the combination of the highest probability score with the highest score of severity will result in the

highest band of recommended control measures (e.g., Risk Level 4 (RL 4), “seek specialist

115



advice”). As the combination of scores decreases in value, the assigned bands correspond to lower
recommended control measures. An Excel sheet for use with the above approach was reported by
Paik et al (Paik et al. 2008) and later evaluated by Zalk et al (Zalk et al. 2009).

The CB Nanotool represents a framework that is useful for identifying potential control
measures for workers’ protection. Its utility, however, is predicated on the availability of
information on the various activities/steps (e.g., handling ENMs in powder form) involved in the

ENM manufacturing process, as well as the hazards posed by the ENMs.

(d) The Web-Based Tool for Risk Prioritization of Airborne Manufactured Nano
Objects (“Stoffenmanager Nano”) (Van Duuren-Stuurman et al. 2012) is a framework based on
control banding, similar to the CB Nanotool. The Stoffenmanager Nano approach was with the
aim of identifying control measures to reduce the likelihood of inhalation exposure in occupational
settings. This framework requires both exposure and industrial process information (e.g., point or
fugitive emissions during production, handling powdered ENMs, dispersion of ENMs and
activities resulting in ENM release, such as sanding of surfaces) and hazard identification
parameters (e.g., solubility of ENMs, nanofiber shape, toxicological data of the ENM or parent
material) as inputs. The approach is divided into two steps: 1) an assignment of a hazard category
for the ENM and 2) an assignment of an exposure category for the industrial process.

In the first step, one of five hazard categories (A-E, where A and E represent the lowest and
highest hazards, respectively) is assigned based on available data. For example, hazard
classification can be made based on the water solubility of the ENM (i.e., high water solubility
would suggests lower hazard as an ENM and thus such ENM would be in category (A) or based

on persistence of nanofibers (where persistent nanofibers would result in a high hazard category
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of (E); other ENM hazard data can also be taken into account at this stage (e.g., a band (B) is given
to those ENM considered as irritant, a band (C) is given to an irritant that also causes burns). A
table built based on expert elicitation with pre-assigned hazard bands is provided in the
Stoffenmanager Nano tool for selected ENMs (i.e., Ceo, carbon black, Ag, Fe, Au, Pb, La, TiN,
TiO2, CeO2, ZnO and others such as nanoclay and polystyrene) (Van Duuren-Stuurman et al.
2012). In general, however, the assignment of the hazard band in the Stoffenmanager Nano is
dependent upon the assessor’s judgement and/or the guidelines/thresholds provided by the tool
developers.

In the second step, the user has to select an exposure band value (range of 1 to 4, where 1 and
4 represent the lowest and highest exposure, respectively). The exposure band is assigned via
scores (termed “multipliers” in the Stoffenmanager Nano tool) which take on numerical values
proposed by the authors based on previously published data and or expert elicitation (Van Duuren-
Stuurman et al. 2012). The scores provided by Stoffenmanager Nano tool are for various factors
that influence exposure (e.g., substance emission potential, handling/activity emission potential,
localized controls, segregation, dilution/dispersion, personal behavior, separation/personal
enclosure, surface contamination, and respiratory protective equipment) for the industrial
process/setting under consideration. Scores are then assigned to 4 bands depending on their value
range. Once the hazard and exposure bands are assigned, a matrix is built that qualitatively
combines the hazard (columns A-E) and exposure bands (rows 1-4) to yield the priority band (scale
of 1-3, where 1, 2 and 3 are for high medium and low priorities, respectively, for exposure control).
Following the above approach, for example, the highest priority (band 3) is associated with ENMs

having both the highest hazard and highest exposure bands.
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The Stoffenmanager Nano framework is particularly suited to situations where the industrial
processes involving ENMs are known and where there is potential for inhalation exposure.
Application of Stoffenmanager Nano allows the user to rank/prioritize ENMs based on potential
worker exposure, which can be useful in situations where decisions must be made with limited
data.

(4) Evaluation of the different risk assessment frameworks

In order to assess the utility of available risk assessment frameworks for ENMs described
above, the following questions were posed:

1) What is the intent of the framework and who are the potential users/decision makers for

which the framework is designed?

2) What is the level of resolution/type of results needed by the potential decision makers to

be able to make risk management decisions about the target ENMSs?

3) What is the level of expertise that the user must possess to conduct the analysis using the

framework?

When addressing the first question, each framework was evaluated to determine if it addresses
one or more of the six different decision-making scenarios described in the Methods Section and
in Table 2.2. Lastly, for each decision-making scenario the critical needs that are not met by any

of the existing frameworks were identified. A summary of the above findings is provided below.

(a) Suitable Frameworks for Scenario I (“A Company needs to decide whether to control
exposure to workers during manufacturing or processing of ENMs”). The most suitable
existing frameworks for Scenario I are the Swiss Precautionary Matrix (SPM) (Hock J. et al. 2013),

the DuPont NanoRisk (DUPONT 2007), Control Banding Nanotool (Paik et al. 2008), and
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Stoffenmanager Nano (Van Duuren-Stuurman et al. 2012). Each of these frameworks has different
capabilities that companies can use to assess the need to control workers’ exposure to ENMs. For
example, SPM can be used to identify hazards and/or the need for further actions in terms of risk
management related to manufacturing processes of ENMs. SPM allows for rapid assessment of
known/unknown information (first tier assessment). The questions posed in SPM are mostly
qualitative and designed to determine whether or not the user is dealing with a material that is
considered to be classified as “nano”. SPM was developed by the Swiss Federal Office of the
Environment and the Federal Office of Public Health. Therefore, SPM includes pertinent
regulatory definitions for nanomaterials (relevant for Switzerland) and provides useful guidelines
to industry users wishing to comply with environmental health and safety regulations. The
downside is that this framework does not include a detailed analysis of industrial processes
parameters related to worker safety (e.g., the number of employees exposed, frequency of
exposure, control measures already in place). Another limitation is that SPM does not provide the
analyst with specific recommendations for implementation of industrial hygiene controls.

The DuPont NanoRisk can address the specific needs for a risk management strategy through
ENM life cycle profiles. This framework is suitable for decision making related to controlling
worker exposures because the DuPont NanoRisk framework requires the analyst to provide
lifecycle, exposure and hazard profiles for the material of interest. The challenge with the DuPont
NanoRisk framework, however, is that it requires input of a significant body of information in
addition to conducting a chemical process risk assessment (CPQRA).

Banding approaches such as the Control Banding Nanotool and Stoffenmanager Nano are
useful for classifying ENMs and establishing risk management needs (e.g., reducing working

exposure via engineering controls, personal protection equipment and other measures). Because

119



CB Nanotool involves the identification and quantification of extensive characteristics of the
industrial processes (e.g., number of workers potential exposed, frequency of exposure,
concentrations that the workers could be exposed to), it allows the user to tailor protective
measures to the company’s needs. Two primary disadvantages of CB Nanotool are that it requires
significant user data input, and that the procedure or the decision regarding the “bands” is highly
dependent on the knowledge/expertise of the assessor. The Stoffenmanager Nano also requires
extensive input information input by the analyst. However, Stoffenmanager Nano takes into
consideration the use of personal protective equipment (PPE) and current industrial hygiene (IH)
practices; hence, this approach is useful for reviewing current practices and for leading the analyst
to identify possible needs for modifying current practices. Another advantage is that

Stoffenmanager Nano is an accessible web-based tool.

(b) Suitable Frameworks for Scenario II (“Regulatory body that has to decide whether
to control exposure to workers during ENM manufacturing or processing”). In Scenario II,
the stakeholders wish to establish an evidence based exposure limit (e.g., OSHA established safe
exposure level setting) for an ENM of concern. Of the existing frameworks, the Risk-based OEL
framework proposed (Kuempel et al. 2012) is most suitable for this scenario, particularly in cases
where a benchmark dose for a reference material (e.g., for a corresponding bulk material or
ultrafine material) is available. The Risk-based OEL framework also offers the advantage of
identifying specific/minimum data required for conducting an assessment, which allows users to
prioritize future research and data collection. However, the applicability of this framework is
limited to assessment of ENMs for which well characterized ultrafine counterparts exist; therefore,

the approach may have limited utility for next generation ENMs for which well-characterized

120



reference materials are not available. Additionally, given the SPM parameters (potential effect
(W), potential exposure of humans or environmental release (E), and available information on the
material’s life cycle) (HOck J. et al. 2013) this framework could be useful for the regulatory agency

to identify potential ENMs of concern, hence preventing workers’ exposure.

(c) Suitable Frameworks for Scenario III (“A Company that needs to decide if the risk(s)
associated with producing a nanoparticle or nano-enabled product is manageable”). In
Scenario 11, the stakeholders are individuals working for a company that needs to ascertain
whether the risks associated with producing a nanoparticle or nano-enabled product can be
reasonable managed. The frameworks that are most suitable for this scenario are the: Web-Based
Tool for Risk Prioritization of Airborne Manufactured Nano Objects (Stoffenmanager Nano), Risk
Classification based on an Industry Insurance Protocol (RCIP), and Life Cycle Risk Analysis
(Nano LCRA). Each of these frameworks allows the analyst to assess impacts related to production
of certain ENMs and to identify risk management/reduction strategies. Stoffenmanager Nano is
suitable for this scenario as it allows one to design risk reduction/management strategies for each
of the “risk bands”, which can then be applied to any ENM that meets the classification criteria for
each risk band. Stoffenmanager Nano requires detailed information about both the ENM and the
associated industrial handling operations. The above is needed to arrive at informative strategies
to manage risks associated with the material. However, the above framework only provides a
mechanism for qualitative assessment and suggestion of control measures of occupational risks,
and risks related to potential releases to the environment that might occur during manufacturing.

The risk classification based on an insurance protocol (RCIP) framework is also suitable for

Scenario III since it considers an “incident/accidental release scenario”. In this framework, a
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measure of the overall risk is calculated and the potentials for accidents are considered. This
framework provides a detailed protocol, with the pertinent mathematical expressions, to calculate
aggregate scores for parameters that affect risk (i.e., hazard and exposure). One limitation of this
framework is that the risks associated with an ENM are calculated based on emissions, exposure
potential and hazards of the chemicals involved in the synthesis of ENMs, not those for the actual
ENM itself. Admittedly, the above limitation could also be perceived as an advantage in situations
where limited data is available for industry to assess the target ENM. Another limitation of the
RCIP framework is that it does not address the development of risk management strategies.

Whereas both the Stoffenmanager Nano and RCIP frameworks focus primarily on risks related
to manufacturing/synthesis of ENMs, NanoLCRA takes into account the potential risks attributed
to the ENM throughout its lifecycle. A shortcoming of the NanoLCRA framework is that it does
not provide a specific methodology for quantifying risk (e.g., steps for aggregation of scores,
guideline tables to assign exposure/risk bands, or mathematical equations to derive reference
values, and benchmark doses). Moreover, the framework relies entirely on an expert evaluation of
the available information.

(d) Suitable Frameworks for Scenario IV (“Company that needs to decide as to which
nanoparticle or nano-enabled product poses less risk than alternatives for a particular
application”). In Scenario 1V, the stakeholders are individuals representing a company that desires
to identify the safest ENM for a particular application. For this scenario, the most suitable existing
frameworks are: Multi-Criteria Decision Analysis (MCDA), Life Cycle Analysis (LCA), BN FINE
and modified GreenScreen. MCDA (Tervonen et al. 2009) is appropriate for Scenario 1V because
it allows comparison among alternatives. For example, MCDA was demonstrated for ranking the

relative risk potential of a set of ENMs based on hazard related properties (e.g., agglomeration,
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potential to form ROS, reactivity, etc.) (Tervonen et al. 2009). MCDA provides a framework for
assessing properties related to hazard and, in doing so, allows the analyst to identify critical
properties that could be modified to develop safer ENMs. The disadvantages of applying MCDA
to ENMs, at least as is currently proposed in the literature (Linkov et al. 2007, Tervonen et al.
2009, Linkov and Seager 2011), are that the approach relies primarily on expert judgment and that
MCDA does not consider causal relationships (e.g., relating a specific ENM property to an adverse
outcome).

LCA (Hischier and Walser 2012) is also suitable for companies that need to consider Scenario
(V). This is because LCA provides a framework for assessing environmental impacts throughout
the ENM life cycle (synthesis, use, and disposal). The use of LCA, however, requires a significant
data (e.g., emission inventories for all chemicals involved in the manufacture of ENMs throughout
their lifecycle).

BN FINE (Money et al. 2012) is another useful framework for companies that need to address
the above Scenario IV. Given that BN FINE involves the use of an influence diagram, which
incorporates causal relationships between ENM properties and risk parameters, the approach can
assist in identifying the relevant ENM properties that can be tailored to manufacture safe ENMs
(i.e., “safer-by-design”) (Geraci et al. 2015). In the absence of quantitative data, expert judgement
can be incorporated into the BN framework (Money et al. 2012); however, the framework
developer must be able to identify the critical causal relationships (e.g., between ENM
physicochemical properties, environmental conditions and risk outcomes). Although the BN
approach is extremely powerful, the construction of a BN based framework requires ENM specific

data for its construction.
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The modified GreenScreen (Sass et al. 2016, Action 2017) and NanoRiskCat (Hansen et al.
2014) approaches can be partially suitable for Scenario IV as they allow analysts to perform rapid
screening of potential hazards among a group or individual ENMs for which data are available.
The scores provided by GreenScreen are designed to make recommendations regarding the need
for additional information or for seeking safer ENMs. Whereas, Nano RiskCat qualitative scores
can indicate on a color scale the level of hazard to ecological or human receptors. These
frameworks are suitable for hazard assessment for Scenario IV but not as a substitute for risk

assessment.

(e) Suitable Frameworks for Scenario V (“Regulatory body that needs to decide whether
or not to control environmental use, release, or emissions of an ENM”). Several existing
frameworks are suitable for Scenario V, including U.S. EPA’s own Comprehensive Environmental
Assessment CEA (Powers et al. 2012, Powers et al. 2014), Nano HAZ (O'Brien and Cummins
2011), arisk quantification based on probabilistic flow modeling analysis (PMFA RQ) (Gottschalk
et al. 2013), BN FINE (Money et al. 2012), and the Nanomaterial Risk-Screening Tool (NRST).
CEA is useful for regulatory decision analysis (e.g., regarding issuance of Significant New Use
Rule (SNUR) for a new ENM) because it can be used to systematically organize information. CEA
provides a framework that allows decision makers to assemble and review data that are critical for
determining whether a SNUR should be issued; such data includes, for example, the projected
volume of manufacturing and processing, extent to which the novel ENM changes the exposure of
human beings or the environment, and the anticipated manner and methods of manufacturing,
processing, distribution in commerce, and disposal of a chemical substance. Advantages of the

CEA framework include the provision of list/guidelines regarding the information needed for a
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comprehensive assessment, and the availability of a survey tool (“CEA web tool”) as a platform
for eliciting expert information.

NanoHAZ and PMFA RQ are also suitable for use by regulators who are confronted with the
need to reduce the potential environmental and health impacts of a specific ENM via restrictions
on its environmental releases and use. NanoHAZ is specifically designed to provide qualitative
estimations of risks for metallic ENMs in water treatment plants, via mass balance estimation of
concentrations and with use of literature derived hazard data. Risk can also be estimated
quantitatively in the PMFA RQ framework. The PMFA RQ framework can also take into account
local geographical and meteorological conditions and specific hazard data if these are available.
Furthermore, both NanoHAZ and PMFA RQ require the analyst to provide judgment as to whether
the calculated risk is significant or unreasonable; such a request for information essentially
implicitly implies that the analyst is knowledgeable regarding the implications of the various
assumptions made by the frameworks’ developers.

Bayesian Network (BN) approaches like BN FINE can also be suitable for used under Scenario
V. One advantage of the above approach is that it allows incorporation of both quantitative and
qualitative (including expert knowledge) data. BN offer the additional advantage of the
convenience by which one can refine/modify the BN as additional information becomes available
(i.e., via incremental learning). Two additional advantages of BN FINE for regulators are that this
framework can address ecological risks and can quantify uncertainties, thus assisting regulators in
determining whether or not the calculated risk is significant/unreasonable.

Finally, the Nanomaterial Risk-Screening Tool (NRST) is a suitable framework for Scenario
V because it takes into consideration both potential human and ecological risks associated with

ENMs. However, given that this framework requires expert judgment regarding available
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information (and does not incorporate quantitative data), there may be a concern that potential bias
could be introduced.

(f) Suitable Frameworks for Scenario VI (Regulatory body deciding whether to allow
nanoparticles to be included in food, drugs, personal care products). NanoRiskCat (Hansen et
al. 2014), ENRHES RA (Aschberger et al. 2011) and DF4Nano (Arts et al. 2015) are the most
suitable frameworks available for Scenario VI because they focus on safety assessment for
consumer products (e.g., new cosmetics or drugs applications), but each of them has significant
limitations. NanoRiskCat is particularly useful for identifying potential exposure scenarios related
to use of consumer products. Analysis via this framework, however, requires access to data
regarding the form in which the ENM is present in the consumer product (e.g., as a spray,
embedded in a solid film), as well knowledge of potential scenarios that can lead to ENM release
to the environment. NanoRiskCat is also a suitable screening approach for identifying the need for
more specific safety assessments. A major limitation, however, is that NanoRiskCat does not meet
the requirements of REMS (Risk Evaluation and Mitigation Strategy); thus, it is less suitable for
formal regulatory risk evaluation.

The DF4Nano framework can also be used to conduct a rapid assessment of human health
hazards. If sufficient ENMs characterization data are available to allow a new ENM to be grouped
with existing (better characterized) ENMs based on its properties, then DF4Nano can be used to
classify the ENM risk potential in the absence of extensive toxicity data. One major limitation is
that DF4Nano does not account for other product components or transformation of ENMs during
product manufacturing.

The Human Health and Ecological Risk Assessment framework within the project “Engineered

Nanoparticles - Review of Health and Environmental Safety” (ENRHES RA) can also be suitable
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for Scenario VI. One advantage of the ENRHES RA framework is that it can serve to estimate the
risk potential of ENMs in consumer products, provided that data are available regarding ENMs
properties and potential for release after incorporation into consumer products. A limitation of
ENRHES RA is that it requires quantitative dose-response data and information regarding the
potentially exposed population and exposure scenarios to be able to quantitatively assess the risks

associated with a particular ENM.

CONCLUSIONS

Over the last decade, a number of different frameworks have been developed with the goal of
providing evidence-based approaches to making practical decisions related to the potential risk
associated with ENMs. The utility of these frameworks should be assessed based on the intent for
making the decisions regarding the potential risk of ENMs and the level of decision making (i.e.,
who is and/or what is the authority of the decision maker?). Accordingly, the current review of
existing frameworks for assessing the potential environmental and health impacts of ENMs
evaluated the applicability of different frameworks based on six plausible decision scenarios.
These scenarios were designed to describe the most common and pressing needs by critical
stakeholders to arrive at decisions respecting the environmental health and safety of engineered
nanomaterials (Table 2.2). For each of the explored decision scenarios, at least one existing
framework was identified as being capable of partly meeting the needs of potential decision
makers. Limitations and advantages of the different frameworks and associated available tools
were then identified in relation to the needs for decision analysis.

Several of the existing frameworks were assessed to partially meet the needs of manufacturers

and regulatory bodies seeking to identify measures for reducing or controlling workers’ exposure
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to ENMs during manufacture and other industrial activities (Scenarios | and I1). These include the
Swiss Precautionary Matrix, DuPont NanoRisk, Control Banding (CB Nanotool), and the Web-
Based Tool for Risk Prioritization of Airborne Manufactured Nano Objects (Stoffenmanager
Nano)). Each of these frameworks focuses on evaluating different activities that may lead to ENM
exposure and incorporates hazard information to help the analyst develop and prioritize risk and
exposure control measures for ENMs. However, because the above frameworks consider
inhalation as the sole exposure pathway (with the exception of NanoRisk), they are of limited
applicability to decision makers who wish to assess other exposure pathways (e.g. oral and dermal
exposures).

Several frameworks that companies can use to assess or compare risks associated with
production of nano-enabled products (Scenarios Il and IV) are available; however, each of these
frameworks requires either expert judgement, proprietary software packages, and/or extensive
hazard data for the ENMs of interest. For instance, MCDA, LCA, BN FINE, Stoffenmanager
Nano, RCIP, Nano LCRA frameworks all require access to extensive ENM toxicity and/or
exposure data. MCDA and Nano LCRA also require expert judgment, while RCIP and BN FINE
require significant expertise and use of external software packages.

Several frameworks have been designed to meet the need of decision makers (e.g., U.S. EPA
and U.S. FDA) who wish to assess the potential impact of environmental releases of ENMs and
safety of commercial products (Scenarios V and VI). However, each of these frameworks also has
significant limitations. For example, the ability of regulatory decision makers to use CEA,
NanoHAZ, PMFA, BN FINE, NRST, NanoRiskCat, ENRHES RA frameworks is limited to the
types of hazard and exposure data that are currently available for ENMs. Because hazard and

exposure data are typically only available for ENMs as manufactured, the above tools are not
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directly applicable for assessing risks posed by of ENMs that have been transformed through their
incorporation in nano-enabled products or their transformation in the environment. Moreover,
frameworks such as U.S. EPA’s CEA and NRST do not include tools to integrate quantitative and
qualitative information about hazard and exposure and rely heavily on expert judgment to identify
the data needed for the analysis.

Despite significant advances that have been made in the area of risk assessment associated with
ENMs, the currently available frameworks do not provide a pragmatic, flexible and comprehensive
approach that would meet the needs of all the critical categories of decision makers and decision
scenarios. Given the varied decision analysis objectives, different risk assessment frameworks
have been proposed at different levels of complexity, different data needs and with different
outcome objectives. At present, the existing frameworks do not provide a convenient and
transparent mechanism for integrating results from modeling tools with experimental and industry
reported data. As a result, each of the existing frameworks is limited by the relatively incomplete
exiting hazard and exposure data for ENMs. Given the rapid developments in nanotechnology, it
would be highly desirable to develop an integrated framework that could provide an efficient
mechanism for managing and integrating quantitative and qualitative information while also
accounting for the impact of missing information as part of the analysis. Ideally, such a framework
would also provide guidance to decision makers (in the absence of expert judgement) regarding
the information needed to conduct decision analysis for specific scenarios that are of interest.

In closure, based on the present review of various risk assessment frameworks further research
should focus on the development of integrative frameworks for assessing the risk potential of
ENMs that: a) address the complexities of ENMs and their transformations, b) integrate

quantitative and qualitative data, c) allow use of modeling tools to fill data gaps, d) minimize
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reliance on expert judgement, and e) enable quantification of uncertainties associated with the use
of both quantitative and qualitative data/information. Such frameworks would not only be of
practical use for decision makers in a variety of contexts but would also provide evidence-based
approaches for prioritizing future research and manufacturing of ENMs and related products in

support of environmentally sustainable nanotechnology.
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Table 2.1 Summary of critical characteristics of risk assessment frameworks relevant to

ENMs reviewed herein

Name of the framework and
developer

General description

Main output of analysis

Swiss precautionary matrix (Hock J.
et al. 2013) (Swiss Federal Office of
Public Health)

Decision tree/questionnaire about
the properties of the ENM under
consideration (e.g., dimensions),
effects (e.g., reactivity, stability),
and exposure/release potential
(e.g., physical form of the ENM),
suitable for pre-screening.

Classification of the hazard posed by the ENM into two main
groups: A) no need for review of (unspecified) risk
management measures; B) need for review of (unspecified)
risk management measures or need for additional information.

Risk Classification System based on
Multi Criteria Decision Analysis
(MCDA risk classification) (various
institutions)(Linkov et al. 2007,
Linkov et al. 2009, Tervonen et al.
2009)

Systematic comparison of
alternatives (ENMs) via
outranking by assigning scores
(e.g., qualitative scale of least-
most desirable (1-4), subjective
probability (0-100%), and
quantitative measurement of size
(0-100)) for pre-determined
criteria related to hazard,
including intrinsic ENM
properties (e.g., agglomeration,
reactivity/charge, critical function
groups, contaminant dissociation
and size) and factors affecting
toxicity (bioavailability and
bioaccumulation).

Categorical classification of the hazard (e.g., toxic potential):
very low, low, medium, high, and extremely high.

Hazard and exposure potential
identification for ENMs in consumer
products (NanoRiskCat) (Hansen et
al. 2014) (University of Denmark)

Decision tree/flowchart, where
user answers “yes”, “no”, or “no
data” to questions about the ENM
of interest (e.g., physical form of
the ENM applied to products,
toxicity evidence, high aspect
ratio, potential of transport across
ecosystems) .

Color-coded/categorical classification of the hazard posed by
the ENM: the scale ranges from a grey color assigned to
insufficient data, green-low hazard, yellow-medium and red-
high.

DF4Nano grouping (Arts et al. 2015)
(European Center for Ecotoxicology
and Toxicology of Chemicals
“ECETOC” (NGO))

Theoretical framework presented
in tables (e.g., threshold values
obtained from published data and
expert elicitation) to guide the user
in the classification/prioritization
of ENM s for additional
testing/risk assessment.

Categorical classification of ENMs in four main categories: 1)
soluble ENMs, 2) biopersistent high-aspect ratio (for which no
additional testing is required), 3) passive ENMs, and 4) active
ENMSs (which require a further analysis/risk assessment).

Modified GreenScreen (Sass et al.
2016)

(Clean Production Action Group
(NGO))

Hazard assessment framework
designed to screen chemicals with
based on a range of toxicity
endpoints and ENM
physicochemical properties.

Categorical classification of ENMs in 5 main categories of
aggregated benchmark (BM) scores to designate specific
recommendations regarding ENM use based on the potential
environmental and human health concerns as supported by
available data.

Life Cycle Analysis (LCA)
(Eckelman et al. 2012, Gavankar et
al. 2012, Hischier and Walser 2012)
(Various institutions)

Class of approaches that follow a
product over its life stages,
including: (a) material acquisition
and purification, (b)
manufacturing and fabrication, (b)
commercial uses, and (d) end-of-
life product management. LCA is
rooted in assessing environmental
impacts of chemicals, but it has
been adapted for ENMs.

Environmental impacts of the product under analysis (e.g.,
effects on ecological receptors, potential CO, emissions
attributed to synthesis/manufacture of ENMs).
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Name of the framework and
developer

General description

Main output of analysis

DUPONT’s Nanorisk (DUPONT
2007)

(Environmental Defense Fund (NGO)
and DuPont (Industry))

Collection and organization of
information, that can include a
chemical process risk assessment
(CPQRA) following AICHE
guidelines in cases where
sufficient quantitative data are
available. CPQRA focuses on
acute rather than chronic hazards.
Risk in this system is defined as a
function of the hypothetical
scenario, the estimated
consequence(s) of exposure, and
the estimated frequency of
exposure.

Results for individual ENMs and scenarios are presented as
lifecycle profiles that include information on physical-
chemical properties, ecotoxicity, and environmental fate to be
used for risk management strategies. In cases where
quantitative data are available, the results include a
quantitative risk analysis of the industrial processes related to
the ENM.

U.S. EPA’s Comprehensive
Environmental Assessment

CEA (Powvers et al. 2012, Powers et
al. 2014)

(U.S. EPA)

Compilation of extensive
information needed to inform a
“collective judgment”. EXperts
must then analyze the information
to provide guidance to decision
makers such as research planners
and risk managers. This
framework is presented as a
roadmap to guide the user in a
systematic data collection and
identification of critical data gaps.

Summary of available information regarding a specific ENM.
Typically accompanied by an evaluation of the resulting
information by a group of experts that provides
recommendations for research priorities and risk management.

An Adaptive Screening-Level Life
Cycle Risk-Assessment Framework
for Nanotechnology (Nano LCRA)
(Shatkin 2008, Shatkin and Kim
2015) (Vireo Advisors)

Systematic compilation of
information (e.g., properties,
potential exposure and hazard of
ENMs through all life cycle stages
for a particular product) guided by
a “roadmap” that is further
analyzed by experts.

Summary of information with main findings/expert judgment
based on those findings and indication of further information
needs.

Ranking initial environmental and
human health risk: Nano HAZ
framework (O'Brien and Cummins
2010)

(University College Dublin)

Process for developing qualitative
risk rankings, including ecological
risk and/or human health risk, for
ENMs. Risk rankings reflect
Bench Mark Dose (BMD)
calculations, which are based on
published/available data.

Categorical classification of ENMs into relative risk ranking
groups: 0-2 (low environmental or health risk on a relative
basis), 3—4 (concentrations that require monitoring and
potential action), 5 + (environmental concentration above
those provisional regulatory and toxicological limits as set in
this study).

Nanomaterial risk screening
(Beaudrie et al. 2015)

(University of British Columbia and
Decision Research (non-profit
organization))

The framework guides the user
through the process of assigning
risk groups to ENMs. The
categories are determined based
on comparisons between data for
the ENM under analysis to a
reference set of information
(tables) provided by the
framework.

Categorical classification of ENMs in risk groups, where
lowest concern = 1 and highest concern = 5.

Engineered Nanoparticles - Review
of Health and Environmental Safety:
Human health and Ecological Risk
Assessment (ENRHES RA)
(Aschberger et al. 2011) (European
Commission Institute for Health and
Consumer Protection)

Risk assessment of specific ENMs
based on 90-day exposure studies
and likely environmental
concentrations determined by
probabilistic models.

Ratio of the predicted environmental concentration for ENM
of interested to the (predicted) human no effect levels
(PEC/INEC).
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Name of the framework and
developer

General description

Main output of analysis

A Risk Quantification based on
Probabilistic Mass Flow analysis
(PMFA risk quantification)
(Gottschalk et al. 2013) (Swiss
Federal Laboratories for Materials
Science and Technology (EMPA))

Risk assessment for ENM of
interest that combines predicted
environmental concentrations
(determined via probabilistic
modeling) with a species
sensitivity distribution (e.g.,
probability distribution of harmful
effects shown at different
concentrations for a given ENM).

Quantitative measure of risk calculated from the product of
the probability of critical environmental concentrations and
the probability that organisms would potentially be negatively
impacted by such concentrations.

Bayesian Networks based FINE
(Forecasting the Impacts of
Nanomaterials in the Environment
applied to nano Ag) (Money et al.
2012) (Center for the Environmental
Implications of Nanotechnology
(CEINT) at Duke University)

Method for calculating the
probability of risk for an ENM of
interest using a Bayesian Network
designed with inputs from expert
judgment.

Modified version of a deterministic risk quotient (quantitative
measure of risk) in a probabilistic expression.

Risk based classification for
occupational exposure control (Risk
based OEL) (Kuempel et al. 2012)
(Nanotechnology Research Center
(NTRC) and National Institute for
Occupational Safety and Health
(NIOSH)).

Process for quantitatively
assessing the risk of an ENM of
interest by applying benchmark
doses (BMD).

Percent of excess risk related to a specific health outcome as a
result of exposure to the ENM under analysis.

Risk classification based on an
Industry Insurance Protocol (RCIP)
(Robichaud et al. 2005) (Rice
University, Golder Associates Inc
and XL insurance)

Comparison of scores assigned to
characteristics of the industrial
process with pre-established
scores from an insurance protocol.

Relative risk ranking for the ENM process compared to
conventional industrial chemical process.

Control Banding: CB Nanotool (Paik
et al. 2008)
(Delft University of Technology)

Classification based on
characteristics of the potential for
exposure during preparation the
ENM of interest (e.g., estimated
amount of ENMs,
dustiness/mistiness, number of
employees with similar exposure,
frequency and duration of
operation) and properties related
to hazard of the ENM (e.g.,
surface chemistry, particle shape
and diameter, solubility,
carcinogenicity, reproductive
toxicity, mutagenicity, dermal
hazard potential).

Risk banding for occupational risk. The risk bands indicate
recommendations to pursue a risk management strategy to
control exposure (e.g., RL 1: general ventilation; RL 2: fume
hoods or local exhaust ventilation; RL 3: containment; RL 4:
seek advice of environmental health specialist).

Web-Based Tool for Risk
Prioritization of Airborne
Manufactured Nano Objects
(Stoffenmanager Nano) (Van
Duuren-Stuurman et al. 2012)

Classification based on the
characteristic of the potential for
exposure during preparation the
ENM of interest (ENM size,
aspect ratio, handling, background
exposure, duration, frequency)
properties related to hazard of the
ENM (e.g., toxicity data).

Priority banding where the bands indicate the priority for risk
management.
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Table 2.2 Decision needs and recommended ENMSs relevant risk assessment frameworks
for selected regulatory decision-making scenarios

Scenario

Example and desired output of analysis

Potential framework for use/ currently available
frameworks

Scenario |: Company deciding
whether to control exposure to
workers during manufacturing
or processing of ENMs.

A company is producing a new ENM
and wants to know what controls to put
into place to product their workers.
Internal risk management strategy
including recommended engineering
controls, administrative controls.

Swiss Precautionary Matrix; DuPont NanoRisk (DUPONT
2007); Control Banding (CB Nanotool) (Paik et al. 2008);
Web-Based Tool for Risk Prioritization of Airborne
Manufactured Nano Objects (Stoffenmanager Nano) (Van
Duuren-Stuurman et al. 2012).

Scenario II: Regulatory body
deciding whether to control
exposure to workers during
manufacturing or processing.

OSHA deciding whether to establish
Occupational Exposure Limits
(OEL)/Permissible Exposure Limits
(PEL) for a specific class of ENMs.
Evidence based recommendation or
requirement for allowed exposure.

Risk based classification for occupational exposure control
(Risk based OEL) (Kuempel et al. 2012), SPM (Hdck J. et
al. 2013).

Scenario 111: Company
deciding whether risk
associated with producing a
nanoparticle or nano-enabled
product is manageable.

Company needs to assess the potential
impacts of the production of a nano-
enabled product and how to manage
risks if any.

Risk assessment of a particular ENM
and risk management strategy.

Web-Based Tool for Risk Prioritization of Airborne
Manufactured Nano Objects (Stoffenmanager Nano) (Van
Duuren-Stuurman et al. 2012); Risk classification based on
an Industry Insurance Protocol (RCIP) (Robichaud et al.
2005); An Adaptive Screening-Level Life Cycle Risk-
Assessment Framework for Nanotechnology (Nano LCRA)
(Shatkin 2008, Shatkin and Kim 2015).

Scenario 1V: Company
deciding which nanoparticle or
nano-enabled product poses
less risk than alternatives for a
particular application.

Company interested in a precautionary
approach to make safe-by-design
applications.

Assessment or comparison of
alternatives in terms of environmental
impacts and technical performance.

Multi Criteria Decision Analysis (MCDA) (Tervonen et al.
2009), Life Cycle Analysis (Hischier and Walser 2012),
FINE (Forecasting the Impacts of Nanomaterials in the
Environment) based on Bayesian Networks (Money et al.
2012), modified GreenScreen (Sass et al. 2016),
NanoRiskCat (Hansen et al. 2014).

Scenario V: Regulatory body
deciding whether to control
environmental use, release, or
emissions of an ENM.

U.S. EPA deciding whether to issue a
Significant New Use Rule (SNUR)
under TSCA (Toxic Substances Control
Act) for a particular type of ENM.
Substantial evidence to indicate that a
specific ENM will present an
unreasonable risk to people or the
environment.

U.S. EPA’s Comprehensive Environmental Analysis (CEA)
(Powers et al. 2012); Risk Assessment Framework for
Assessing Metallic Nanomaterials of Environmental
Concern (NanoHAZ) (O'Brien and Cummins 2011); A risk
quantification based on probabilistic flow modeling analysis
(PMFA); Forecasting the Impacts of Nanomaterials in the
Environment (FINE) based on Bayesian Networks (Money
et al. 2012); Nano material risk-screening tool (NRST)
(Beaudrie et al. 2015).

Scenario VI: Regulatory body
deciding whether to allow
nanoparticles to be included in
food, drugs, personal care
products.

U.S. FDA deciding whether to allow
registration of a new nano-enabled
product in food (whole food, dietary
supplement, food ingredient or
additive), medical devices, drugs or
cosmetics.

Safety assessment for cosmetic products
or a Risk Evaluation and Mitigation
Strategy (REMS) for a new drug
(Duvall 2012).

NanoRiskCat (Hansen et al. 2014); Engineered
Nanoparticles - Review of Health and Environmental
Safety: Human health and Ecological Risk Assessment
(ENRHES RA) (Aschberger et al. 2011); DF4Nano (Arts et
al. 2015).
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Risk analysis
process

. s the study for a
Chemicals chemical or an

Potential hazard

Hazardous materials properties Relevant properties dependent on
(e.g., flammable, reactive, explosive, classification type (i.e., size, shape, chemical

corrosive, radioactive) i H?tz"antj' composition, solubility, etc)
identification

Potential hazard

Potential exposure

Potential for release to the environment
(e.g., soluble, volatile chemicals).

Potential exposure
Potential for release depends on ENM
physical form (i.e., matrix, film, coated) and
application.

Dosimetry

Administered dose, absorbed dose, effective |,
dose based on routes of exposure.

Dosimetry

Measurement of administered amount
(metrics), absorbed and effective dose.

Dose
response

Toxicity assays
Measurement based on in vivo (e.g., dose
response curves), in vitro, epidemiological <
studies, SARs

Toxicity assays
HTS (in vitro, in vivo), alternative testing
strategies (e.g., in silico, QSARs),
physicochemical characterization.

Exposure

Multimedia transport
assessment

Intermedia transport is constrained by
thermodynamic equilibrium driving forces.

Multimedia transport

Governed primarily by physical transport
processes. Intermedia transport is governed

The transport of some chemicals may be in | g ».|by particle size distribution and heterogenous

the dissolved gaseous or the particle-bound aggregation.

forms.

Environmental concentrations Environmental concentrations
and exposure and exposure

Environmental concentrations of the [ Requires measurements of particle size

chemical (gaseous, dissolved, particle — ;’distributions and quantification of biotic and

bound) in relevant environmental abiotic transformations.

compartment, frequency of exposure.

Estimation of risk Estimation of risk

Based on the target/outcome (acute, chronic, | Potential risk and associated uncertainties. il
environmental or human health related).

Diversity of results, semi-quantitative (e.g., risk
Metrics include, for example, reference dose, categories - low to high - based on quantitative
hazard index, probability distribution, cancer Risk characterization modeled environmental concentrations)

potency. and qualitative (e.g., risk categories - low, medium,
high - assigned by expert judgment/analysis of
published data).

Figure 2.1 Challenges encountered at each step of the traditional risk assessment process for
conventional chemicals and its relevance to ENMs
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CHAPTER 3: ASSESSMENT OF INFORMATION AVAILABILITY
FOR ENVIRONMENTAL IMPACT ASSESSMENT OF ENGINEERED

NANOMATERIALS

(This chapter has been submitted for publication to the Journal of Nanoparticle Research)

ABSTRACT

Environmental Impact Assessments of engineered nanomaterials can be hampered by the lack
of data/information and result in paralysis by analysis. To address this issue, a systematic approach
(termed here “IANano”) was developed and demonstrated for assessing the availability of
information for EIA of engineered nanomaterials. In the proposed approach, the required
information is evaluated following the typical EIA process whereby information elements for
exposure and hazard potential assessments are classified based on major categories, sub-categories
and attributes. Scores for the different information attributes are then assigned, based on a selected
scoring scale and weights, and aggregated up to the level of exposure and hazard potential
information (EPI and HPI), considering both the available and unavailable information, via the
Dempster-Shafer evidential reasoning algorithm. The utility of IANano was demonstrated for
several specific EIA scenarios for nano TiO2, nano Cu-CuO and nano ZnO. For each of the three
nanomaterials in each different EIA scenario, the EPI scores were lower than for the HPI scores
consistent with the more abundant information available for hazard attributes. For nano TiO., there
is significant information regarding potential exposures and correspondingly the EPI and HPI
scores were more closely matched relative to nano Cu-CuO and nano ZnO. For the EIA focusing
on direct release of ENMs in the aquatic environment, the EPI score for ZnO was higher than for

nano Cu-CuO; reflecting greater research efforts to date on the environmental impacts of nano
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ZnO. Results of the present study suggests that information screening, as illustrated via IANano,
can be valuable for ranking the adequacy of the available information for conducting specific EIAs

and for identifying information needs.

INTRODUCTION

Engineered nanomaterials (ENMs) are rapidly evolving and being used in a myriad of
applications (Hansen et al. 2014). At the same time, concerns regarding the potential
environmental and health impacts of ENMs are growing and so is the need for suitable frameworks
to conduct environmental impact assessment (EIA) of these materials (Hristozov et al. 2012,
Romero-Franco et al. 2017). EIA frameworks have been reviewed to assess if traditional risk
assessment methodologies can be applied to ENMs (SCENIHR 2005, SCENIHR 2007, SCENIHR
2009). Other analyses have focused on how EIA frameworks can be modified for ENMs
(Hristozov et al. 2012, Hristozov et al. 2016, Oomen et al. 2017, Romero-Franco et al. 2017).

Various EIA frameworks are suitable for ENMs through their lifecycle stages, depending on the
EIA objectives. For example, to identify or assess hazards posed by ENMs, available frameworks
include the Swiss Precautionary Matrix (SPM) (Hock J. et al. 2013) and the Risk Classification
System based on Multi Criteria Decision Analysis (MCDA risk classification) (Linkov et al. 2007,
Linkov et al. 2009, Tervonen et al. 2009). To conduct ecological EIA, available frameworks
include the Engineered Nanoparticles - Review of Health and Environmental Safety: Human
Health and Ecological Risk Assessment (ENRHES RA) (Aschberger et al. 2011) and the Risk
Assessment Framework for Metallic Nanomaterials of Environmental Concern (NanoHAZ)
(O'Brien and Cummins 2011). Available frameworks for conducting EIA in occupational settings

include the Risk Based Classification for Occupational Exposure Control (Risk based OEL)
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(Kuempel et al. 2012) and Risk Classification based on an Industry Insurance Protocol (RCIP)
(Robichaud et al. 2005)). Specific case studies of the application of currently available EIA
frameworks include: the application of a risk assessment methodology (ENRHES-RA) to assess
environmental and human health risks of four different ENMs (nano TiO, nano ZnO, fullerenes
and Carbon Nanotubes (CNTs)) based on publicly available literature under methodology
guidelines established by the European REACH (Regulation on Registration, Evaluation,
Authorization and Restriction of Chemicals) program (Aschberger et al. 2011); the application of
NanoHAZ to assess ecological and human health risks of Metallic ENMs (nano TiO2, nano Ag
and nano CeQ.) in aquatic environments (O'Brien and Cummins 2011); and the application of a
Risk based OEL to assess occupational risks posed by nano TiO», Fullerene and CNTs (Kuempel
et al. 2012).

Despite the availability of various EIA frameworks for different scenarios and ENMs, their
utilization is often hampered by the lack of data/information. Moreover, in the typical EIA
approach, the specific information/data that is missing and its impact on the analyses is generally
identified after the assessment has been completed. For instance, in the application of the
ENRHES-RA framework for a case study involving nano TiO2, nano ZnO, fullerenes and Carbon
Nanotubes (CNTs), information gaps (i.e., use, exposure and risk management measures in place)
limited the study’s conclusions regarding potential risks (Aschberger et al. 2011). As reported by
the authors, the nature of available quantitative information of exposure limited the assessment to
qualitative findings (e.g., the main environmental risk, specifically for algae and Daphnia, was
likely to be due to nano ZnO release, and the main risk to human health was related to chronic
inhalation exposure to nano TiO2). The above study noted that these qualitative results should not

be used for regulatory decision making (Aschberger et al. 2011). In the case of the application of
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nano HAZ, limited information regarding model inputs (e.g., quantitative data of ENM release to
the environment from consumer products) used for estimating exposure values meant that the
authors needed to rely on expert knowledge. The resulting estimations did not allow for a
quantitative risk assessment to be made (O'Brien and Cummins 2011). Instead, the results were
casted into qualitative categories of exposure concern (ranging from very low, low, medium, high
to very high). In the application of Risk Based OEL (Kuempel et al. 2012), lack of information
regarding sub-chronic toxic effect of nano TiO; led the authors to assume that data for ultrafine
particles can be used as equivalent for ENMs. The authors suggested that while cautionary
occupational exposure levels can be derived in this approach, they should be considered an initial
step in the EIA until more precise data can be obtained (Kuempel et al. 2012).

The lack of data/information affecting quantitative EIA can result in “paralysis by analysis”
(Maynard and Aitken 2016) and hence slow progress in establishing suitable regulations (Hansen
and Baun 2012). EIAs for specific ENMs have been limited by various factors including:
conflicting conclusions regarding toxicity (e.g., studies performed without standardized protocols)
(Hristozov et al. 2014); studies that provide only partial information regarding study conditions,
ENM characterization (Boverhof and David 2010), and lacking or highly approximate data and
estimates of ENM releases (Nowack et al. 2015); and exposure values for various routes of
exposure in human health risk assessment (Aschberger et al. 2011). These data gaps can introduce
uncertainties and thus presents a major challenge to conducting a quantitative EIA.

The above examples suggest that EIA analysts would benefit from being able to evaluate the
adequacy of the body of information pertinent to conducting an EIA, during the problem
formulation stage. It is noted that the problem formulation stage is critical to the success of an EIA,

given that, if conducted poorly, it may lead to insufficient clarity regarding the purpose and the
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use of data being collected (EPA 2004). The problem formulation stage of an EIA typically entails
identifying relevant exposure scenarios for each step of the ENM life cycle and identifying
potential data gaps related to the EIA objectives. This is usually accomplished via an iterative
process in which one determines what data are relevant to the exposure scenario of interest (Bos
et al. 2015). A more efficient alternative would be to assess the adequacy of the available
information for carrying out the EIA at the beginning of the problem formulation stage with the
aim of also determining the potential influence of the lack of information on the desired EIA
objectives. A major distinction to be made here is that assessing the body of information at the
problem formulation stage is different from applying a scoring method to assess the weight of
evidence (WOE) (Hristozov et al. 2014). It is noted that the WOE scoring method provides a
weighted average score given to hazard studies to draw a conclusion on potential effects of ENMs
(Hristozov et al. 2014) as an approximate approach to estimate potential risks of ENMs.
Furthermore, assessing the body of information needed for EIA of ENMs (nano-EIA), in the
early phase of problem formulation, could be greatly facilitated by the development of approaches
deployed as Decision Support Tools (DSTs) (i.e., computer-based information system that utilize
decision rules and models). In the area of ENMs, a theoretical decision support system has been
proposed as a computer system consisting of data sources, knowledge rules, vocabularies and a
user interface (Marvin et al. 2013). In this system, it is envisioned that input information could be
extracted via text mining and manual data curation from international databases (e.g., Woodrow
Wilson, OECD, NanoHub) and academic literature. Such information (e.g., ENM properties and
toxicological data (in vitro, in vivo)), can be processed by knowledge rules (established by expert

judgment) and logic reasoning to rank ENMs of concern and identify research priorities (Marvin
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et al. 2013). Case studies based on the above decision support system are yet unavailable, but the
utility of the approach could prove useful once casted as a software application for rapid analysis.

Given the lack of specific approaches for early assessment of the body of information for nano-
EIA this work presents an approach, which can be deployed as a DST, that provides the following
functions: (i) organization of EIA relevant information into categories and sub-categories in a
decision tree pattern suitable for EIA, (ii) representation of the adequacy of information in terms
of scores that quantify the extent of both available and missing information, and (iii) aggregation
of the information scores to arrive at an assessment of the adequacy of the available information
for conducting EIA for ENMs. This approach follows a structured process that mirrors that of
quantitative risk assessment to guide the evaluation of the adequacy of the available body of
information for conducting various scenario specific EIAs. The approach of information
assessment for nanomaterials (“IANano”) is presented and demonstrated for three ENMs (nano
Cu-CuO, nano ZnO and nano TiO). IANano is powered by the Dempster-Schafer evidential
reasoning algorithm that serves to arrive at an information score that quantifies the adequacy of

the information/data available in the published literature for conducting an EIA.

METHODS

Methods Section 1. The IANano Approach

The overall methodology for assessing the adequacy of available information for conducting
EIA for ENMs (IANano) was developed and demonstrated following the workflow shown in
Figure 3.1. In this approach an EIA framework was first selected as a guide to determine the basic

information elements required for the EIA. Accordingly, the information is assessed with respect
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to both hazard and exposure information as per various categories, sub-categories and attributes
(Figure 3.2, Methods Sections 2 and 3 and Tables 3.1 and 3.2). Once the EIA scenario of interest
is established, weights are assigned to the different information elements. The scores are then
aggregated, using the Dempster-Shafer algorithm (Shafer 1992, Yang and Xu 2002) (Methods
Section 3) which considers the influence of both available and unavailable information, to arrive
at the resulting overall scores for exposure and hazard potentials.

To illustrate the IANano approach, a baseline general scenario (Scenario I) was first evaluated
for a number of ENMs (nano Cu-CuO, nano TiO; and nano ZnO) (Note: the scenarios used in this
chapter do not correspond to those presented in Chapter 2). In Scenario I equally distributed
weights (e.g., significance) were considered for all categories, sub-categories and attributes within
their respective groups. This scenario considers the totality of the available information for these
ENMs without discerning the adequacy of information (e.g., target receptors, regions, exposure in
specific media, etc.) for any particular scenario. As a result, this scenario could provide an overly
optimistic assessment of the availability of information since it is not rooted in a specific context.
Subsequently, the adequacy of information was evaluated for a number of specific EIA scenarios

(for the same three ENMs) and then compared with the general scenario.

Methods Section 2. Framework for Compilation of Information for EIA

EIAs often require the extraction of information/data from complex and heterogeneous
datasets. As a first step, the available body of information must be organized into a structured
format that mimics the EIA process. In this regard, existing EIA frameworks (Romero-Franco et
al. 2017) and the general schemes reported by the OECD Scientific Committee on Emerging and
Newly-Identified Health Risks (SCENIHR) (SCENIHR 2005, SCENIHR 2009) were selected as

the foundation for establishing the EIA elements as described graphically in Figure 3.2 with
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additional details provided in Tables 3.1 and 3.2. The resulting information tree (Figure 3.2),
which was constructed based on domain/expert knowledge, provides a convenient graphical
representation of the information hierarchy that follows the EIA process. In this approach, the first
EIA step/element for a selected ENM involves screening for exposure potential information,
followed by hazard potential information, and ultimately arriving at a suitable measure (or metric)
of environmental impacts (Hristozov et al. 2012, Oomen et al. 2017, Romero-Franco et al. 2017).
For a given ENM, the information required for ENM identification, exposure and hazard potential
information, depicted in Figure 3.2 (a), (b) and (c), is subdivided into multiple categories
(designated by the several dash containers in Figure 3.2 as provided in Tables 3.1 and 3.2.

The analysts begin by identifying the ENM for which they wish to assess the adequacy of
information. Next, the information availability for exposure potential (items under group b in
Figure 3.2) is assessed by considering the following information categories:

(i) ENM characteristics (e.g., state of the ENM in the matrix/product and the state in which
the ENM is released from the matrix/product);

(i) Fate and Transport (e.g., life cycle stage, where the release occurs, environmental
compartment where release occurs or for which ENM concentration measures are
available, and information regarding geography and meteorology for a location of
interest); and

(iii) Exposure scenarios (e.g., exposure conditions and exposure receptors). The category
of ENM characteristics includes information about the physical state of the ENM in the
matrix/product and the form of the released ENM.

The Fate and Transport category includes information sub-categories regarding the ENM life

cycle stage of the release and the environmental media compartment for the ENM release that is
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pertinent for quantifying the ENM concentrations in the media of interest. The exposure conditions
category includes sub-categories of exposure scenarios and potential receptors of concern. The
information for the categories under the hazard potential (group c in Figure 3.2) are:

(1) in vivo toxicity;

(1) in vitro toxicity, and

(ii1) in silico toxicity.

The in vivo toxicity sub-categories refer to information related to human health and ecological
outcomes. The in vitro toxicity sub-categories include information on human health and other
outcomes (e.g., bactericidal effects), while the in silico toxicity category includes
modeling/quantitative structure activity relationships QSARs, toxicokinetics and information from
domain knowledge/expert elicitation.

In the present approach, a category and its sub-categories consist of units of data/information
(e.g., documented publications/peer review publications), supporting specific constituents of
hazard or exposure potential for the considered ENMs. The sub-categories in turn contain
attributes that identify the type of data/information needed under each of the sub-categories.
Additional details regarding the attributes of the different sub-categories of the information
relevant for exposure and hazard potentials are provided in Tables 3.1 and 3.2. It is emphasized
that the categories, sub-categories and their attributes suggested herein could be further refined
and/or expanded as additional information becomes available regarding exposure and hazard

quantification/assessment and/or depending upon the analyst’s specific assessment goals.
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Methods Section 3. Scoring Methodology for Quantifying the Adequacy of Available

Information for EIA

The path of information compilation and assessment, as arranged into a layered tree structure
(Figure 3.2), consists of categories (high-level abstract information), sub-categories and
attributes (i.e., parameters with quantifiable metrics). Attributes are under the different sub-
categories (Tables 3.1 and 2) at the bottom layer (not shown in Figure 3.2 for clarity of
presentation). The process of quantifying the adequacy of information follows the above
information path, where scores are first assigned to attributes based on the level of information
availability. Each attribute i, (Tables 3.1 and 3.2) is assigned a score (f3,,;) to represent the level
of information availability grade designated by the information grade index n. It is note that in the
present work only the grades of information availability (n=1) and unavailability (n=2) were
utilized in the presented the example EIA scenarios. The scores are aggregated for each sub-
category and these are further aggregated under each of the (parent) categories as per the
Dempster-Shafer (DS) algorithm (Yang and Xu 2002).

It is important to note that a variety of methods for score aggregation (e.g., linear and non-
linear addition, weighted average (Hristozov et al. 2014)) only account for the available.
Aggregation of scores should consider the impact of missing information (which itself introduces
uncertainty) to allow for proper compensation among attributes so that an attribute can play the
appropriate role relative to its weight (Yang and Xu 2002). Aggregation of the attribute scores via
the Dempster-Shafer (DS) algorithm fulfills the above objective. The DS evidential reasoning
algorithm follows a hierarchical tree structure for the various EIA information elements, whereby
the impacts of both the available and unavailable information are considered in the determination
of the aggregated scores (Section C1 of Appendix C). It is also noted that DS reduces complexity
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by grouping together only those mutually exclusive attributes that have intrinsic
relationships/grouped under the same branch (i.e., breaking of a complex problem into smaller
constituent parts and subsequently guiding the decision analyst through a series of pairwise
aggregation of judgements) (Yang and Xu 2002).

Once the scores are assigned, the Dempster-Shafer (DS) algorithm (Section C1 of Appendix
C) was used to arrive at an aggregated score making use of the metrics that represent the
availability and unavailability of information (i.e., m,; = f,; X w; and 1 — m,,; respectively,
where w; and m,,; are the weight and metric representing the availability of information for
attribute i, respectively). In a similar fashion, updated scores are obtained sequentially at the higher
levels of sub-categories and then the categories and ultimately for the overall score of information
availability for exposure and hazard potentials, namely the exposure potential information (EPI)
and hazard potential information (HPI) scores.

In principle, the scoring scale for 8, ; can be established by the analyst to emphasize the
importance of the information elements (Figure 3.2) consistent with the specific goals of the EIA
scenario. In the present work, as an illustration of the overall approach two different scoring scales
are presented both having scores (8, ;) in the range of [0,1]. The first scale was a simple scoring
rule whereby S, ; scores of 0.25, 05, 0.75 and 1 were assigned for a given information attribute
when the documented literature consisted of only one publication, at least two but less than five
publications, five or less than ten publications, and more than ten publications, respectively. The
second scoring approach was based on a logarithmic scale (Section C2 of Appendix C), whereby
Prn;i scores of 0.2, 0.3, 0.6, 0.7, 0.85, 0.95 and 1 were assigned for a given information attribute
that was supported by one publication, two to three publications, four to five publications, between

six and nine publications, more than ten and less than fifteen publications, sixteen to twenty
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publications, and more than twenty one publications, respectively. It is noted that the log scoring
scale places greater significance on the need for a larger number of papers to attain a score of unity
(i.e., complete adequacy of information availability). In contrast, in the linear scoring scale totally
adequate information is attained at or above 10 publications. The differences in the EPI and HPI
scores attained by the above scoring scales are presented for different EIA Scenarios in a number
of EIA scenarios see Methods Section 4 and Results and Discussion.

Once the information is compiled and scores are assigned to the different attributes,
aggregation of scores is accomplished using the DS algorithm with the weight factors (w;) assigned
to the different information nodes (i.e., attributes, sub-categories and categories. In principle, the
weights can be assigned by the analyst to reflect the importance of certain elements aim (e.g., the
significance of the body of evidence from toxicity assays being in the decreasing order of in
vivo>in vitro > in silico (Council 2009, Krewski et al. 2010)) and/or the specific EIA scenario and
its aim. It is noted that the process presented here for scoring peer-review publications, as well as
the steps taken to assess the quality of such publications, can serve as a first step/semi-quantitative
rapid screening to assess the availability of information for specific ENMs. This approach should
not be considered as an assessment of the ENMs quantitative datasets or the potential

exposure/hazards.

Methods Section 4. IANano Case studies

Six EIA scenarios were developed to illustrate the IANano approach for nano Cu-CuO, nano
ZnO and nano TiO2 ENMs. These ENMs were selected given their widespread applications in
commercial products and various technology applications, and their estimated high global levels
of production (78,000 metric tons (nano Ti0O2), 34,000 metric tons (nano ZnO), and 200 metric

tons (nano Cu-CuO) were produced in 2010 (Keller et al. 2013; Keller et al. 2014)). Scenario I
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(detailed in Methods Section 1) was set as a general EIA with equal weights for the information
elements under each branch of the information compilation tree (Figure 3.2). The five additional
EIA scenarios were for the following specific conditions: (II) release of nano Cu-CuO into aquatic
environments; (III) release of nano ZnO to the aquatic environment; (IV) release of nano Cu-CuO
from wastewater treatment plants to soil and water; (V) human inhalation exposure associated with
release of nano TiO: into air; and (VI) human exposure to nano TiO> from consumer products use.
For the above scenarios, the relevant number of publications for each of the sub-categories under
the exposure and hazard potential information categories provided in Figure 3.3. The assigned
scores (following the scoring scales described in Methods Section 3) for the various scenario
attributes are listed in Tables C15-18 in Appendix C.

Compilation of the available information for conducting EIA for the above ENMs followed a
literature search of peer-reviewed publications via available search engines (e.g., PubMed, Web
of Science, and Google Scholar). For the present study, the published literature was assessed for
the period up to and including 2016, but the methodology presented is applicable to any period
without a loss of generality. The collected publications were screened following general criteria
adapted from Oh et al (Oh et al. 2016) as detiled in Table C2 and Figure C2 in Appendix C.
Briefly, each publication was reviewed with respect to the availability and adequacy of information
and data provided regarding the following elements:

() ENM’s physicochemical properties (i.e., physicochemical characterization);

(b) Experimental conditions (e.g., experiment type such as in vitro/in vivo and target
organism/animal model and/or modeling approach);

(c) Exposure concentrations, dosage or ENM delivery information; and

(d) Quantifiable metrics of ENM hazard/toxicity.
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Subsequent to the above analysis, the identified publications and number of information
sources (publications) for each attribute were recorded for use in the scoring process (Methods
Section 2). Following the above criteria, 256 publications (for the three ENMSs) were identified as
suitable for the selected EIA scenarios. It is noted that for nano Cu-CuO, 28 articles were identified
as relevant for exposure potential information, and 70 articles were identified for hazard potential
information. For nano TiO;, 48 and 62 articles were found to contain suitable information for
exposure and hazard potentials, respectively. Finally, for nano ZnO, 27 and 70 publications were
identified to contain information for assessment of exposure and hazard potentials, respectively.
Details regarding each of the identified publications and their classifications according to the

information attributes needed for EIA are provided in Tables C19-C24 (Appendix C).

RESULTS AND DISCUSSION
General EIA (Scenario 1)

Evaluation of the adequacy of the available information for conducting EIA (Methods Section
1) was first performed for the general (baseline) Scenario | for three ENMs (nano Cu-CuO, nano
TiO2 and nano ZnO) (Figure 3.4). In this scenario, all weight factors were set to be equal (for
categories and sub-categories belonging to a branch unit). The resulting (aggregate) scores for
hazard and exposure potential information (HPI and EPI), based on both the log and (simple linear)
scoring scale(s) (Methods Section 3), were in the range of 0.42-0.56 (0.55-0.64) and 0.15-0.54
(0.26-0.64), respectively for the three ENMs (Figure 3.4, Table 3.4). The hazard and exposure
potential scores were approximately 13-24% and 35-15% lower, respectively, when determined
based on the log scoring scale compared to the linear scoring scale. While the linear scoring scale

assigns a measurable information score even for a small number of publications (e.g., 0.25 and 0.5
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for one and two publications, respectively), the log scoring scale is more conservative, as it assigns
a lower score for attributes with small number of publications (e.g., 0.17 and 0.3 for the cases of
one and two publications, respectively). The simple linear scoring scale, which establishes a score
of unity for attributes supported by 10 or more publications, is less conservative than the log
scoring scale which was also set with the requirement of 25 publications to reach a score of unity.

For all three ENMs the HPI scores for Scenario I (0.42-0.56 and 0.55-0.64 based on the log
and the linear scoring scales, respectively) were higher than the corresponding exposure potential
information score. The higher level of information availability for the hazard potential of these
materials is not surprising given that over the last decade, significant effort has been devoted to
hazard assessment of ENMs (Cohen et al. 2012, Xia et al. 2013, Holden et al. 2016, Maynard and
Aitken 2016) supported by funding from federal agencies such as the U.S. EPA and the National
Science and Technology Council (NSTC) (NRC 2003, NSET 2006, Xia et al. 2013). In addition,
the United States (e.g., through the 21st Century Nanotechnology Research and Development Act
(U.S.C. 2003)) has explicitly encouraged research on the potential environmental and health
impacts of ENMs. In Europe, funding allocated to environmental health and safety associated with
ENMs (i.e., Nano EH&S) has also increased by about 25% over the period of time from 2006
through 2016 (Horizon 2020) (Maynard and Aitken 2016).

The very low exposure potential information (EPI) scores for nano ZnO and nano Cu-CuO
(0.19 and 0.15, respectively) compared to nano TiO2 (0.54) reflect the relative importance of
workplace exposures for nano TiO.. Studies on nano TiO2 workplace exposure have been driven,
in part, by efforts from regulatory agencies to establish safe occupational exposure limits (Schulte
et al. 2016). The above has been, in part, due to evidence of adverse health effects in workers

triggered by inhalation exposure to particulate matter (ultrafine particles) (Kuempel et al. 2012,
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Kuempel et al. 2012, Schulte et al. 2016). Occupational studies are by their nature on a smaller
geographical scale relative to environmental exposure studies. The latter can be of a significantly
higher cost given the need for quantifying ENM releases from all pertinent sources, and acquire
provide multimedia exposure data (Cohen et al. 2012, Hendren et al. 2013, Liu and Cohen 2014,
Koivisto et al. 2017, Kuhlbusch et al. 2017). At present there is a limited capability to quantify the
environmental concentrations of ENMs that is distinguishable from the levels of naturally
occurring nanoparticles (Liu and Cohen 2014, Nowack et al. 2015). Moreover, exposure modeling
studies have been limited, in part, due to lack of specific regulatory demand (Nowack 2017) as
well as lack of field data for model validation (Liu and Cohen 2014, Liu et al. 2015, Nowack et al.
2015, Nowack 2017).

For the general EIA Scenario (I), the ENMs’ EPI score in the range of 0.54-0.64 for nano TiO>
(considering both the log and simple linear scoring scales) was greater by factors of 2.8-2.0 and
3.6-2.5 than for nano ZnO (0.19 and 0.34) and nano Cu-CuO (0.15 and 0.26), respectively.
Although all of the above ENMs are used in numerous applications (Nowack et al. 2013), it is
likely that the higher exposure potential information for nano TiO2 may be, in part, due to the large
global scale production of TiO2 which has been reported to be about ~40,000 tons/yr compared to
a significantly lower production level of ~5,000 and ~200 tons/yr for nano ZnO and nano Cu-CuO
respectively (Keller et al. 2013). It is emphasized that exposure studies pertaining to nano TiO>
ENMs have had a higher focus on workplace exposure given that (a) inhalation is a primary
exposure pathway for particulate matter in industrial facilities and to potential pulmonary effects
(NIOSH 2011, Shi et al. 2013), and (b) that there are existing regulations regarding occupational
exposure to ultrafine particles (Kuempel et al. 2012). In contrast, exposure studies for nano Cu-

CuO and nano ZnO ENMs, have focused on model estimation of exposure concentrations in
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various environmental media (Nowack 2017), with a greater focus on the aquatic environment,
given their higher aqueous solubility (and possibly greater potential release (or entry) to aquatic
bodies) relative to nano TiO> (Girigoswami 2018).

For the general EIA (i.e., Scenario I), the HPI and EPI scores do not reflect the adequacy of
information for conducting a specific EIA scenario where there may be an interest to consider
specific exposure conditions or exposure targets. Specific EIA scenarios require information for
the relevant attributes that are specific to the intended EIA scenario. Therefore, when evaluating
the adequacy of information for specific EIA scenarios (e.g., Scenarios II-VI, Methods Section 4)
only the relevant attributes and/or sub-categories for these scenarios should be considered. In other
words, attributes that are not needed for the target EIA scenario are excluded from the analysis

(i.e., assigned a weight of 0) (Tables C3-C12 in the Appendix C).

Scenarios I1.A and I1.B: Environmental release of nano Cu-CuO into aquatic environments

The release of nano ZnO and nano Cu-CuO into water has been reported to be a considerable
fraction of the global production of these ENMs (Keller and Lazareva 2013, Keller et al. 2013).
Both nano Cu-CuO and nano ZnO are used in various commercial applications (Wang et al. 2015).
Once released to aquatic environments these ENMs are may adversely affect various aquatic
species (Garner and Keller 2014, Adam et al. 2015, Amde et al. 2017). Thus, Scenario II.A focuses
on the cumulative direct release of nano Cu from all commercial products and applications into
the water compartment and the associated potential impact on ecological receptors. Accordingly,
only the relevant categories/subcategories and attributes relevant to this scenario’s conditions of
exposure were considered, while those not required for this scenario were excluded (Tables C5

and C6 in Appendix C). For example, since information regarding exposure in air and soil is not
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required for Scenario II, the attributes pertaining to release to air and soil (under the sub-category
of compartment where release occurs were each assigned a weight of zero (i.e. @ = 0).

Following the assignment of weights and information scores for Scenario II.A (Tables C5 and
C6 in Appendix C), the EPI scores (shown in Figure 3.5), derived based on both the log and
simple linear scoring scales, were found to be greater by a factor of ~1.5, than for the general EIA
(Scenario I). This observation is not surprising given that for this scenario there is a greater
likelihood that nano sized Cu will be released to the aquatic environment than to the other
environmental compartments. The release of nano Cu to the aquatic environment is due to its
commercial applications, which include, marine antifouling paints and agriculture (pesticides) and
personal care products (Adeleye et al. 2016); thus, environmental concerns about impacts to
aquatic (freshwater and marine) ecosystems have driven exposure studies on these media
(Bondarenko et al. 2013, Keller et al. 2017).

It is noted that for nano Cu-CuO the HPI score in Scenario II.A was a factor of ~2 times greater
than for its EPI score. The above reflects the larger body of information available regarding hazard
(36 publications) than for exposure (20 publications). Information for the attributes nested under
the sub-categories in vivo toxicity for ecological outcomes and in vitro toxicity other outcomes
(Table C14 in Appendix C) for Scenario II.A for nano Cu-CuO was available from 24 and 12
publications, respectively. The higher level of information availability regarding hazard relevant
to the aquatic environment likely reflects a greater emphasis on aquatic species (relative to
terrestrial species) by the nanoecotoxicology research community (Kahru and Ivask 2013) and
regulatory agencies (Koelmans et al. 2015). This in turn reflects EU REACH (Registration,
Evaluation, Authorization, and Restriction of Chemicals) requirements for testing of chemicals

and ENMs in aquatic model organisms (freshwater and marine) (Kahru and Ivask 2013, Koelmans
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et al. 2015). Also, in both the U.S. and EU, there are regulatory measures that establish
acceptable/maximum contaminant concentrations, for protecting aquatic ecosystems and their
functions (Kahru and Ivask 2013, Koelmans et al. 2015).

Exploration of a subset of Scenario II (Scenario I1.B), focusing on nano Cu associated with
antifouling paints, revealed an EPI score of 0.13-0.24 (for the log and simple linear scoring scales)
that was lower by ~ 7-13% relative to the general Scenario I. For the simple linear scoring scale,
the EPI score in Scenario I1.B is the same as for Scenario I because the number of publications (2)
regarding the release of nano Cu from antifouling paints into water is assigned the same score as
the total for all sources/applications. The relatively small number of studies pertaining to nano Cu
used in antifouling paints is surprising given that the annual global market for marine antifouling
paints is ~0.5 million metric tons per year (Keller et al. 2017) and where the active ingredient can
contain 20-76% Cu (Schiff et al. 2004). The HPI score for nano Cu in Scenario 11.B, although
higher than the exposure potential information score, was lower by about ~35% (based on both
scoring scales) relative to the case of nano Cu release to the aquatic environment from all sources
(Scenario II.A). Here we note that studies have reported increased toxicity with decreased copper
particle size (Kiaune and Singhasemanon 2011), which has been attributed, part, to the associated
increased rate of dissolution and consequently greater bioavailability (Kiaune and Singhasemanon
2011), hence the low number of studies available for the attributes under the sub-category ENM
state as released from product/application. Furthermore, while there is a greater level of
information regarding exposure and toxicity of Cu associated with antifouling paints, it is unclear
if and how such information could be adopted for assessing exposure and hazard associated with
nano sized Cu. It is noted that the U.S. EPA regulates the application of copper and copper

compounds in antifouling paints within the pesticide regulatory framework in accordance with the
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regulatory definition (U.S.C. 2011) that ““...any substance or mixture of substances intended for
preventing, destroying, repelling, or mitigating any insect, rodent, nematode, fungus, weed, or any
other form of terrestrial or aquatic plant or animal life or virus, bacteria, or other micro-
organism...”. In fact, the U.S. EPA has the authority under the Federal Insecticide Fungicide, and
Rodenticide Act (FIFRA) to require risk assessment for antifouling paints containing nano Cu for
registration review (EPA 2017). It is conceivable that the increased commercial interest in
antifouling paints and the regulatory mandate given to the U.S. EPA will drive expansion of the

knowledgebase regarding exposure and hazard associated with nano Cu in antifouling paints.

Scenario II1: Release of nano ZnO to the Aquatic Environment

Scenario III in which nano ZnO is released, from all products and applications, into the aquatic
environment had an HPI score (0.31-0.41) lower than for overall Scenario I (0.52-0.70) based on
both scoring scales. The lower HPI score for Scenario III reflects the emphasis in the research
community on ecological hazard (22 publications) while EIA under Scenario I includes both
human and ecological hazards (81 publications). We note, however, that over the past decade,
there have been a growing number of studies that focus on establishing quantitative relationships
between the physicochemical characteristics and toxicity of ZnO ENMs to organisms in seawater
(Yung et al. 2014, Minetto et al. 2016, Hou et al. 2018) and freshwater (He et al. 2014, Vale et al.
2016, Hou et al. 2018).

In contrast to the HPI score, the EPI score (based on both scoring scales) for Scenario III (0.22-
0.39) was somewhat higher than for Scenario I (0.18-0.30). The above results are attributed to the
exclusion from scenario III of soil and air attributes from the environmental compartments where

release occurs sub-category and greater emphasis on the water attribute. It appears that, relative
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to the soil and air media, there has been greater research emphasis on the release from industrial
and wastewater (Gottschalk et al. 2009, Liu and Cohen 2014, Beegam et al. 2016)) and fate and
transport of ZnO ENMs in the aquatic environment (Gottschalk et al. 2009, Liu and Cohen 2014).
The above disparity could be, in part, due to the concern regarding the greater mobility of zinc

ions upon dissolution of nano ZnO (Liu and Cohen 2014).

Scenario IV: Environmental release of nano Cu-CuO from wastewater treatment plants to
soil and water

The focus of Scenario IV (Tables C6 and C7 in Appendix C) is on the release of nano Cu-
CuO from wastewater treatment plants (WWTP), given that these facilities can be a relevant
pathway for the entry (and thus potential exposures) of nano Cu-CuO to terrestrial and aquatic
ecosystems (Brar et al. 2010, Lazareva and Keller 2014, Liu and Cohen 2014). ENMs released
from different household and industrial applications are expected to be transported to WWTP and
thus are likely to be found in wastewater sludge that may in certain cases be applied to soil (Brar
et al. 2010). In the present example scenario, only direct release of nano Cu to environmental water
and soil compartments associated with product use was considered (i.e., life cycle stage where
release occurs). For Scenario IV, the log and simple linear scoring scales led to EPI scores (for
nano Cu-CuO) in the range of 0.19-0.31), which were 21-16% higher compared to Scenario I
(0.15-0.26). Similarly, the HPI scores based on the log and simple linear scoring scales were in the
range of 0.44-0.60, which was about 5-9% higher than those of Scenario I. The higher HPI and
EPI cores relative to Scenario I are consistent with the fact that only information for attributes
relevant to the specific scenario were required and that a measurable level of such specific

information was available for Scenario IV. For example, estimates nano Cu release via sludge,
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wastewater and estimates of exposure concentrations have been provided in various studies
(Gottschalk and Nowack 2011, Liu and Cohen 2014, Lazareva and Keller 2014). Also, hazard
information has been provided in various studies regarding toxicity of nano Cu relevant to the

aquatic (Wang et al. 2016) and soil (Zuverza-Mena et al. 2017) environments.

Scenarios V.A and V.B: Human Inhalation Exposure associated with release of nano TiO:
into air

Scenarios V.A and V.B were selected as examples that focus on human health risks related to
release of nano TiO> into air and potential resulting exposures. The focus of Scenario V.A is on
environmental (outdoor) exposures while that of Scenario V.B is on occupational settings. Nano
TiO2 was selected as the ENM of interest because of its high-volume production (Gottschalk and
Nowack 2011, Keller and Lazareva 2013, Keller et al. 2013, Sun et al. 2014) and given the
potential inhalation toxicity. In Scenario V.A (Tables C8 and C9 in Appendix C), the ENM
release was considered to occur only during product use into air and where the ENM was released
as airborne material. Scenario V.A considers exposure solely due to inhalation; thus, only studies
that reported inhalation as a pathway of exposure were considered. In Scenario V.A, the EPI score
for nano TiO2 (0.33-0.45) was lower relative to Scenario I (0.54-0.64) when compared based on
both the log and simple linear scoring scales (Figure 3.6). The hazard potential information score
was also lower (0.53-0.53) than for Scenario I (0.56-0.58). It is noted that for the analysis of
Scenario V.A, only studies with inhalation as a primary route of exposure were selected. There
was a relatively small the number of publications (only 6 of 21 studies involved inhalation
exposure of a model organism) for assigning attribute scores under the sub-category in vivo toxicity

for human health outcomes.
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The focus of Scenario V.B is on human health risk assessment related to occupational (worker)
exposure to nano TiO2 in enclosed manufacturing facilities, given that it is critical to protect
worker’s health in ENMs manufacturing activities (Lee et al. 2011, Vaquero et al. 2015, Spinazz¢e
etal. 2016). Scenario V.B considers only direct release of nano TiO> into air as airborne particulate
material from manufacturing activities. The EPI score for nano TiO in Scenario V.B (0.50-0.66)
was higher by ~4% and ~34-32% relative to Scenarios I and V.A, respectively. Inspection of the
availability of information (Figure 3.3) for the different attributes revealed that the majority of
available information regarding human exposure (as of 2016) was primarily for occupational
exposures (12 publications) with fewer studies on population (outdoor) exposures (8 publications).
The attributes with the lowest number of available publications (< 2) (Figure 3.3) were in the sub-
category of ENM characteristics. ENM state as released from a matrix/product as

heteroaggregates and ENM state as applied a matrix/product as airborne.

Scenario VI: Human exposure to nano TiO: from consumer products use

Consumers’ exposure to nano-containing products could occur as the result of product
use/misuse and/or disposal (Gottschalk and Nowack 2011, Mackevica and Foss Hansen 2016).
Upon release of nano TiO: from a consumer product, exposures may be via inhalation (Tsuji et al.
2009, Nazarenko et al. 2011), dermal contact, oral intake, ingestion or mouthing (primarily for
children). In this scenario, only exposure due to direct use of consumer products was considered
(i.e., the attributes related to environmental exposures in air, water and soil were not included) as
described in Tables C10 and C11 in Appendix C. The EPI and HPI scores (considering both the
log and simple linear scoring scales) were in the range of 0.58-0.72 and 0.74-0.77, respectively,

which was greater by about 7-12% and ~25% relative to Scenario 1. Clearly, when the EIA scenario
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is more specific, more information is required for particular attributes and if such information is
unavailable there is a greater impact on the information score (Figure 3.3).

The higher information scores for the above specific EIA scenario are largely due to the body
of information available reporting the application of nano TiO> in consumer products (e.g., suites
of analytical methods and tools to monitor TiO> ENMs released from a variety of products,
including printing toners (Pirela et al. 2015), paints (Al-Kattan et al. 2013), building materials
(Shandilya et al. 2015), and food and personal care products (Weir et al. 2012)), as well as studies
focusing on human exposure (e.g., modelled potential exposure related to product use (Lorenz et
al. 2011)) (Figure 3.3). For example, inspection of the sub-categories ENM characteristics,
lifecycle stage where release occurs and exposure conditions (consumer product) indicate that
there is more information for nano TiO> (total of 12 publications) compared to nano Cu-CuO and

nano ZnO (4 and 7 publications, respectively).

Acceptance or rejection of aggregate scores

It is emphasized that while the approach of aggregating the scores of attributes and sub-
categories accounts for both the available and missing (or unavailable) information (Methods
Section 3), the assignment of weights and scoring scales has to be established by the analyst
consistent with the aim of the target EIA and its purpose. For the case studies presented herein, the
weights of sub-categories under a given category and attributes under a given sub-category were
equally distributed. For the specific scenarios, categories and attributes that were not relevant to
the scenario were assigned a score of zero. Scores for specific attributes were then assigned based
on scales based on the number of publications that information regarding the scenario specific

attributes.
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In this regard, the EIA analyst has to recognize that thresholds for exposure and hazard
information scores set for acceptance of the information availability for conducting an EIA will be
governed by both the attributes for which information is available and their scores (e.g., related to
the number of publications). As an example, it is instructive to consider the following cases based
on the log scoring scale: (a) information for the attributes under each sub-category is available for
all attributes, and (b) unavailable for one attribute or for two attributes. The latter scenario implies
that no attribute information is available under a subcategory that has two or less attributes. For
this illustrative example, the aggregate scores were determined as a function of the number of
available publications per attribute but assuming these to be identical for all attributes for which
information was available. As shown in Figure 3.7 (a) for the analysis of the general EIA (Scenario
I), the EPI score increases as information becomes available for more attributes. Also, a drive
toward a higher EPI for acceptance of the body of information for conducting the EIA will arise
when the analyst establishes a higher threshold for the number of publications that would be
accepted as necessary to establish a reasonable weight of evidence for the individual attributes.
For example, when the required minimum body of evidence is set to 4-5 publications, the EPI
scores for the cases of two, one and no missing attributes (for each sub-category) are 0.06, 0.27
and 0.67, respectively. As one demands a higher weight of evidence by requiring at least 10-15
studies per attribute, the EPI scores increase correspondingly to 0.1, 0.55 and 0.94. Clearly as more
information becomes available, there will be greater confidence in the ability to conduct a
meaningful EIA. However, one could argue that reasonable EIA could be conducted even with
partial information (e.g., EP1~0.5) depending on the level or implications of the decisions that are

to be derived from such analysis.
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It should be recognized that unavailability of information is not equally distributed among the
various EIA categories (Tables 3.1 and 3.2 and Figure 3.2) and one may be confronted with an
entire block of missing information. As an illustration, the EPI scores are shown in Figure 3.7 (b)
for the following cases were information was considered missing for the last 9 or 4 attributes
(~47% and ~21%, respectively, of attribute information availability) and when information is
available for all attributes. The EPI scores when information is unavailable primarily from the fate
and transport and exposure blocks (9 missing attributes) and exclusively from the exposure block
(4 missing attributes) were higher (10%-75%) compared to the case of equally distributed level of
missing information (across sub-categories) shown in Figure 3.7. Of course, when information is
available for all attributes, the EPI scores remain essentially the same for a similar level of
available information (i.e., publications) per attribute.

Compilation and evaluation of the information/data needed for conducting EIA is a necessary
and tedious endeavor. In this regard, the present study provides a systematic approach that guides
the EIA analyst through the process of identifying the categories of information to be compiled
and quantifying the adequacy of the available information for conducting the target EIA scenario.
The level of available information is quantified via attribute scoring scale (e.g., based on the
number of available studies) and weights, both which can be established by the analyst based on
the aim of the EIA and utilization of its outcome. While establishing aggregate scores for
information availability for exposure and hazard potentials is useful for quantifying the overall
status of information availability for exposure and hazard, the ability to trace the path leading to
these scores provides more specific information regarding the categories for which there is missing
attribute information. Admittedly, the EIA analyst will be confronted with having to make choices

regarding the suitability of the available information (based on the established scoring scale) with
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respect to attribute importance (i.e., via assigned weights), weight of the body of evidence (e.g.,
via a selected scoring scale), and the threshold aggregate or even category scores for acceptability
of the body of information for conducting EIA and clearly also for indicating a critical need for
additional information. In this regard, the analyst may wish to eliminate or discard the expert
elicitation information attribute within the in silico and expert judgment sub-category based on
their decision-context; particularly, given that there is a limited availability of legally binding
guidance to incorporate in silico studies into regulatory decisions related to ENMs (Knudsen et al.
2015). While guidance documents exist for the use and report of QSARs for chemicals within
REACH (ECHA 2016), other approaches such as read-across and expert elicitation are not at

present included in regulatory frameworks for ENMs (OECD 2016).

CONCLUSIONS

An approach was developed to assess the adequacy of information as part of the problem
formulation stage of EIA for engineered nanomaterials (ENMSs). This approach (IANano) for
assessing the level of information availability followed the typical EIA process whereby
information elements for exposure and hazard potential assessment were classified based on major
categories, sub-categories and attributes. The level of information availability for each attribute
was then quantified using a selected scoring scale (e.g., based on the number of published studies),
in addition to specifying an attribute weight factor. The scores for the different categories and for
exposure and hazard potential information (EPI and HPI) were determined (i.e., aggregated),
considering both the available and unavailable information, via the Dempster-Shafer evidential
reasoning algorithm. The application of IANano was demonstrated for a number of specific EIA

scenarios for the ENMs nano TiO2, nano Cu-CuO and nano ZnO. For all three ENMs and for all
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EIA scenarios, the scores for EPI were lower than for HPI given that more information was
available for the hazard attributes. It is noted, however, that for TiO, there is significant body of
information regarding exposure and thus the closer EPI to the HPI scores. For the case of EIA
focusing on direct release of ENMs into the aquatic environments, the EPI scores for nano ZnO
were in proximity but higher than for nano Cu-CuO, whereas the HPI scores were higher for nano
Cu-CuO, which is indicative of greater emphasis by the research community on the environmental
impacts of nano Cu-CuO.

The present approach, which can be tailored via the selected scoring scale and assigned attribute
weights, can serve as a tool for ranking the suitability of the body of available information for
conducting specific EIAs and for requiring additional modeling and/or testing to acquire the
missing information. It is acknowledged that IANano is just a preliminary step in the EIA process.
Subsequent steps would consist of quantitative analysis of data/information reliability/uncertainty,
integration of both continuous and categorical information via suitable meta-analysis (i.e.,

including data curation, mining and knowledge extraction) and finally a quantitative EIA.
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Figure 3.2 Overview of the information assessment process nodes.

At each node, the analyst has to provide responses regarding information/data availability.
Response options for different nodes are provided in the supporting information, along with default
scores for each response option. Scores for the nodes are aggregated as described in Methods
Section 3
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Figure 3.3 Number of publications regarding (a) exposure potential information, and (b)
hazard potential information, for the different example EIA scenarios described in Methods
Section 4.

The large number of publications for Scenario | is expected given that this general EIA scenario
incorporates all possible exposure scenarios. This all-encompassing scenario is used for
comparison purposes only and should not be taken to represent a practical EIA scenario
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Figure 3.4 Exposure and Hazard potential information scores for nano Cu-CuO, nano TiO2
and nano ZnO for the general EIA scenario (1).

Data points indicated by the triangles denote the aggregate scores calculated via the logarithmic
scoring scale for the individual attributes, whereas the circles refer to the simple linear scoring
scale.
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Figure 3.5 Exposure and Hazard Potential Information scores for release of ENMs into
aquatic environments.

(@) nano Cu-CuO release into aquatic environments from all sources and applications (Scenario
I1.A); (b) nano Cu-CuO release into aquatic environments from antifouling paints (Scenario 11.B);
and (c) nano ZnO release into aquatic environments (Scenario I11).

Data points indicated by the triangles denote the aggregate scores calculated via the logarithmic
scoring scale for the individual attributes, whereas the circles refer to the simple linear scoring
scale.

176



1 -
0.9 i 09 |
8 0. e 0.8 r
@’ 0.7 Ti0, (V1) = -8 ! 07 F
c :
5 9
= 0.6 g -t fe
£ 7S noy °°
5 =
& 0.5 & VB).. 05 R
=
H 04 0.4 |
2
o
o
o 0.3 03
2 02 02 |
g }
w
0.1 01
0 i o -

0O 01 02 03 04 05 06 07 08 09 1
Hazard potential information (HPI) score

Figure 3.6 Exposure and Hazard Potential Information scores for human exposure to nano
TiOo.

(a) ENM release into air from all sources and applications (Scenario V.A), (b) Exposure to the
ENM in a manufacturing facility where the release occurs or other occupational exposure
(Scenario V.B), and (c) Exposure to the ENM associated with consumer product use (Scenario
VI). Data points indicated by the triangles denote the aggregate scores calculated via the
logarithmic scoring scale for the individual attributes, whereas the circles refer to the simple linear
scoring scale
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Figure 3.7 Exposure potential information scores for different examples of information
availability and support as quantified by the number of available papers per attribute.

() Information is missing for one or two attributes per sub-category or available for all
attributes, and (b) information is missing for 47% and 21% of the attributes in the fate and
transport and exposure scenarios sub-categories and solely from the exposure scenarios sub-
category, respectively.
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Table 3.1 Exposure information categories, sub-categories and attributes used in IANano.

Categories

Description

ENM
Characteristics

Assessment of potential exposure requires information regarding ENM characteristics including the
specific form/state of the ENM in the ENM material or product and the state/form of release at the
point of exposure (Council 2012).

Sub- Attributes Description/relevance of the attributes to a risk
categories assessment process
ENM state as e Airborne Physical form of the ENM within the specific

product or matrix. For example, greater exposure
may be associated with ENMs present in aerosols,
powders, and suspensions (Abbott and Maynard
2010), compared to ENMs embedded in solid
matrices (where wear and tear are the main factors
responsible for the ENM release) (Hansen et al.
2008, Hansen et al. 2014).

applied in a e Suspended in liquid
matrix/product | e Embedded in a solid
matrix (solid article)

The form in which the ENM is released from
products (i.e., free ENMs, ENM agglomerates, and
ENMs within or attached to larger particles) is
relevant to fate and transport analysis as well as
exposure assessment of ENMs (Nowack 2014).
Subsequent transformations impact not only the
ENM’s exposure potential but also may affect
associated hazards (Nazarenko et al. 2012).

ENM state as ¢ Free nanoparticle

released from Free ENM

matrix/product | e Homoaggregates

o Heteroaggregates (NPs
attached to other/larger
particles)

Fate & Analysis of the fate and transport (F&T) of ENMs (for the purpose of arriving at exposure
Transport assessment) requires information regarding their source and applications (industrial, commercial, or
consumer) and potential for releases over a product’s life cycle (Council 2012). F&T analysis
requires information regarding the environmental compartments where the release occurs, the release
rates and geographical and meteorological conditions affecting the fate and distribution of the ENM
in the environment (Abbott and Maynard 2010, Cohen et al. 2012, Liu and Cohen 2014).
Sub- Attributes Description/relevance of the attributes to a risk
categories assessment process
Life cycle stage | e Manufacture The life cycle stage where release or exposure of
where release e Use ENMSs might occur is considered here due to role of
occurs o Disposal this parameter in the estimation of environmental
concentrations across environmental compartments
(Liu et al. 2015, Caballero-Guzman and Nowack
2016).
Environmental | e Water Exposure of human and ecological receptors is
compartment ¢ Soil impacted by the direct release to water, soil and air
where release | o Air (Cohen et al. 2012, Nowack et al. 2012, Liu and
occurs Cohen 2014, Hristozov et al. 2016).
Geography o Geographical Geographical characteristics (e.g., area surface/size,
Meteorology information population size) and meteorological conditions (e.g.,
 Meteorological wind, rain) at specific locations (areas) that affect the
information F&T of nanomaterials and thus their potential
exposure concentrations (Liu and Cohen 2014, Bilal
et al. 2017, Giese et al. 2018).
Exposure Exposure assessment requires clear description of the specific exposure conditions (e.g.,
Scenarios occupational, environmental or through produce use) and specification of the exposure receptors

(SCENIHR 2005, Hristozov et al. 2016).
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Categories

Description

Sub-
categories

Attributes

Description/relevance of the attributes to a risk
assessment process

Exposure
conditions

e Occupational
e Environmental

o Consumer product use

Exposure to ENMs can be due to use of consumer
products (Colvin 2003, Alvarez et al. 2009) if ENMs
are released/freed from the product matrix during use
or disposal (Abbott and Maynard 2010).
Additionally, information regarding exposure under
occupational and environmental settings is needed in
in order to conduct risk assessment for such
scenarios and for establishing risk management
strategies (Kuempel et al. 2012, Powers et al. 2012,
Schulte et al. 2013).

Exposure
receptors

e Human
¢ Ecological

Human and ecological receptors are the relevant
target receptors for risk analysis associated with
ENMs (Council 2009, SCENIHR 2009).
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Table 3.2 Hazard information categories, sub-categories and attributes used in IANano.

Categories Description
In vivo According to recommendations by the European Union’s Registration, Evaluation, Authorization and
Restriction of Chemicals Program (REACH) (ECHA 2011), and the OECD (Crane et al. 2008, UNECE
2015) in vivo and in vitro studies are required to identify potential biological effects associated with
exposure to ENMs as with any other man-made materials.
Sub-categories Attributes Description/ relevance of the attributes to a risk
assessment process
In vivo studies e Carcinogenicity, This category includes toxicity endpoints described
focused on Mutagenicity, by the Global Harmonized System (GHS) of the
human health Developmental, OECD (UNECE 2015).
outcomes Reproductive, and Acute
toxicity
e Systemic toxicity, Neuro-
toxicity, Skin/eye irritation
e Chronic toxicity
In vivo studies o Complex systems Grouping of these attributes follows the approach
focused on (mesocosm, microcosm, recommended by the European Union’s Registration,
ecological and field studies), Evaluation, Authorization and Restriction of
impacts Bioaccumulation, Chemicals Program (REACH) (ECHA 2011), OECD
Persistence (Crane et al. 2008, UNECE 2015), and other sources
e Species Sensitivity that describe approaches of hazard assessment
Distribution (SSD) following tiered testing of acute and chronic
« Toxicity in endpoints (Koelmans et al. 2015, Hund-Rinke et al.
environmentally relevant | 2016, Hjorth et al. 2017).
species
In vitro In vitro toxicity tests can provide a rapid and relatively inexpensive way to assess the potential toxicity
of large numbers of ENMs (Lai and Warheit 2015).
Sub-categories Attributes Description/ relevance of the attributes to a risk
assessment process
In vitro studies | ¢ Mutagenicity/Genotoxicity | Information is needed regarding in vitro studies for
aimed at human Oxidative stress, human health outcomes (based on various endpoints)
health Inflammation as per different experimental designs involving
e Cytotoxicity (cell viability) | human cells and or tissue cultures.
In vitro studies | e Cell viability, Cell lethality | In vitro studies of non-human health related outcomes
aimed at non- e ENM transport across in cases where information/data regarding microbial
human health membranes activity or translocation of ENMs across membranes
outcomes (Baeza-Squiban et al. 2011) is available but the
experimental design does not explicitly indicate a
relationship with human health.
Insilicoand | The category in silico refers to information based on studies that provide analytical or computational
domain models regarding biological outcomes in response to exposure to nanomaterials (Raunio 2011). For
knowledge example, the in silico category may encompass information extracted from toxicokinetic models (e.g.,
physiologically based pharmacokinetic models “PBPK”), meta-analyses, read-across classification (Raies
and Bajic 2016) and expert judgment.
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Categories

Description

Attributes Description/ relevance of Sub-categories
the attributes to a risk
assessment process
QSARs ¢ QSARs indicating Quantitative ~ Structure  Activity Relationships
(quantitative- genotoxicity and or (QSARs) are considered acceptable methods under
structure- mutagenicity certain conditions for filling in knowledge gaps for
activity ¢ QSARs indicating untested chemicals (Burello 2014, ECHA 2016).
relations) cytotoxicity This methodology has expanded to ENMs with the
purpose of advancing risk assessment (Cohen et al.
2012, Gajewicz et al. 2012, Gajewicz et al. 2017).
Other e Toxicokinetic and Toxicokinetic and pharmacokinetic models can be
approaches pharmacokinetic models useful to elucidate the temporal evolution of ENM
o Meta-analyses concentrations in different parts of the body (Baeza-
e ENM classified as toxic Squiban et al. 2011). Read-across has also been
from read-across proposed as method for hazard assessment (Arts et al.
2015, Gajewicz et al. 2015). Various meta-analysis
approaches have been proposed to analyze the body
of published information/data to identify consistent
patterns regarding the bioactivity of ENMs (Chang et
al. 2013, Oh et al. 2016).
Expert judgment | e Multiple sources Expert judgment can be important as input to decision

(structured surveys)
¢ At least two sources
¢ Single expert

analysis, particularly when quantitative experimental
data/information, predictive  theoretical or
computational models are unavailable.
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Table 3.3 Exposure potential information (EPI) and hazard potential information (HPI)
scores for all EIA Scenarios.
Score values in parentheses represent the aggregate scores based on the simple linear scoring scale.

product use

from consumer products

Scenario ENM released Exposure Detailed description of | EPI HPI
name and source Receptor the scenario Score Score
| ENM Nano Cu-CuO Human and Designed to include ENM | 0.15 0.42
release into ecological release to all media and for | (0.26) (0.55)
all media . both human and ecological
Nano TiO, receptors 0.54 0.56
(0.64) (0.58)
Nano ZnO 0.19 0.46
(0.34) (0.64)
IILAENM Nano Cu-CuO (all | Ecological EIA related to 0.22 0.42
release into sources) environmental release of (0.36) (0.60)
water ENMs into aquatic
environments
11.B Nano Nano Cu Ecological EIA related to 0.13 0.27
Cuin (antifouling paint) environmental release of (0.24) (0.39)
antifouling nano Cu into aquatic
paint environments from
antifouling paints
111 Nano ZnO | Nano ZnO (all Ecological EIA related to 0.22 0.31
release into sources) environmental release of (0.39) (0.44)
water nano ZnO into aquatic
environments from
personal care and
consumer products
IV ENM Nano Cu-CuO Ecological EIA related to 0.19 0.44
release into environmental release of (0.31) (0.60)
soil and nano Cu-CuO into water
water from and soil from wastewater
WWTP treatment facilities
V.A ENM Nano TiO- Human EIA related to population 0.33 0.53
release into inhalation exposure to (0.45) (0.53)
air airborne nano TiO;
V.B ENM Nano TiO- Human EIA related to worker 0.50 0.74
release into air exposure to inhaled nano (0.66) (0.77)
(enclosed TiO2 during manufacturing
manufacturing
facilities)
VI ENM direct | Nano TiO; Human EIA related to human 0.58 0.74
exposure from exposure to nano TiO- (0.72) (0.77)
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CHAPTER 4: PROGRESS TOWARDS UNDERSTANDING WHETHER ENMS POSE A

SIGNIFICANT RISK TO PUBLIC HEALTH

(I'am planning to submit a modified version of this chapter as a manuscript for publication in
American Journal of Public Health. Authors: Michelle Romero-Franco, Yoram Cohen,

Hilary Godwin)

ABSTRACT

Although many advances have been made in the field of the Environmental Health and
Safety of Nanomaterials (Nano EH&S) over the last two decades, not all of these have been
communicated effectively back to key stakeholders, particularly public health professionals. There
is a particular need for work that synthesizes knowledge from the broad range of studies on Nano
EH&S that help to answer address large, overarching concerns that are of interest to the public
health community, such as whether engineered nanomaterials (ENMSs) pose a significant risk to
human health. Here, we present a critical analysis of how the scientific and policy milestones in
Nano EH&S over the last 2 decades have advanced our understanding of the potential public health

implications of ENMs.

INTRODUCTION

Since the early 2000’s, the interest in the potential benefits of nanotechnology applications has
been accompanied by a growing concern regarding the identification of risks these materials may
pose to human health and the environment. Early identification of knowledge gaps about the

potential harmful effects of ENMs have led to a growing number of public and private research
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initiatives in this area. These initiatives have resulted in a significant growth of the number of

publications in the field of Environmental Health and Safety implications of Engineered

Nanomaterials (Nano EH&S).

As discussed in Chapter 1, major accomplishments have been achieved in terms of outreach

and risk communication in the field of Nano EH&S. In this regard, a key group of stakeholders

who is important to the sustainability of nanotechnology, is the public health professionals. Given

the major implications of the potential risks and benefits of ENMs, a communication bridge must

be built between Nano EH&S researchers and the public health community. Here, a review is

presented through the lens of answering a series of key questions of concern that can be relevant

to public health professionals:

1.

Have policy changes been put into place at state, federal and international levels to protect
human health from engineered nanomaterials (ENMs)?

Do ENMs pose novel threats to human health that differ fundamentally from those of
conventional chemicals?

Can conventional approaches to risk assessment that were developed for conventional
chemicals/materials be applied to ENMSs?

Are people and/or the environment currently exposed to concentrations of ENMs that pose
significant risk (or are such exposures expected in the near future)?

Are there sufficient data to be able to assess the risks associated with ENMs?

Are there sufficient knowledge and tools to enable minimization of exposures and mitigate

risks associated with ENMs?

To answer these questions and provide a rationale for such answers, we reviewed existing

literature for the field of Nano EH&S for the period 2003-2017 and analyzed research highlights,

195



policies and the level of scientific consensus among scientific publications and reports. In the
following sections, a discussion is provided of the how key changes in policies and regulations in
the field of Nano EH&S over the last two decades, and how scientific advances in this same time
period can be used to provide science-based responses to core public health concerns. To measure
the progress achieved within the individual research topics and policies related to the questions of
concern (Table 4.1), three qualitative scales are provided. In the first scale, the level of
progress/advances in the field is measured by a scale ranging from low to high, where low reflects
that minimum or no progress has been achieved; medium reflects progress above minimum level
(e.g., considerable understanding in terms of toxicity mechanisms, exposure and/or environmental
fate and transport has been achieved) with considerable information gaps; and high reflects
outstanding progress with only minor knowledge gaps. The second scale, also ranging from low
to high, reflects our perceived measure of scientific consensus among the reviewed literature,
where low level of consensus indicates that within the analyzed literature publications were
identified expressing opposite or conflicting conclusions with respect to a research topic, and high
level of consensus indicates that the majority of the reviewed publications are consistent. The last
scale indicates the perceived level of concern from the public health community derived from our
analysis of the literature. In this scale a low level of concern is linked to a substantial amount of
progress in the field(s) related to the question and existing scientific consensus (e.g., medium —
high), while a high level of concern is linked to a combination of low progress in the field related
to the question and lack of scientific consensus. In some cases, the level of concern is denoted as
highly variable, which indicates that for there are specific ENMs or contexts, for which substantial
evidence to guide decision-making or estimate potential risks is available, but in other

cases/contexts, substantial information gaps still exist. In the last section, we summarize selected
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examples of lessons learned from investments in Nano EH&S and their relevance to conventional

chemicals and/or other chemicals of emerging concern.

IMPLICATIONS OF PROGRESS IN NANO EH&S FOR THE PUBLIC HEALTH
COMMUNITY

1. Have policy changes been put into place at state, federal and international levels to
protect human health from engineered nanomaterials (ENMs)? To protect public health and
the environment from the potential impacts of ENMs, several policy changes have taken place
over the last two decades. See Figure 4.1. These policy changes have been driven by research
advances (e.g., the improvement of analytical methods for characterization of ENMs, the
adaptation and implementation of in silico toxicology approaches for ENM testing, among others)
and collaborative efforts (e.g., research consortia devoted to standardization of toxicity testing,
such as Nano Go Consortium (Xia et al. 2013), Quality Nano (Hole et al. 2013), and the
International Alliance for Nano EHS (IANH) (Roebben et al. 2011)). It has been reported that
policy documents (e.g., reports and analyses conducted by government agencies, international
organizations, industry and advocacy oriented NGO’s) can be used to measure the level of action
toward responsible development of nanotechnology (Laas and Weil 2014). In their review, Laas
et al. identified 63 reports from different organizations, with over 65% addressing Nano EH&S
concerns. Further analysis indicated that the difference between work conducted in the European
Union and the U.S. was the European focus on precautionary approaches relative to the U.S. focus
on research of effects elicited by ENMs (Laas and Weil 2014).

At the national level, in the U.S., the EPA began their efforts to protect public health with a

public meeting in 2005 to discuss the role of Nanotechnology within the Toxic Substances Control
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Act (TSCA) (70 FR 24574) (EPA 2005). As a starting point, EPA developed a voluntary pilot
information program (EPA 2005), which evolved to a stewardship program to incorporate ENMs
into the Toxic Substances Control Act (TSCA) (Savage et al. 2007). The EPA later expanded these
efforts to an information gathering rule on new and existing nanomaterials and pre-manufacture
notices (PMNs) for new ENMs. These action aimed at ensuring that ENMs are manufactured and
used in a manner that protects against unreasonable risks to human health and the environment
(Bergeson and Plamondon 2007). As part of this regulatory approach, EPA has issued “significant
new use rules” (SNURs) under section 5(a)(2) of the Toxic Substances Control Act (TSCA) for
multi-walled Carbon Nanotubes (MWCNT) and single-walled Carbon Nanotubes SWCNTSs,
which were the subject of pre-manufacturing notices (EPA 2010). In 2016, the authority of EPA
was further expanded with the amendment of TSCA (Frank R. Lautenberg Chemical Safety for
the 215 Century Act) (CONGRESS 2016). The amendment of this act gave EPA the authority to
require reporting, record-keeping and testing requirements and restrictions relating to chemical
substances and/or mixtures. EPA now has the ability to regulate all industrial chemicals regardless
of any material or form, which includes nanoscale materials. An innovative element to this act is
the inclusion of Alternative Testing Strategies (ATS), computational toxicology, bioinformatics,
high-throughput screening (HTS) and in vitro studies to inform regulatory decisions and support
safer by design approaches (Nel and Malloy 2017).

Policy changes have been seen throughout Europe, where various international and European
organizations (e.g., the European Commission (EC), the European Parliament (EP) and Working
Parties of the OECD) have acted to develop regulations to address potential risks associated with
ENMs. Initiatives such as the existing regulatory framework of Registration, Evaluation,

Authorization and Restriction of Chemicals (REACH) allow the EC to provide rules in terms of
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risk management of ENMs (McManus and Eijmberts 2017). Specific regulatory measures in this
context include products safety testing, market authorization, data-disclosure and labelling for
ENMs and nano-enabled products (Justo-Hanani and Dayan 2015). These regulatory actions have
been evolving since 2005 when the EC adopted an action plan for the development and regulation
of nanotechnology (McManus and Eijmberts 2017) to address nanotechnology workers’ health to
the list of concerns. Since 2005, a particular regulatory change was the integration of nano-specific
provisions into regulation (EC) no. 1333/2008 on food additives and cosmetics regulation
(Regulation (EC) n0.1223/2009) (Schwirn et al. 2014). This regulation also called on the EU to
compile a publicly available catalogue of all ENMs used in cosmetic products placed on the
market, including those used as colorants, UV filters, and preservatives (Schwirn et al. 2014). By
2010, the EC amended the cosmetics directive to include safety assessment of ENMs in cosmetic
products, pre-market notification, labeling and compulsory registration (Justo-Hanani and Dayan
2015). Finally, a major milestone was reached when in 2012, the EC announced a review of
REACH with consideration of specific relevant nano-criteria for market entry (e.g., previously
registered materials such as carbon and graphite would require new chemical registrations for their
nano-forms). To help promote compliance with these regulations, the European Union has
implemented technical assistance through the Seventh Framework Program (FP7) and Horizon
2020 (Justo-Hanani and Dayan 2015). The Horizon 2020 and the FP7 programs include all the
European research initiatives aimed at strengthening efforts for employment, growth and
competitiveness in Europe. Horizon 2020 is a European program designed to support the safe
deployment of different technologies, including nanomaterials to the consumer market through
different areas such as industrial development, science and policy, and societal challenges (e.g.,

health and wellbeing, and the environment) (EC 2018).
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The implementation of the above-mentioned policy programs is a clear example of progress
achieved in terms of protection of public health and the environment. However, it is acknowledged
that the nature of the existing and emerging policies is subject to changes in the political arena.
For instance, while a major milestone has been achieved in the U.S. with the passing of the TSCA
amendment (Frank R. Lautenberg Act), other changes to environmental protection regulations in
the U.S. (e.g., withdrawal from the Paris Climate Accord, revocation of the Clean Power Plan to
reduce emissions, and modification to certain pesticide regulations) proposed by the current
administration (Dillon et al. 2018) may present serious obstacles to public health protection, and
there is still continued reason for concern.

In summary, based on the reviewed information, the following scores are proposed for
Question 1 (Have policy changes been put into place at state, federal and international levels to
protect human health from engineered nanomaterials (ENMs)?):

e Number of studies, amount of work in this area: High

« Level of scientific consensus in reviewed studies: High

e Current level of concern vis a vis public health: Medium

2. Do engineered nanomaterials pose novel threats to human health that differ
fundamentally from those of conventional chemicals? To answer this question, it is important
to emphasize that ENMs are very diverse and their potential threats to human health depend on
multiple factors including their properties and their potential for exposure. In occupational settings,
seminal studies (NIOSH 2011, NIOSH 2013, Shi et al. 2013) on several high profile ENMs have
demonstrated that there are some nanomaterials that are more toxic than their micron-sized or

conventional analogs. Examples of these materials include various types of carbon nanotubes,
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nano TiO2 and carbon nanofibers (CNF) (NIOSH 2011, NIOSH 2013, Shi et al. 2013). As a result,
the recommended exposure limits (RELS) for these materials are significantly lower than those of
their micron-sized or conventional analogs (Shi et al. 2013).

However, there are also cases, in which the size of nanomaterials was not found to contribute
to the main mechanism of toxicity. A classic example of the above is nano Ag, whose primary
toxicity has been closely related to the release of silver ions (Ag®) (McShan et al. 2014).

Furthermore, the ability to measure ENMs toxicity under specific exposure conditions has been
facilitated by developments in ENM characterization including the impact of their
physicochemical properties on toxicity, and how the influence of properties on toxicity differ from
those of conventional analogs (non-nano-sized materials or conventional chemicals). The
development of standardized protocols/materials, sample preparation and testing for ENMs has
been an important driver in establishing the relationship between physicochemical properties and
toxicity. Furthermore, the progress in the field of ENM characterization, via the application of
novel analytical techniques (e.g., SEM, TEM, and AFM) has made it possible to improve the
quality and reliability of studies focused on potential environmental impacts. Likewise, major
advances have been made in our ability to assess the hazards of ENMs. Advances in predictive (in
silico) toxicology and alternative testing strategy (ATS) approaches and their application to ENMs
has helped to address the need for assessing the hazard potential of large numbers of emerging
nanomaterials. A cost analysis by Choi et al. estimated that the costs of thoroughly testing new
ENMs that currently exist would be between $249 million to $1.18 billion (Choi et al. 2009) and
would take 34-53 years (Choi et al. 2009). The application of in silico methods, such as QSARs
and HCS/HTS, has made it possible for scientists to rapidly identify hazard traits of new ENMs

and reduce the time and costs of testing. Moreover, by incorporating the use of predictive
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toxicology approaches/ATS in regulations (e.g., the Frank R. Lautenberg Act in 2016), decision-
makers are taking a step toward improving the efficiency of safety screening processes for
emerging ENMs.

While the methodologies to assess the hazard potential of ENMs are under continuous
improvement, and the advances in characterization of ENMs have been key in developing a more
comprehensive understanding of the hazard potential of ENMs, experts recommend careful review
of the scientific evidence for development of regulatory policies (Nowack et al. 2011) and
examination of hazard potential of ENMs on a case by case basis.

In summary, based on the reviewed information, the following scores are proposed for
Question 2 (Do engineered nanomaterials pose novel threats to human health that differ
fundamentally from those of conventional chemicals?):

e Number of studies, amount of work in this area: High

o Level of scientific consensus in reviewed studies: Low

e Current level of concern vis a vis public health: Highly variable

3. Can conventional approaches to risk assessment that were developed for conventional
chemicals/materials be applied to ENMs? Although risk assessment methods for chemicals are
well established, their adoption and/or adaptation for ENMs would require consideration of various
issues that include, but are not limited to: (a) the behavior of ENMs in various media (e.g.,
dissolution, agglomeration/aggregation, adsorption); (b) persistence (techniques to predict aspects
of degradation of certain ENMs; (c) transportation and distribution of ENMs across media; (d)

predicted environmental concentrations (PECs) and ENM transformation products and impurities;
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(e) bioaccumulation of ENMs; and (f) effects/predicted no effect concentration (PNEC) (Cohen et
al. 2012).

With regard of specific data needs for risk assessment of ENMs, these include: (i) ENMs
hazard properties, (ii) ENMs dose-response and dosimetry metrics, (ii) production volume and
emission rates (including modes of release) of ENMs, (iii) environmental transformations, and (iv)
distribution of ENMs in the environment and associated multimedia exposure levels.

At present quantitative risk assessment, integration of frameworks into decision-support tools,
and available information to conduct risk assessments are still subject to data limitations. One
example of current data limitations is quantitative exposure assessment, which involves the
measurement/estimation of environmental concentrations, and establishment of dose response
relationships for ENMs. Another example of limitations for quantitative risk assessment involves
the application of certain QSAR models, which must be adopted for relevant endpoints to be
validated according to OECD guidelines (Burello 2017). One example of a challenge in
quantitative risk assessment is the current need for the incorporation of the existing frameworks
and methodologies developed for risk assessment into actual decision-support tools that would
allow analysts to conduct environmental impact assessments. Lastly, an example of the
information that still remains scarce is the content of ENMs in commercial products (e.g., patents
that prevent the disclosure of formulations including ENMs), which would allow for improved
calculations of release and exposure.

In short, there are suitable frameworks to assess potential risks of ENMs, either adapted from
chemical risk assessment or developed as novel approaches to include the implications of the
physicochemical properties of ENMs and subsequent transformations in the environment.

However, existing approaches to conduct an environmental impact/risk assessment are feasible
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within specific contexts/scenarios (e.g., specific conditions of exposure/receptors) and are subject
to the availability of information for the ENM under analysis (Romero-Franco et al. 2017).
Furthermore, in the analysis presented here, existing approaches to conduct environmental
impact/risk assessment of ENMs were reviewed from peer-review publications. This in turn may
result in some frameworks not being readily available for public use or adapted to specific
governance contexts (Trump et al. 2018).

In summary, based on the reviewed information, the following scores are proposed for
Question 3 (Can conventional approaches to risk assessment that were developed for conventional
chemicals/materials be applied to ENMs?):

e Number of studies, amount of work in this area: Medium-High

« Level of scientific consensus in reviewed studies: High

Current level of concern vis a vis public health: Low

4. Are people and/or the environment currently exposed to concentrations of ENMs that
pose significant risk (or are such exposures expected in the near future)? To answer this
question, it is necessary to breakdown the potential for exposure to ENMs into three major
categories: occupational settings, human contact with consumer products containing ENMs, and
environmental exposure derived from intentional or unintentional release of ENMs.

In workplace settings, major advances have been in terms of exposure assessment, particularly
for inhalation exposure. These advances have led to implementation of exposure control measures
to mitigate risk (see Question 6). Several seminal studies related to hazard potential due to
inhalation exposure have been carried out in occupational settings (Schulte et al. 2016).

Furthermore, at the national level, NIOSH has taken steps to protect workers’ health by
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establishing RELs for certain carbon based materials (NIOSH 2013) and nano TiO2 (NIOSH
2011).

In the context of human exposure related to direct contact with consumer products containing
ENMs, it is important to consider that not all contact with products containing ENMs will result
in exposure. For example, human exposure to ENMs could occur directly from contact with
commercial products via inhalation (e.g., from cleaning aids, spray cosmetics and coatings and
dermal penetration (e.g., from cosmetics) (Tiede et al. 2016). However, the potential for human
exposure from direct contact with products that contain ENMs in a solid matrix (e.g., electronics)
is very unlikely (Hansen et al. 2008). Several models have been developed to estimate exposure to
ENMs in sprays and cosmetics (Nazarenko et al. 2011, Nazarenko et al. 2012). However, the extent
to which these exposure could lead to harmful effects has not been completely established.
Furthermore, in cases such as nano TiO used in sunscreen lotion the evidence regarding dermal
absorption of nano TiO2 has not been conclusive (EPA 2010). In addition, Nano EH&S
professionals have developed approaches to produce ENMs following “safer by design” principles
that allow for materials to be screened for safety (at the same time that they are screened for
efficacy) to address concerns regarding exposure via intravenous routes (e.g. some medicines and
diagnostic aids such as coating of silica nanoparticles for pancreatic cancer treatment (Liu et al.
2016)).

Advances in our understanding of the environmental fate and transport of ENMs have provided
critical insights into the potential for human exposure to ENMs. In the ENM exposure assessment
field, major advances include development of modeling approaches (e.g., probabilistic and
mechanistic models) to estimate environmental concentrations of ENMs in different

environmental compartments. However, a critical parameter to improve ENM exposure
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assessment is the ability to directly estimate/measure and quantify environmental releases and
concentrations in environmental media (Nowack 2017). Despite advances made in assessing the
exposure potential of ENMs, the models developed for estimating the environmental
concentrations of ENMs still need to be further validated with field measurements. This remains
challenging because instruments for measuring exposures to ENMs in situ (environmental and
biological monitoring) are still under development.

Overall, our current knowledge of the potential exposures to ENMs in the environment and
human population has increased significantly over the last two decades (e.g., development of
modeling approaches to estimate concentrations in different media) (Gottschalk et al. 2010, Sun
et al. 2014, Liu et al. 2015), and extensive progress has been achieved in occupational health of
ENMs (e.g., proposed occupational exposure limits (OEL)) (Kuempel et al. 2012, Schulte et al.
2016). However, information is still needed in terms of improved data regarding quantitative ENM
environmental releases (Cohen et al. 2012, Nowack 2017) and ENM concentrations in commercial
product formulations (Cuddy et al. 2015).

In summary, based on the reviewed information, the following scores are proposed for
Question 4 (Are people and/or the environment currently exposed to concentrations of ENMs that
pose significant risk (or are such exposures expected in the near future)?):

e Number of studies, amount of work in this area: Medium

o Level of scientific consensus in reviewed studies: Low

« Current level of concern vis a vis public health: Highly variable
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5. Are there sufficient data to be able to assess the risks associated with ENMs? One of
the biggest challenges in assessing the potential risks of ENMs has been the difficulty associated
with determining whether or not there is sufficient information to conduct a risk assessment for a
specific ENM (e.g., type and composition) and the desired context of the assessment (e.g., decision
context and exposure scenarios). To provide a systematic process by which an analyst can
determine when sufficient data are available to perform such an analysis, the IANano approach is
presented in Chapter 3 of this thesis. Also in Chapter 3 the application of IANano to assess
information adequacy for three ENMs was demonstrated (i.e., nano Cu-CuQ, nano TiO2 and nano
ZnO) in a series of scenarios. This assessment revealed that the current body of knowledge, based
on analysis of 274 peer review publications through 2016, is reasonable for conducting
occupational risk assessment for nano TiOx. In all the studied cases, the analysis demonstrated that
additional information will be required regarding the fate and transport, environmental release and
exposure data as the progress of the field of exposure assessment is still not up to par with that of
hazard assessment of ENMs.

In summary, it is not possible to make a general statement with regard to the level of
information availability to assess the risks associated with all existing ENMs as the extent to which
information is suitable to conduct an environmental impact/risk assessment has to be determined
on a case by case basis.

Based on the reviewed information, the following scores are proposed for Question 5 (Are
there sufficient data to be able to assess the risks associated with ENMs?):

e Number of studies, amount of work in this area: Medium

« Level of scientific consensus in reviewed studies: Low

e Current level of concern vis a vis public health: Highly variable
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6. Are there sufficient knowledge and tools to enable minimization of exposures and
mitigate risks associated with ENMs? The risk assessment studies on ENMs to date have also
led to the design and implementation of risk management strategies for some of these materials.
These efforts have been most prominent for occupational settings. Projects such as NEAT
(Nanoparticle Emission Assessment Technique) (Methner et al. 2010) have been useful in
evaluating emissions and identifying engineering controls to minimize ENM emissions in
industrial facilities and reduce worker exposure, and occupational exposure levels (OEL) derived
from benchmark approaches (Kuempel et al. 2012) have been instrumental for establishing
recommendations for exposure limits.

Overall, the implementation of specific risk mitigation strategies (e.g., exposure control) can
be considered a major advance towards the protection of workers’ health. However, the existing
information gaps, for environmental exposures and or exposure via consumer products, require
further research to expand the development and dissemination of risk mitigation strategies outside
occupational settings.

In summary, based on the reviewed information, the following scores are proposed for
Question 6 (Are there sufficient knowledge and tools to enable minimization of exposures and
mitigate risks associated with ENMs?):

e Number of studies, amount of work in this area: Medium-Low

« Level of scientific consensus in reviewed studies: Medium

e Current level of concern vis a vis public health: Medium
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Lessons that we have learned from our investments in Nano EH&S and their relevance to

conventional chemicals and/or other chemicals of emerging concern

Lessons from the field of Nano EH&S that could be used to improve oversight of other emerging

technologies and or chemicals include:

It is important to conduct context-dependent safety assessments. A major consideration to
be made when assessing potential impacts of ENMs is the specific exposure
scenario/conditions and the exposure targets (e.g., the conditions of the hazard and
exposure assessment studies should reflect, to the extent possible, realistic conditions in
the environment) (Holden et al. 2016). For instance, the conditions under which an ENM
is assessed will determine the specific information needed and the methodology or
framework to be applied (Romero-Franco et al. 2017, Schimpel et al. 2018). These same
considerations could be reasonably expected to be true for many of the chemicals and
materials of emerging concern and can help to overcome concerns that arise when
confronted with insufficient data to perform an all-encompassing assessment of risk
potential.

The level of validation and characterization for hazard and exposure studies of ENMs
required depends on the purpose or decision-context in which the information is being
used. In this regard, the OECD technical guidelines (TGs) or 1ISO standards can be used to
dictate the extent of testing required. However, not all assays/tests included in the above
mentioned guidelines are practical or appropriate for ENMs, as this depends on the
regulatory or decision-making context (Hjorth et al. 2017). Thus, standard reference
materials and standard protocols have been developed for ENMs that may not necessarily

meet OECD or ISO standards but can still be useful in a wide range of contexts. These
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standard reference materials and standardized protocols can be applied as long as the
conclusions made from their use are consistent with the purpose for which they have been
validated (“fit for purpose”) (Nel et al. 2015). For instance, the European Commission
recommended fit-for-purpose analytical methods in cases where consumer products are
tested to determine whether these products contain ENMs and the resulting information is
used to enforce labeling requirements (Stamm et al. 2012). The “fit for purpose” selection
of assays and validation approaches has been broadly embraced by the ATS community
(ICCVAM 2018) and it is envisioned such approach should greatly improve the efficiency
in the ability to assess the hazard potential of ENMs, as well as other emerging chemicals
of concern.

Strategic allocation of funding for EH&S research can help drive scientific and policy
milestones. Increases in funding allocated for Nano EH&S over the last two decades has
helped to drive critical scientific and policy milestones. Starting in 2005, calls made by
various organizations to increase Nano EH&S funding to meet the emerging research needs
(Denison 2005) resulted in allocation of significant additional funds to strengthen the
research efforts in areas such as the ethical, legal and societal implications (ELSI) of
nanotechnology. This work has promoted education, outreach and involvement of
stakeholders, which has in turn influenced public perceptions of the risks of
nanotechnology.

Better integration of science into decision-making is another important element into the
safe deployment of nanotechnology that can be extrapolated to other emerging chemicals
and vice versa. Bosso et al. has argued that products containing ENMs have arrived to

market with a mature regulatory framework of statutes and rules that have resulted from
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regulatory actions toward toxic chemicals (Bosso 2016). However, the outputs of risk
assessment and life cycle analysis of ENMs feed into decision-making, such approaches
are meant as decision-support tools and the weight of making regulatory decisions falls
into the decision-makers/regulators, who must take into account the current state of data
limitations that restrict quantitative assessments (Hjorth 2017). Incorporating input from
multi-stakeholder groups (e.g., representatives from industry, government agencies,
NGOs, and academia) can help to strengthen the decision-making process. For this
purpose, qualitative approaches have been proposed to provide guidance on
communication among stakeholders of how alternative testing strategies (ATS) can be
incorporated into decision-making (Godwin et al. 2015). Furthermore, the incorporation of
ATS into the TSCA amendment to inform decisions, and the change in key regulatory
definitions (to be more inclusive of all the nano-sized materials) (Nel and Malloy 2017), is
expected to further strengthen the link between science and decision-making. In summary,
regulatory decision-making requires the involvement of key stakeholders (and
understanding how these stakeholders manage risks associated with ENMSs) to achieve
safer deployment of nanotechnology. Hence, a key lesson learned with regard to regulatory
decisions affecting ENMs is to encourage and improve communication between the
scientific and regulatory communities to design research strategies that could be more

effectively applied into decision-making.

CONCLUSIONS
The unique properties of ENMs and their applications are tied to promising benefits tied but
also to potential hazards, particularly given the novel ways that ENMs interacts with biological

entities and the environment. This has resulted in increasing concerns from key stakeholders, and
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addressing these concerns is necessary not only to improve public perception but also to ensure
ethical and safe deployment of nanotechnology. Over the last decade and a half, the field of Nano
EH&S has undergone significant growth, thus, communication strategies to connect key findings
of this community with public health practitioners are needed. This work aims at addressing
overarching questions of concern posed by the public health community by providing public health
practitioners with a qualitative analysis of key progress in the field of Nano EH&S.

Significant progress in our understanding of the potential environmental and human health
impacts of ENMs have been addressed by a large body of studies on toxicity of ENMs and ongoing
development of sophisticated models to predict environmental fate and transport of ENMs in order
to estimate exposure to these materials. Our understanding/assessment of the potential effects of
specific ENMs is subject to the information available on exposure and hazard for a particular class
of ENMs. Moreover, the application of the available information to conduct environmental
impact/risk assessments for ENMs is dependent on what the likely exposure scenario/conditions
are, as well as decision-making contexts being considered. While extensive information exists
regarding occupational exposure to certain ENMs, and subsequent potential health effects,
additional information is still required for many environmental exposure routes and for many
classes of ENMs that have not yet been studied extensively.

Early public health concerns/needs included the determination of appropriateness of existing
risk assessment framework/approaches for ENMs. Progress has been achieved in terms of
standardization of toxicity testing/characterization protocols of ENMs, development of
models/tools and approaches to characterize the presence of ENMs in the environment and their

potential impacts. However, additional work is still required to improve quantitative
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measurement/tracking of ENMs in the environment (e.g., accounting for naturally-occurring nano-
sized particles).

One of the goals of this chapter has been to communicate the advances in the field of Nano
EH&S as it pertains to questions relevant to the public health community. In doing so, the research
highlights/advances analyzed here serve as scientific basis for better informing decision-making
and regulatory responses. It is envisioned that by incorporating high-quality scientific evidence
into this process, the growth of commercial applications of nanomaterials can continue while also

ensuring the safety of consumers.
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Table 4.1 Summarized responses to questions relevant to the public health community
regarding Nano EH&S

ENMs?

)

Number of Level of scientific Current level of
. studies/ consensus in concern vis a vis
Question amount of work reviewed studies Public Health Comments
in this area
1. Have policy Major advances
changes been put have been
into place to protect accomplished in
human health from terms of policies
engineered to protect public
nanomaterials High High ! ‘ I health. In Europe,
(ENMs)? these policies
have expanded to
labeling consumer
products
containing ENMs.
2. Do ENMs pose Highly dependent
novel threats to ~ Highly on type of
human health that Variable material and
differ fundamentally High Low g 7 context/scenarios.
from those of
conventional
chemicals?
3. Can conventional Adequate
approaches to risk Low frameworks exist;
assessment that practical
were developed for Medium . implementation
conventional High High t ‘ tools for specific
chemicals/materials contexts/decision
be applied to scenarios are still
ENMs? needed.
4. Are people and/or Highly dependent
the environment _ on type of the
currently exposed to \ vy material and
concentrations of — context/scenarios.
ENMs that pose Medium Low . \
significant risk (or
are such exposures
expected in the near
future)?
5. Are there Highly dependent
sufficient data to be \ Highly on type of the
able to assess the Variable material and
risks associated with Medium Low context/scenarios.
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Number of

Level of scientific

Current level of

Question studies/ consensus iq concern vis a vis Comments
amount of work reviewed studies Public Health
in this area
6. Are there Advances made in

sufficient knowledge
and tools to enable
minimization of
exposures and
mitigate risks
associated with
ENMs?

Medium

occupational
settings.
Information is
still needed for
environmental
risks/subject to
the availability of
improved
quantitative
assessments.
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Figure 4.1 Timeline showing selected policies/government agencies’ actions related to Nano
EH&S in the U.S. and Europe

Note: The rectangles shown in orange represent policies developed in the European Union (EU)

related to Nano EH&S. The marks in blue represent policies or policy-related events in the U.S.

The green circles below the timeline represent important white papers or reports related to Nano

EH&S policy.
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Table 4.2 Summarized description of the policy events related to Nano EH&S over the last
decade and a half shown in Figure 4.1

TSCA and Nanotechnology

Year Name of the policy/ action | Description/relevance to progress in Nano EH&S

2001 = Launch of the U.S. = The NNI was established as an organization for communication,
National Nanotechnology cooperation, and collaboration for all federal agencies engaged
Initiative (NNI) in nanotechnology research (www.nano.gov )

2003 = 21st Century = This Act included allocation of federal funding for Nano EH&S.
Nanotechnology Research As part of this act, the Nanoscale Science, Engineering, and
and Development Act Technology (NSET) subcommittee was required to develop

categories of investment called Program Component Areas
(PCA) to provide a means by which Congress and the executive
branch could be informed of and direct the relative investments
in these areas. The activities performed through the PCAs were
required to ensure U.S. global leadership in the development and
application of nanotechnology and advance the productivity and
industrial competitiveness, while taking specified steps to ensure
that ethical, legal, environmental, and other appropriate societal
concerns are considered during the development of
nanotechnology (NSET 2006)
= NTP nomination of = In 2003, the Center for Biological and Environmental
nanomaterials for testing Nanotechnology (CBEN) nominated ENMs for testing by the
National Toxicology Program (NTP) (Colvin 2003), which
resulted in studies by the NTP evaluating nanoparticle
translocation, characterizing the inhalation toxicology of high
aspect ratio materials and determining the immune responses to
ENMs (Colvin 2003)

2004 UK Royal Society and the = This was one of the earliest reports that focused on the need to
Royal Academy of address potential health, environmental, social, ethical, and
Engineering publication regulatory issues associated with nanotechnology. In this report,
Nanoscience and the UK Royal Academy of Engineering also provided definitions
Nanotechnologies for nanoscience and ‘nanotechnologies (Maynard 2007)

2005 Initial public meeting on = This was the first meeting held by U.S. EPA to discuss a potential

voluntary pilot program for certain nanoscale materials and the
information needed to adequately inform the pilot program (EPA
2005). The meeting was followed by the publication of the EPA
Nanotechnology white paper, which aimed at informing EPA
management of the science needs associated with
nanotechnology, to support related EPA program office needs,
and to communicate these nanotechnology science issues to
stakeholders and the public (EPA 2005).
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http://www.nano.gov/

Year

Name of the policy/ action

Description/relevance to progress in Nano EH&S

2006

OECD 1% Meeting of the
Working Party on
Manufactured Nanomaterials
(WPMN)

The main objective of the 1st Meeting of the Working Party on
Manufactured Nanomaterials (WPMN) was to agree a draft
program of work, for 2006-2008. Another objective of the
meeting was to collect information from member countries
(delegates) on current or planned developments on the safety of
manufactured nanomaterials in their countries or organizations
(OECD 2006). One of the resulting projects of this initiative, was
published in 2007: a collaborative framework ‘“NanoRisk” was
launched by DuPont aiming at providing guidance on the
analysis of exposure and hazard potential of nanomaterials
(DUPONT 2007)

2007

REACH passed in EU

The passing of the REACH legislation (Registration, Evaluation,
Authorization and Restriction of Chemicals) raised concerns
about the fact that nanoparticles and nanomaterials were not
specifically mentioned or defined in the legislation. Also,
concerns were related to the fact that nanomaterials may not be
considered as a new substance/substance of concern under such
legislation given their production levels and their chemical
formulation (Handy and Shaw 2007)

2008

EPA Nanomaterial
Stewardship program (NMSP)

The Nanomaterial Stewardship Program (NMSP) was announced,
by the Assistant Administrator of the Office of Prevention,
Pesticides and Toxic Substances (OPPTS), to ‘‘complement and
support [the] new and existing chemicals programs under the
Toxic Substances Control Act (TSCA)’’. The development of this
program was based in part on input received from EPA’s National
Pollution Prevention and Toxics Advisory Committee, including
a document outlining a Nanoscale Materials Voluntary Program
delivered to the Agency in December 2005. The Stewardship
Program was developed to enable participating companies that
produce or use nanoscale materials, to submit, or in some cases,
generate data to help EPA determine the hazards of nanoscale
materials that are subject to regulation under TSCA (EPA 2007)
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Year

Name of the policy/ action

Description/relevance to progress in Nano EH&S

2009

Regulation (EC) N°
1223/2009 in EU

International Risk
Governance Council
(IRGC) Policy Brief on
Appropriate Risk
Governance Strategies for
Nanotechnology
Applications in Food and
Cosmetics

U.S. National Institute for
Occupational Safety and
Health (NIOSH) publishes
interim safety guidelines
for working with
nanomaterials in the
workplace

EPA introduces Significant
New Use Rules (SNURS)
for multi-walled carbon
nanotubes (MWCNTS)

The 2009 Regulation (EC) N° 1223/2009 on cosmetic products
(the main regulatory framework for finished cosmetic products
when placed on the EU market) was adopted to replace the
Directive 76/768/EC, dated from 1976 to include ENMs and
other emerging chemicals. EC 1223/2009 provided a regime to
reinforce product safety taking into consideration the possible
use of nanomaterials. The updated rules for the use of
nanomaterials in cosmetic products included that products
containing other nanomaterials not otherwise restricted by the
Cosmetics Regulation were the object of a full safety assessment
at EU level if the Commission has concerns. Also, ENMs in
cosmetics must be labeled in the list of ingredients with the word
“nano” in brackets following the name of the substance, e.g.
“titanium dioxide (nano)” (EC 2009)

This policy brief was targeted at policy makers engaged in the
planning, oversight, and funding of nanotechnology regulation,
research and practical applications. It was aimed at assisting risk
decision makers in developing the processes and regulations that
are essential to assuring the development and public acceptance
of the many benefits that nanotechnology promises to deliver
(IRGC 2007)

This report entitled “Approaches to Safe Nanotechnology:
Managing the Health and Safety Concerns Associated with
Engineered Nanomaterials” summarizes work conducted by
NIOSH up to the publication date to assess potential hazards for
human health resulting from exposure to nanomaterials in the
workplace (Hodson et al. 2009).

These rules (SNURs) provide additional information for industry
on uses of multi-walled carbon nanotubes that are considered
new activities and require the submission of pre-manufacturing
notices to the EPA (EPA 2010)

2011

European Commission
recommendation on the
definition of
“Nanomaterial” for
regulatory purposes

The European Commission agreed on a single definition for
ensuring conformity across legislative areas and sectors and
made a first legal step toward harmonizing the nanomaterials
trade in EU markets (Justo-Hanani and Dayan 2014)

2013

EU Publication of
guidelines for reporting
safety information of
ENMs in cosmetic products
in the context of EC
1223/2009

U.S. National Institute of
Occupational Health and
Safety (NIOSH) publishes

In these guidelines, it was established that the information
reported under EC 1223/2009 should contain: “quantitative and
qualitative composition of the cosmetic product (including the
Physicochemical characteristics of substances or mixtures
especially for nanomaterials), and exposure to the substances in
the products, as well as the toxicological profile of the substances
used” (EC 2013)

This document was proposed by NIOSH as a roadmap to advance
basic understanding of the toxicology and workplace exposures
involved so that appropriate risk management practices can be
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Year

Name of the policy/ action

Description/relevance to progress in Nano EH&S

a nanotechnology strategic
plan for 2013- 2016

implemented  during  discovery,  development, and
commercialization of engineered nanomaterials (NIOSH 2013)

2014

= Launch of Horizon 2020
(European Union Eighth
Framework Program on
Research and
Technological
Development)

= Horizon 2020 is the European Union’s flagship program to

support research and innovation. It brings previous EU research
initiatives under a single umbrella and covers the period 2014-
2020. Horizon 2020’s leadership in enabling industrial
technologies stream includes a focus on nanotechnologies and
other emerging technologies (EC 2018)

2016

= U.S. TSCA amendment
(Frank Lautenberg Act)

= With the amendment of TSCA (Frank R. Lautenberg Chemical
Safety for the 21% Century Act), the authority of EPA was further
expanded to require reporting, record-keeping and testing; as well
as impose restrictions relating to chemical substances and/or
mixtures, including nanomaterials. This amendment represents a
new regulatory paradigm, which involves the consideration of
Alternative Testing Strategies (ATS) for regulatory purposes (Nel
and Malloy 2017)

2017

U.S. EPA action to modify
information reporting for
ENMs

= Under TSCA recordkeeping requirements (40 CFR Part 704), the
EPA modified the recordkeeping requirements for certain
chemical substances when they are manufactured or processed at
the nanoscale. Specifically, the EPA requires persons that
manufacture or process, or intend to manufacture or process these
chemical substances to electronically report to EPA certain
information, which includes insofar as known to or reasonably
ascertainable by the person making the report, the specific
chemical identity, production volume, methods of manufacture
and processing, exposure and release information, and existing
information concerning environmental and health effects. This
rule involves one-time reporting for existing discrete forms of
certain nanoscale materials, and a standing one-time reporting
requirement for new discrete forms of certain nanoscale materials
before those new forms are manufactured or processed (EPA
2017)
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CHAPTER 5: OVERARCHING CONCLUSIONS AND POSSIBLE TOPICS FOR

FUTURE WORK

OVERARCHING CONCLUSIONS

Over the last two decades, our understanding of the environmental health and safety
implications of ENMs has grown significantly. One of the major contributions to this achievement
has been the development of different frameworks to provide evidence-based approaches to help
in the decision-making process regarding ENMs. In Chapter 2, the utility of these frameworks
was assessed via decision-making contexts (scenarios). Through this analysis, we provided an
overview of the most common and pressing needs faced by critical stakeholders to arrive at
decisions with respect to the environmental health and safety of ENMs and how specific
frameworks can be used to address such needs. In other words, the contribution of this analysis to
the scientific community relies in the identification of frameworks that can meet, at least partly,
the needs of potential decision makers in real life scenarios. Furthermore, the identification of
intrinsic limitations to such frameworks allows for the specific components/elements that require
improvement can be outlined and prioritized. In this regard, further research should focus on the
development of integrative frameworks for assessing the risk potential of ENMs that: a) address
the complexities of ENMs and their transformations, b) integrate quantitative and qualitative data,
c) allow use of modeling tools to fill data gaps, d) minimize reliance on expert judgement, and e)
enable quantification of uncertainties associated with the use of both quantitative and qualitative
data/information. The development of new frameworks or improvement of existing ones should

facilitate their adaptation to a variety of contexts required by decision makers and aid in the

227



prioritization of future research and manufacturing of ENMs and related products in support of
environmentally sustainable nanotechnology.

A primary contribution of the work presented in this thesis to the field of Nano EH&S was the
development and implementation of decision support tool (IANano) to systematically
assess/evaluate the available information for a particular ENM and determine if this evidence is
sufficient to conduct an environmental impact assessment. This work is presented in Chapter 3.
The process of assessing the adequacy of available information to conduct an EIA of ENMs is
particularly important in a problem formulation stage given that it allows the analyst to identify
for which ENM the information is readily available and or to identify whether further testing
required to conduct an EIA, and the specific type of information needed (e.g., environmental fate
and transport, life cycle stages where release and exposure may occur, and exposure
conditions/scenarios). In Chapter 3, IANano was applied to the analysis of the available evidence
for conducting an EIA for a group of ENMs (i.e., nano Cu-CuO, nano ZnO, and nano TiO2). This
analysis revealed that the body of information available for exposure potential of these ENMs has
not kept pace with that of hazard potential. The results show that the lowest aggregated scores are
related to the exposure potential information for all ENMs, with the exception of nano TiO,, for
which exposure potential in occupational settings has been extensively studied. This study suggests
that additional research is needed on the fate and transport, environmental release, and exposure
assessment of ENMs, if quantitative environmental impact/risk assessments are to be feasible.
These case studies suggest that IANano should be useful for a broad range of decision makers
(regulators, manufacturers, and academics) who wish to use a systematic approach to evaluate
whether sufficient data are available to perform an environmental impact/risk assessment for a

particular ENM. However, future research is needed to explore the completeness of information
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for additional exposure scenarios and for other classes of ENMs. Future studies could also focus
on changing scoring and weighting approaches that reflect the relative relevance of different
attributes to the overall process of EIA, to explore whether additional attributes and categories
might be appropriate. Future studies include the use of data mining and artificial intelligence
techniques to collect and curate the information available for ENMs. The conclusions from
Chapter 3, with regard to the body of information available for exposure and hazard potential of
ENMs, are also consistent with the analysis conducted of the literature for the period of 2005-2016
in Chapter 1, where a substantial amount of research efforts were identified for hazard assessment
of ENMs (e.g., toxicity assay standardization and improvement in predictive toxicology assays).
By contrast, exposure assessment of ENMs has been limited by both validation methods (e.g.,
modeling approaches are subject to the reliability of input data) and human exposure
assessment/epidemiological studies. Another important field to Nano EH&S is informatics and
computer science techniques (i.e., nanoinformatics), which has contributed to the overall progress
in Nano EH&S over this period of time. Among its many contributions to the field of Nano EH&S,
nanoinformatics has made it possible for researchers to analyze large datasets and overcome some
critical challenges related to data gaps and mixed data sources.

Chapter 4 provides a synthesis and analysis of the body of information collected through
Chapters 1-3 from the perspective of how progress over the last decade and a half in Nano EH&S
research answers questions that are relevant to the public health community. In this context, it is
noted that while early public health concerns/needs included the determination of ENM testing
regimes, substantial progress has been achieved in many areas of the field. Particularly, major
progress has been achieved in terms of standardization of toxicity testing/characterization

protocols of ENMs, development of models/tools and approaches to characterize the presence of
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ENMs in the environment and their potential impacts. However, additional work is still required
to improve quantitative measurement/tracking of ENMs in the environment (e.g., accounting for
naturally-occurring nano sized particles) as well as to develop quantitative safety
thresholds/exposure limits in environmental media. Further discussion is also needed in terms of
what are the next steps/needs to protect public health. To do this, the communication with the
public health community must be expanded and regulatory responses (driven by research) must be
balanced against broader societal and economic implications of regulating some aspects of
nanotechnology while considering scientific uncertainty.

Overall, the framework presented in this thesis is an example of how the scientific evidence can
be analyzed and used in support of environmental health decision-making. As shown in this work,
for the case of ENMs, the task of navigating through the scientific evidence can be done in a
transparent way that can allow the analyst or decision-maker to identify scenarios of concern,
available methods to assess risks and assess the available information depending on the decision-

context.

POSSIBLE TOPICS FOR FUTURE WORK

It is envisioned that the work presented here can be further expanded in several ways. For
example, the approach developed to assess the availability of information to conduct
environmental impact assessments of ENMs (Chapter 2) could be modified to include additional
parameters related to the quality of information. One possible extension would be to adapt the
Dempster-Shafer algorithm (employed to integrate the information and calculate scores) to include
an expanded set of variables to incorporate a semi-quantitative measure of the quality of the
information assessed. Within the scope of evaluating existing information to conduct

environmental impact assessment of ENMs, another important line of future work would be to
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integrate IANano into statistical or mathematical approaches to assess datasets available from
curated publications. In this regard, methods such as meta-analyses can be implemented to identify
ENM hazard traits and or further prioritize ENMs with respect to their potential hazard potential.

Another area that warrants further research is the development of additional decision support
tools to conduct quantitative or semi-quantitative EIA of ENMs. As discussed in Chapter 1, a
decision support tool to conduct EIA of ENMs is needed to complete the integrative framework
shown in Figure 1.4. The tool needed, as proposed within the scope of this work, would greatly
benefit from: (a) allowing rapid evaluations of various environmental scenarios (Bilal et al. 2017),
(b) providing an intelligent query system to explore the impact of parameter variations and
sensitivity on predicted outcomes (Bilal et al. 2017), and (c) assessing the conditional dependence
(causal relationships) of ENMs adverse outcomes with respect to various input (Money et al. 2012,
Bilal et al. 2017). The above can, for example, be accomplished with the implementation of
Bayesian Networks (BN) into a decision support tool as a path to constructing expert systems that
would allow intelligent query for conducting case studies while providing useful insight even when
confronted with the availability of partial information (as illustrated in the case study of Chapter
3). One of distinctive characteristics of BN models is that they are constructed directly from the
available information and can be readily updated (i.e., via incremental learning) by incorporating
rigorous learning algorithms as new data become available as opposed to most models which
require rebuilding when presented with new information (Money et al. 2012, Bilal et al. 2017).
The built-in capabilities of BNs (including sensitivity analysis) can provide the following three
major outcomes that are relevant to EIA: (i) visual representation of the causal relationships that
affect environmental impact assessment, (ii) rapid interrogation and handling of uncertainties

associated with multiple input parameters and their impact on various factors, and (iii) robust
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parameter sensitivity analysis identify the most significant attributes that correlate with target
outcomes. BN models can also be easily constructed to provide a visual representation of
bidirectional conditional dependency in the form of network links (Money et al. 2012, Bilal et al.
2017). In other words, BN based models include features within their network structure that can
be utilized for both causal (e.g., predicting ENMs toxicity or exposure outcomes when ENMs
physicochemical properties and other parameters are unknown) and diagnostic reasoning (e.g. the
reverse approach of predicting ENMs properties that govern known toxicity or exposure profiles)
(Money et al. 2012, Bilal et al. 2017). Such characteristics make the Bayesian Network models

appropriate for the framework proposed here.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 1

Table Al. Detailed description of challenges in Nano EH&S, responses, remaining gaps and

potential role of public health

development

General (intrinsic) challenges related to unique ENM properties, analytical methods for characterization and rapid

Challenge

Response/ Advances

Remaining Gaps

Potential role of
Public Health

1. Initially, high batch to batch
variability in materials and hazard
properties. Need for standard
materials and protocols for
preparation and characterization.

¢ U.S. NIST and EC JRC focus
on the development of standard
reference materials, and
protocols for sample
preparation, physicochemical
and biological measurements.

¢ Application of analytical
techniques such as SEM and
TEM to track cellular and
tissue uptake of ENMs and
proposals for minimum critical
characterization of ENM
properties for Nano EH&S
studies.

¢ Development of protocols for
sample preparation of Nano
TiOz dispersion in bovine
serum albumin (BSA).

e Extend reporting use
of reference
materials and
standard protocols in
peer review
publications.

e Support the
reporting of
standard protocols
and use of
references materials
in publications.

2.Large number of new materials
being produced in a small amount of
time and consequent safety data

gaps.

e Alternative Testing Strategies
(ATS) haven been used to
address hazard data gaps,
testing a large number of
materials per assay (see
challenge #6)

e Read-across from chemicals,
and adaptation of in silico
toxicology to ENMs.

e For exposure data gaps, the
development of environmental
fate and transport modelling.

o Limited percentage
of the ATS assays
that have been
developed have been
validated against
animal studies.

Promote discussion
of the potential
applications of ATS
in research related to
Nano EH&S.

3.Need for computational and
statistical approaches for handling
ENMs data sets.

e Data curation and management
approaches.

¢ Funding agencies establishing
requirements for data
repositories and data sharing.

e Decision support tools (Risk
Assessment, Risk
banding/grouping, Ranking).

o Limited current use
for regulatory
purposes, which
might expand with
the TSCA/Frank R.
Lautenberg update.

o Limited use by
scientific community
related to concerns
regarding data
sharing (authorship),
complex ontologies
(taxonomy).

o Quality/utility of
data in publically-
accessible
repositories.

Participate in
discussions
regarding the
regulatory use of
data
repositories/curation
and tools.

234




ENMs and Hazard potential challenges

Challenge

Response/Advances

Remaining Gaps

Potential role of Public
Health

4.Hazard potential/toxicity changes
depending on
environmental/biological
conditions/interactions, these
changes also influence fate &
transport, therefore the hazard
assessment of transformed ENMs
may differ from pristine materials.

e Improved tracking of
cellular and tissue
uptake of ENM using
novel analytical
techniques (e.g., SERS
and TEM). TEM
cryomicroscopy is now
used routinely to image
intercellular structures
and unstained
biomolecules at the sub-
nanometer level.

e Improve design of
study conditions to
reflect environmental
“realism” (e.g.,
identification of
relevant receptors and
exposure conditions).

e Provide insights on
environmental
conditions of relevance
to public health to help
identify priorities for
further research.

5.Hazard potential highly dependent
on ENM properties (e.g., size,
shape, composition, surface

coatings, etc.). Need for approaches

to predict hazard based on
properties.

¢ Knowledge derived
from UFP studies led to
identification of
properties that influence
toxic response (e.g.,
surface area and size).

e Finding of
physicochemical
properties to predict
hazard of ENMs (e.g.,
metal oxides and
CNTs).

e Substantial advance
made with regard to the
identification of
physicochemical
properties influencing
hazard of first
generation ENMs.
However, new
generation ENMs
require further
investigation (see
challenges #15 and
#16).

o Identify potential
opportunities for the
application of the
predictive
information/approaches
to protect human health.

6. Need for validated hazard

assessment strategies and protocols

that consider the correct balance of
in vitro and in vivo testing across
organisms.

e International efforts
working towards the
development of
reference materials and
standard protocols (e.g.,
IANH, Quality Nano,
Nano Go Consortium).

¢ OECD work on
validation and
standardization of
toxicity tests.

e Improvement in
reporting
characterization and
protocol of testing.

¢ While several efforts
have been made with
regard to
standardization of
protocols and materials,
there is still a need to
improve reporting
practices.

e Support good practices
of reporting the use of
standard protocols and
reference materials in
peer review publications.

ENMs and Exposure potential challenges

Challenge

Response/ Advances

Remaining Gaps

Potential role of Public
Health

7.Need for data and models to
quantify environmental releases
and fate/transport of ENMs in
the environment (considering
that physicochemical properties
ENMs change as a result of
biological and environmental
conditions therefore affect
transport across media).

o Several probabilistic and
mechanistic models have been
developed to estimate
environmental concentrations
of ENMs in different
environmental compartments.
Relevant probabilistic models
include material flow analysis,
a mechanistic multimedia fate
and transport modeling
framework and applied
Bayesian Network tools to
model environmental

e [mprove
parameterization of
release models (input
for F&T models) and
switch to measured
data (less on
qualitative
assessments).

o Improve quality of
input data to reduce
the uncertainties that
result from missing or
conflicting

e Provide insights on
environmental
conditions of relevance
to public health to help
identify priorities for
further research.
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multimedia distribution of
ENMSs using probabilistic and
mechanistic approaches.

o Strategic research on
understanding ENM behavior
in the environment is leading
to mechanistic models of
nanomaterial transportation
and transformation, and
dynamic models of
nanomaterial mass-flow.

knowledge. For the
probabilistic
environmental fate
models, the inclusion
of particle-specific
processes needs to be
further developed.

¢ Validation of models
with field exposure
data in Challenge #8.

8. Need for field
monitoring/measurement data
to track ENMs exposure in the
environment, workplace and
consumer products (issues with
nanoparticle interference and
proper dosimetry tools for
ENMs in complex media).

o New characterization
tools/techniques such as the
following are emerging to
evaluate the structure and
dynamics of the environmental
interface (e.g., LC-APPI-MS).

o Development of rigorous
methodologies for assessing
the physical state of ENMs in
complex media (dosimetry).

o Still limited
instruments for
measuring exposures
to ENMs in situ
(environmental and
biological
monitoring).

o Biomarkers of
exposure still to be
developed.

e Provide insights on
environmental
conditions of relevance
to public health to help
identify priorities for
further research.

9. Difficulty in estimating
occupational exposure (e.g.,
interference with ENMs with
other particulate matter in
workplace settings), and need
for methods to translate
exposure levels in animals to
exposure levels in humans.

o Development of monitoring
approaches such as NEAT
(Nanoparticle Emission
Assessment Technique).

o Studies designed to identify
measures to mitigate workers’
exposure.

o Need for better quality
of data for existing
exposure assessments
reports.

e Improve reporting of
workers’ exposure in
low income countries.

¢ Promote the study of
ENM worker exposure
as a relevant
component of the
public health agenda.

ENMs and risk potential challenges

Challenges

Response/ Advances

Remaining Gaps

Potential role of
Public Health

10. Need to know
whether/when/which
traditional Risk Assessment
approaches are suitable for
ENMs (and develop
alternative approaches when
they are not).

o Several frameworks have been
developed to address the
specific conditions of risk
assessment for ENMs (e.g.,
Nano Risk, MCDA,
probabilistic/Monte Carlo,
Bayesian Networks).

e QSARs applied to improve
quantitative risk assessments.

Limitations have been
reported with regard to
quantitative risk

assessments. Exposure

o Participate in the
application of the
existing
frameworks into

assessment, environmental
concentrations, and dose
response.

QSAR models still lack
consideration for relevant
endpoints (according to
OECD validation
principles) for considering
their use in regulatory risk
assessment.

relevant exposure
scenarios of
concern.

11. Need for approaches/tools to
estimate data sufficiency to
conduct risk assessment of
ENMs and to tailor the
process depending on the
analyst’s goals.

o Several methodologies have
been developed to address this
challenge such as weight of
evidence (WOE)
assessment/ranking and
ranking research needs
through MCDA to fill in data

gaps.

Improve these current
methodologies and
integrate them into
decision-support tools.

12. Need to know
whether/when/which
traditional Life Cycle
Analysis (LCA) tools can be

o Several frameworks have
adopted or incorporated LCA
into the analysis of potential
impacts of ENMs.

Information for
commercial product use
still scarce (patented) and
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used to understand the
overall environmental impact
of ENMs (and, if not, what
modifications need to be
made/gaps need to be filled,
e.g., emissions
data/estimates).

need for improvement of
results communication.

13. Need for epidemiological
studies that link effects seen
in animal models to human
health effects.

o Aseries of epidemiological
studies have been carried out
to analyze workers’ exposure
to ENMs.

o Need for improved
exposure assessment
information.

o Explore potential
collaborations
between public
health agencies and
research groups to
improve existing
epidemiological
studies.

14. Need for risk reduction
strategies that can be
implemented through data
collection and Nano EH&S
research linked to regulatory
decision-making.

¢ Risk management strategies
have been developed mainly
in occupational settings
mainly through industrial
hygiene control measures.

e Need for a link between
the results from these
studies and
regulatory/policy actions.

¢ Promote and

support science-
policy discussions
and identify areas
of opportunity to
integrate science
into regulatory
decision-making.

Next Generation ENMs

Challenges

Response/ Advances

Remaining Gaps

Potential role of
Public Health

15. Improve safety screening and
safe design of ENMs used in
commercial applications (e.g.,
therapeutics and diagnostics).

e Implementation of testing
nanomedicines at the U.S.
Nanotechnology
Characterization
Laboratory (NCL) and
European Medicines
Agency (EMA).

e Address regulatory gaps
related to nanomedicine
incorporating testing
information from NCL
and EMA, guided by a
balance of innovation and
R&D with public health
protection.

e Develop risk

communication
strategies for
existing approved
nanomedicines to
benefit public’s
perception.

16. Need safety assessment
procedures developed for
relatively simple ENMs to be
validated as suitable for 31
and 4" generation ENMs.

e Minor advance in terms of
complete safety
assessment strategies.

e The potential of self-
organization towards self-
replication in new
generation ENMs is
considered critical with
respect to precautionary
risk management.

o Further research is
required to identify how to
assess safety of remotely
activate nanostructures,
environmentally
responsive nanostructures
and transforming active
nanostructures.

Start a conversation
on potential
relevance to public
health, including
potential benefits.
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ENMs and outreach strategies

Challenges

Response/Advances

Remaining Gaps

Potential role of
Public Health

17. Involvement of relevant
stakeholders (e.g., NGOs,
industry and policy makers)
in Nano EH&S (including
risk assessment).

Dialogue among stakeholders
has been encouraged by U.S.
and European agencies as part
of the Nanotechnology
development strategies.
Several workshops and
meetings have brought
together a variety of
stakeholders (national and
international leaders from
government, industry, and
academia) to discuss utility of
ATS for decision-making
analyses of ENMs.

Meetings held by OECD
working parties and the
development of the DuPont-
Nano Risk Framework as a
result of such meetings.
Policy workshops in Europe to
involve stakeholders in the
implementation of nano-
regulations.

e Address the overlook of
the Public Health
community.

e Provide expertise in

current discussions
by identifying
opportunities for
benefits of
Nanotechnology in
public health.

18.Communication of results
back to key stakeholder
groups, including the public
health community.

Development of risk
communication strategies by
federal agencies.

Increase in the media coverage
of Nanotechnology and
potential risks and benefits.
Education and outreach
programs such as NanoDays
and college
training/fellowship programs.

o Improve existing risk
communication strategies
by addressing
uncertainties.

e Expand and update
current risk
communication
strategies.

Collaborate in the
development of
improved risk
communication
strategies and
education programs.

238




APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 2

Table B1. Analysis and classification of reviewed hazard identification frameworks.

Address

containing products

the basis of available
evidence.

toxicity due to single or
multiple exposures, skin
corrosion and eye irritation)
and environmental hazards
(e.g., ecotoxicity, persistence
and bioaccumulation).

evidence (grey color
assigned to insufficient
data, green-low hazard

potential, yellow-medium

potential hazard and red-
high hazard potential).

Name of the Intrinsic Input Outout data Software
framework and scope characteristics P P gaps® tools®
Swiss precautionary Decision Nano-relevance (e.g., Categories/classification
matrix (Hock J. et al. tree/questionnaire, whether or not the analyzed of the hazard: group A -

2013) based on published ENM meets the definition no need for review of

Application: ENM data, suitable for pre- under EU regulations), (unspecified) risk

containing products screening of available effects (e.g., potential of the management measures;
ENMs data (e.g., ENM for ROS formation, group B - need for review
physicochemical redox potential), potential for | of (unspecified) risk No Web
properties, hazard exposure (considering the management measures or application
traits) and maximum amounts released need for additional
determination of to the environment, information.
further actions that may | frequency of exposure) and
be needed (e.g., available information about
additional data, actions | the ENM life cycle (e.g.,
to control exposure) source of the ENM).

Risk Classification Outranking: given aset | Data regarding specific Categories/classification

System based on Multi | of alternatives that are properties of the ENM (e.g., of the hazard (e.g.,

Criteria Decision compared in terms of size, reactivity/charge, toxicity): very low, low,

Analysis (MCDA risk performance for critical function groups) and medium, high, and

classification) (Linkov | selected criteria transformation in the extremely high.

et al. 2007, Linkov et designed via expert environment (e.g.,

al. 2009, Tervonen et judgment. The user agglomeration, contaminant

al. 2009) must assign scores dissociation, bioavailability

Application: ENMs (e.g., 1-4, 60-100, 5- potential, bioaccumulation
200) that correspond to | potential, toxicity). Data
categories (e.g., low- input can be from MCDA
very low, medium-low, | experimental studies or via |
medium, high, expert judgment. f?enera
extremely high) for software (not

. Yes specific for

ea_ch pre-determmed risk
zétglréﬂe(rgt?&n, classification
Reactivity/charge, of ENMs)
Critical function
groups, Contaminant
dissociation,
Bioavailability
potential,
Bioaccumulation
potential, Toxic
potential, Size) based
on data or expert
elicitation.

Hazard and exposure Decision Data regarding the potential Categories/classification

potential identification | tree/flowchart, where hazard posed by the ENM of the hazard: a color-

for ENMs in consumer | each of the steps is based on: human health (e.g., | coded system/visual

products depicted in a flowchart, | acute toxicity, germ cell representation of the

(NanoRiskCat) which requires a mutagenicity, potential hazards that

(Hansen et al. 2014) specific choice to be carcinogenicity, reproductive | includes a short

Application: ENM made by the analyst on | toxicity, specific target organ | description of the Yes No
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Address

Name of the Intrinsic Input Outout data Software
framework and scope characteristics P p gaps® tools®
DF4Nano grouping Guidance for Data regarding intrinsic Categories/classification
(Arts et al. 2015) classification is given ENM properties (water of the ENMs: four main
Application: ENMs to the analyst in tables solubility, shape and aspect categories: 1) soluble

developed based on ratio, composition), system- ENMs, 2) biopersistent

published data and related properties (use, high-aspect ratio, 3)

reports. The analyst release and exposure, uptake, | passive ENMs and 4)

must choose the biodistribution and active ENMs. ENMs Yes No

categories for
evaluating the available
information comparing
with values and
thresholds provided in
the framework.

biopersistence and bio-
physical interactions) and
toxic effects (endpoints from
short term in vivo studies or
toxicity evidence from in
vitro studies) induced by the
ENM.

classified in 3 and 4 are
considered to require a
further analysis/risk
assessment.

(a) Capability of a framework to address data gaps: whether the framework includes a detailed methodology to obtain missing data (e.g.,
consideration of expert judgment to fill in data gaps or modeling tools incorporated in the framework); (b) Availability of software tools specifically
designed to conduct the analysis: whether software tools were developed or adapted to conduct the analysis. Specific tools included in this category

include, spreadsheets (e.g., EXCEL), web applications (e.g., online software), desktop software.
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Table B2. Analysis and classification of reviewed environmental risk assessment frameworks.
** The guidelines described by the American Institute of Chemical Engineers AICHE and or the
Health and Safety Executive of the UK. ***To analyze the effect of nano Ag in the microbial
community, the parameters included the effect on the microbial decomposition of organic matter,
reduction in decomposer and denitrifier community redundancy, as well as the overall microbial
community in the sediment (Goksgyr 1975)

framework is presented
as a roadmap to guide the
user through the process
of systematic data
collection and
identification of critical
data gaps.

2013)

Name of the _— I Address Software
framework and scope Intrinsic characteristics Input Output data tools
P gaps
Life Cycle Analysis LCA refers to a class of Depending on the Depending on the
(Som et al. 2010, approaches of assessing scope/outcome of the analysis: | design/desired outcome
Theis et al. 2011, environmental impact of | a) global warming/CO, (e.g., environmental
Eckelman et al. 2012, ENMs, whereby hazard emissions (detailed steps of impacts from ENM
Gavankar et al. 2012, identification, exposure manufacturing processes and production or release):
Hischier and Walser assessment and risk their CO, emissions)(Walser et | Quantitative global
2012) characterization may be al. 2011, Hischier and Walser warming potential (CO,
Application: ENMs, analyzed throughout the 2012); b) potentially affected emissions related to the LCA
ENM containing life cycle of an ENM. fraction of aquatic organisms synthesis of the eneral
products Depending on the scope per unit mass of CNTs (ECs assessed ENM) or s%ftware
of the analysis, as shown | values, degradation rates, potential detrimental No (not
in case studies, the partition coefficients, releases impacts on aquatic o
- - : specific for
approach can be modified | to environmental organisms as a ENMs)
to estimate compartments and consequence of the
environmental impacts bioaccumulation ENM release.
(e.g., with production of factors)(Eckelman et al. 2012).
ENMSs or nano enabled
products or release of the
ENMs to the
environment related to
consumer products).
DUPONT’s nanorisk Combines a systematic Inputs include ENM properties | Depending on the
(DUPONT 2007) collection and of the ENM (e.g., name(s), available information,
Application: Processes | organization of form, chemical composition, the results can be
information with a surface coatings, molecular presented as lifecycle
chemical process risk and crystal structure, physical profiles that include
assessment form/shape, particle size, size information on
(CPQRA)(AIChE 2000), | distribution and surface-area, physicochemical
when information is particle density, solubility (in properties, ecotoxicity, No No
available. CPQRA** water and biologically relevant | and environmental fate
focuses on acute rather fluids), dispersibility) and to be used for risk
than chronic hazards. information about the management strategies;
Risk = F (s,c,f), s= industrial processes relevantto | or include a quantitative
hypothetical scenario, c = | the ENM. risk analysis of the
estimated industrial processes
consequence(s), f = related to the ENM.
estimated frequency
EPA’s Comprehensive | Collective "judgment Product lifecycle, Summary of available
Environmental process" designed to Environmental fate and information regarding a
Assessment CEA compile extensive transport, exposure routes, in specific ENM evaluated
(Powvers et al. 2012, information and provide addition to dose related by a group of experts
Powers et al. 2014) guidance to decision information (e.g., indicating
Application: ENMs makers such as research toxicokinetics: absorption, recommendations for
planners and risk distribution, metabolism, and research priorities and Web
managers. The excretion), if available (EPA risk management. No application
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Address

;\lame of the Intrinsic characteristics Input Output data Software
ramework and scope gaps tools
Ranking initial Ecological and human Predicted nanomaterial Classification/categories
environmental and health risk assessment environmental concentrations of the ENMs: Relative
human health risk: adapted to ENMs and from published exposure Risk Ranking groups.
Nano HAZ framework | applying benchmark studies (published modelled 0-2 (low environmental
(O'Brien and doses (BMD) data(Gottschalk et al. 2010)). or health risk on a
Cummins 2010) calculations based on Published ecotoxicological relative basis), 3-4
Application: ENMs published data. studies were used to develop (concentrations that
provisional benchmark dose require monitoring and
lower confidence limits potential action), 5 + Yes No
(BMDLs) through the (environmental
application of the U.S. EPA concentration above
Bench Mark Dose Software. A | those provisional
similar approach was regulatory and
conducted with animal studies | toxicological limits as
to obtain BMDLs for human set in a published case
health risk calculations. study (O'Brien and
Cummins 2010)).
Nanomaterial risk The framework provides ENM properties categorized as | Classification/categories
screening (Beaudrie et | a template for the analyst | intrinsic (chemical of the ENMs: risk-
al. 2015) in order to compare data composition, crystal structure, rating groups (from
Application: ENMs for the target ENM with size (average), shape (aspect lowest concern 1 to
reference information for | ratio), charge (zeta potential), highest concern 5).
each category/level. specific surface area) and
Framework was extrinsic properties (reactivity,
developed via expert solubility, hydrophobicity, No Spreadsheet
judgment. agglomeration, sorption
tendency). Hazard indicators:
ROS potential, movement
through cells; Exposure
indicators: persistence, and
mobility.
Human health and Follows the steps of a Dose descriptors, overall Quantitative: Risk
Ecological Risk risk assessment for 90- assessment factors and Quotient obtained by
Assessment as adapted | day exposure studies and | estimated human indicative comparing predicted
from REACH modeled environmental no-effect level (INELs) for environmental
(Aschberger et al. concentrations (from workers of different ENM for concentrations with No No
2011) probabilistic material chronic inhalation exposure human no effect levels
Application: ENMs flow analysis (PMFA)). based on experimental data (PEC/INEC).
and modeled environmental
releases of ENMs.
Risk quantification Risk assessment Probability distributions of Quantitative: Risk
based on probabilistic combines predicted ENMs environmental Index calculated as the
flow modeling environmental concentrations (obtained via product of probability
analysis (Gottschalk et | concentrations (via PMFA) with the probability of critical
al. 2013) PMFA) with a species distribution of adverse effects environmental
Application: ENMs sensitivity distribution developed from literature concentrations and the Yes No

(e.g., probability
distribution of harmful
effects as a function of
concentration for a given
ENM).

review (species sensitivity
distributions SSD).

probability that
organisms would
potentially be
negatively impacted at
such concentrations.
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Address

;\lame of the Intrinsic characteristics Input Output data Software
ramework and scope gaps tools
FINE (Forecasting the | Probability of risk Particle behavior under a set of | Quantitative: a modified
Impacts of calculation based on aquatic and sediment version of the
Nanomaterials in the Bayes' principle; the environmental conditions (e.g., | deterministic Risk
Environment applied network was designed via | temperature, pH, fluid flow, Quotient shown as a
to nano Ag) (Money et | expert judgment. organic matter, conductivity, probabilistic expression
al. 2012) using time) in addition to NP (probability measure in
Bayesian Networks properties (e.g., NP coating, a scale of 0-1).
Application: ENMs zeta potential, fractal
dimension, NP diameter,
collision rate efficiency,
homogeneous and
heterogeneous NP attachment
efficiencies, NP aggregation
potential, biodegradation
factors, deposition and
dissolution) and the interaction
surfaces; 2) Exposure related
parameters (e.g., NP
concentrations (including Software
dissolved form) in water and Yes generic (not
sediment; 3) Hazard specific for
(Bioavailability potential, ENMs)

amount of bio-uptake, stage of
development, mortality,
growth/fitness, effects on
microbial biomass in sediment
and water, trace metal
presence, reduction in
decomposer community
redundancy, reduction in
denitrifier community
redundancy, overall sediment
community, overall water
community, effect on
decomposition***,
methanogenesis,
denitrification, primary
production, carbon
sequestration, trace gas
emissions, eutrophication).
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Table B3. Analysis and classification of reviewed occupational risk assessment frameworks.

Name of the

Address

ENM); estimated amount of
ENM used for a given task,
dustiness/mistiness, number of
employees with similar
exposure, frequency of
operation, duration of
operation.

framework and Intrinsic characteristics | Input Output data Sotf;\(/)vleslre
scope gaps
Risk based The process follows a Particle size, shape, and Quantitative: Excess
classification for quantitative risk density utilized in estimation Risk - defined as the
occupational exposure | assessment (QRA) of inhalation and lung region- percent of excess risk for
control (Kuempel et approach based on specific deposition fraction; a specific health
al. 2012) benchmark doses toxicity assays (multiple outcome.
Application: ENMs (BMD). exposure or dose groups to
describe dose—response
relationship; estimated Yes No
benchmark dose); biological
significance of response (to
evaluate severity and
relevance to humans); body
and lung weight; target lung
region surface area and
volume (to normalize dose
from animals to humans).
Risk classification Comparison of scores Qualitative relative risk Classification/categories:
based on an Industry assigned to characterize ranking required data on relative risk ranking - a
Insurance Protocol the industrial process of physicochemical properties comparison of an
(Robichaud et al. manufacturing ENMs and quantities of inventoried industrial chemical
2005) with pre-established materials; relative risk process vs. an ENM
Application: Processes | scores based on an assessment is also based on process.
insurance protocol. factors such as toxicity,
flammability, persistence in
the environment. Additional Yes No
required data include toxicity
metrics (e.g., LCso and LDs),
and environmental fate and
transport parameters (e.g.,
water solubility, log Ko,
flammability, and expected
emissions).
Control Banding: CB Classification based on ENM properties (surface Classification/categories:
Nanotool (Paik et al. the characteristics of the chemistry, particle shape, Risk Level for
2008) process and the hazard particle diameter, solubility), occupational risk
Application: Processes | evidence for the target toxicity evidence expressed as risk bands
ENM. (carcinogenicity, reproductive | that indicate
toxicity, mutagenicity, dermal | recommendations
toxicity, toxicity of parent rgzgardmg the pursuit of Spreadsheet
material (bulk material, non risk management
: - . : (not
nano sized material that is strategies needed for Yes publicly
considered similar to the exposure control. available)
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Name of the Address Software
framework and Intrinsic characteristics | Input Output data tools
scope gaps
Web-Based Tool for Classification based on ENM properties (e.g., particle | Classification/categories:
Risk Prioritization of the characteristics of the shape, diameter, length, Priority bands that
Airborne process and the hazard solubility, composition, indicate the priority for
Manufactured Nano evidence for the target bioavailability, reactivity); risk management.
Objects ENM. toxicity evidence (e.g.,
(Stoffenmanager carcinogenicity, reproductive
Nano) (Van Duuren- toxicity, mutagenic); industrial
Stuurman et al. 2012) process parameters (e.g.,
Application: Processes duration of the handling, Web
; No S
frequency of the handling, application

background concentration),
characteristics of the matrix of
ENM (e.g., dustiness of
powders and fraction of the
ENM in powders) and
engineering controls (e.g., use
of personal protective
equipment).
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What is the purpose of the

analysis?

Risk
Assessment

Hazard

identification

Nano DF4 Green Is the output a
> N i ilistic?
RiskCat ano Screen Fanking Is it probabilistic?

Does it involve
Yes. occupational
[_ settings?

RCIP
protocol s the output in a
report format?

LEGEND

O Framework

Web-based tool or software
available or in development

( NR?T\'

Results provided in category
form (e.g., color codes or
bands)

Nano
(7 Requires expert judgment/ LCRA
\ _ ' analysis

Figure B1. Flowchart depicting the process used to select which frameworks are suitable for
specific decision-making scenarios.
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Table B4. Information elements and criteria used to identify suitable frameworks for each

decision-making scenario (decision context)

Scenario 1: Company is producing a new ENM and wants to know what controls to put into place to protect their
workers during manufacturing or processing

depending on the number of
exposed workers, the conditions
of the exposure and the frequency
and duration of these processes.

Desired Data Potentially How does the desired output Recommendations
Output Information applicable from framework meet needs Observations
Needed in this framework from decision-context?
scenario
Hazard e Details about Swiss The Swiss Precautionary Matrix Tools (e.g., in silico
identification process to be Precautionary (SPM) framework and its web methods or alternative
or Risk used/how Matrix (Héck J. | tool require detailed data input testing strategies) are
assessment in material will be et al. 2013) regarding the physicochemical needed to predict or obtain
occupational handled during properties of the ENM, duration information for those
settings to manufacturing; of the processes involving the ENMs for which complete
develop an ENM, and the potential characterization and
internal risk e Potential for effects/toxicity of the ENM. toxicity information is not
management exposure during The SPM can be used as a available.
strategy this screening framework to identify
including process/handling the need for actions in terms of Modifications to the SPM
recommended ENM risk management in are needed that would
engineering occupational settings (e.g., allow users to consider
controls, gathering additional information existing protective
administrative related to potential hazards of measures when developing
controls ENMs). risk management
approaches
DuPont’s The DuPont Nanorisk framework | Tools (e.g., in silico
Nanorisk allows the analyst to develop methods or alternative
(DUPONT lifecycle profiles that include testing strategies) are
2007) information on physicochemical needed to predict or obtain
properties, ecotoxicity and information for those
environmental fate to develop risk | ENMs for which complete
management strategies. characterization and
The design of this framework toxicity information is not
considers a chemical process risk | available.
analysis, which makes it suitable
for this scenario.
Control The CB Nanotool provides Tools (e.g., in silico
Banding: CB guidelines to classify ENMs in methods or alternative
Nanotool (Paik different groups according to the testing strategies) are
et al. 2008) potential for worker exposure, needed to predict or obtain

information for those
ENMs for which complete
characterization and
toxicity information is not
available.

Web-Based Tool
for Risk
Prioritization of
Airborne
Manufactured
Nano Objects
(Stoffenmanager
Nano) (Van
Duuren-
Stuurman et al.
2012)

This web-based tool focuses on a
classification similar to the
banding approach. This
framework is suitable in this
scenario because the analysis
considers the characteristics of
industrial processes (e.g., duration
and frequency of the ENM
handling, background
concentration engineering
controls such as use of personal

Tools (e.g., in silico
methods or alternative
testing strategies) are
needed to predict or obtain
information for those
ENMs for which complete
characterization and
toxicity information is not
available.
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Scenario 1: Company is producing a new ENM and wants to know what controls to put into place to protect their
workers during manufacturing or processing

Desired
Output

Data
Information
Needed in this
scenario

Potentially
applicable
framework

How does the desired output
from framework meet needs
from decision-context?

Recommendations
Observations

protective equipment) and the

hazard evidence of the ENM (e.g.,

properties including particle
shape, diameter, length,
solubility, composition,
bioavailability, reactivity; and
human toxicity).

The Stoffenmanager Nano
only considers the potential
risks derived from
inhalation exposure.

Scenario 2: OSHA deciding whether to establish a OEL/PEL for a specific class of ENMs

Desired Output Data Potentially How does the desired output Recommendations
Information applicable from framework meet needs Observations
Needed in this framework from decision-context?
scenario

Hazard e Human toxicity | Swiss While the Swiss Precautionary Tools (e.g., in silico methods
identification/ (quantitative Precautionary | Matrix (SPM) does not provide or alternative testing
risk assessment dose-response) Matrix (Hock | a quantitative approach to strategies) are needed to
in occupational information  for | J. et al. 2013) estimate occupational exposure predict or obtain information
settings to that specific class limits, in this context, the SPM for those ENMs for which
support a legally of ENMs; and its web tool can be used asa | complete characterization and
defensible first tier screening framework to | toxicity information is not
recommendation | e Limit of identify the need for actions in available.
or requirement detection for terms of risk management (e.g.,
for allowed monitoring gathering additional
exposure exposure for information).

specific class of

ENMs

Risk based The framework follows a Incorporation of methods to

classification
for
occupational
exposure
control
(Kuempel et
al. 2012)

quantitative risk assessment
(QRA) similar to that of
conventional chemicals and
requires ENM data (e.g.,
properties including particle
size, shape, density; toxicity
assays; dose—response
relationships to extrapolate
animal studies data to human
health outcomes) to calculate an
excess risk of developing an
adverse outcome for human
health. While this framework
requires extensive toxicity data
(e.g., dose-response data, which
can be extrapolated from
ultrafine particles), it allows the
analyst to determine
occupational exposure limits
(OEL), which is the desired
output in this scenario.

extrapolate or calculate dose-
response data from in silico
studies would expand the
utility of this tool.
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Scenario 3: Company needs to assess the potential impacts of the production of a nano-enabled product and how to
manage risks if any

Desired Data Potentially How does the desired output Recommendations
Output Information applicable from framework meet needs Observations
Needed in this framework from decision-context?
scenario
Risk e Potential for | Web-Based While Stoffenmanager can be The availability of a web-
assessment of | exposure across | Tool for Risk used to classify the ENMs based tool for this framework
a particular life cycle Prioritization of | according to their potential makes it more widely
ENM to Airborne hazards, it does not provide a accessible and allows for rapid
develop risk | e Hazards for Manufactured strategy to manage such risks. screening.
management humans and the Nano Objects Furthermore, the potential
strategies. environment (Stoffenmanager | impacts are assessed only in
Nano) (Van terms of production and not
Duuren- through the lifecycle of the

Stuurman et al.
2012)

ENM. Thus, the application of
this framework in this context
could be complemented by other
approaches.

Risk
classification
based on an
Industry
Insurance
Protocol (RCIP)
(Robichaud et
al. 2005)

The RCIP framework is suitable
in this context because it was
tailored to industrial processes
and allows the user to identify a
risk category (e.g., low, medium,
high) for the production of a
specific ENM compared to that
of an analogous traditional
chemical. Hence, this framework
could be applied in this context
to classify ENMs into risk
categories and compare to the
production of chemicals.

The RCIP framework is based
on a protocol that is not
publicly accessible, hence its
application is limited.

Nano LCRA

The Nano LCRA framework
could be used in this scenario as
a “roadmap” to identify the data
gaps that need to be filled.
However, it does not provide a
methodology for risk
characterization or a strategy to
develop risk management
actions. Additionally, to perform
the assessment, the ability to use
expert judgment to assess of the

available information is required.

The suitability of Nano LCRA
in this context would improve
if a strategy to characterize
risk with limited data was
provided. In addition, the
framework would need to be
adapted for use by non-
experts.
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Scenario 4: Company deciding which nanoparticle or nano-enabled product poses less risk than alternatives for a
particular application (company taking a precautionary approach to make safe-by-design applications)

Desired Output Data Potentially How does the desired output Recommendations
Information | applicable from framework meet needs Observations
Needed in this | framework from decision-context?
scenario
Hazard Risk e Relative Risk The MCDA framework allows MCDA relies on expert
Assessment/Hazard hazards for Classification | the analyst to perform assessment | judgment to compare the risk
identification that humans and System based of a group of alternatives and potential of a series of ENMs,
allows for an the on Multi directly make comparisons/draw | based on their different
assessment or environment | Criteria conclusions on the best parameters/traits. However,
comparison of for different Decision alternative. To be able to perform | the assessment requires expert
alternatives in alternatives; | Analysis an assessment, the analyst must judgment to perform the
terms of (MCDA risk have sufficient data available for | assessment.
environmental e Differences classification) | each parameter involved (e.g.,
impacts and in exposure (Linkov et al. occupational and environmental
technical potential for | 2007, Linkov impacts, technical performance
performance different et al. 2009, and stakeholders’ preferences).
alternatives Tervonen et al.

2009)

Life Cycle LCA allows for analysis of LCA is a flexible approach

Analysis (Som | hazard identification, exposure that allows the analyst to

et al. 2010, assessment and risk assess different environmental

Theis et al. characterization through the life impacts of ENMs. However,

2011, cycle stages of an ENM. the analysis does not include a

Eckelman et method to compare ENMs

al. 2012, with each other.

Gavankar et

al. 2012,

Hischier and

Walser 2012)

FINE FINE provides a measure of The probabilistic measure of

(Forecasting
the Impacts of
Nanomaterials
in the
Environment

potential risk (e.g., a modified
version of the deterministic Risk
Quotient shown as a probabilistic
expression, in a measure or
probability of 0-1).

risk allows the analyst to
compare potential concerns
for a particular ENM on a
scale 0-1 and Bayesian
Networks can also be

applied to designed and implemented to
nano Ag) calculate other parameters
(Money et al. such as technical performance
2012) using for specific ENMs.
Bayesian
Networks
Modified The output of the modified While the modified Green
GreenScreen GreenScreen is the identification | Screen allows the analyst to
(Sass et al. of hazards/hazard traits identify hazards related to a
2016) associated with ENMs based on specific ENM. The data

available toxicity information and | availability may limit its

physicochemical properties. This | application.

information is then used to

optimize product development

and to identify suitable

replacements, if necessary.
Hazard and The output of this framework is The visual representation of
exposure partially useful in this context as | the categories of potential
potential the categories or classification of | hazard and exposure are
identification the hazard and exposure are useful in this scenario as it
for ENMs in presented in a color-coded can be used by the analyst to
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Scenario 4: Company deciding which nanoparticle or nano-enabled product poses less risk than alternatives for a
particular application (company taking a precautionary approach to make safe-by-design applications)

Desired Output Data Potentially How does the desired output Recommendations
Information | applicable from framework meet needs Observations
Needed in this | framework from decision-context?
scenario
consumer system/visual representation of identify traits of concern.
products the potential hazards. However, the NanoRiskCat
(NanoRiskCat framework does not include a
) (Hansen et methodology to assess
al. 2014) alternatives.

Scenario 5: EPA deciding whether to issue a SNUR (significant new use rule) under TSCA (toxic substances control
act) for a particular type of ENM

Desired Output Data Potentially How does the desired Recommendations
Information applicable output from Observations
Needed in this | framework framework meet
scenario needs from decision-
context?
Risk assessment | e Potential for EPA’s CEA is a theoretical Given that the significant new use

to provide exposure Comprehensive approach that has been rule (SNUR) must consider volume(s)
substantial across life Environmental proposed to gather and | of manufacturing and processing of
evidence to cycle Assessment CEA | analyze information the ENM and human exposure, the
indicate that a (including (Powers et al. regarding the potential CEA is a suitable framework in this
specific ENM potential for 2012, Powers et | impacts of ENMs. scenario at the analysis includes this
will present an releases into al. 2014) information. However, the analysis of
unreasonable the the information relies solely on the
risk to people or environment); expertise of the analyst.
the
environment. e Hazards for
humans and the
environment
Ranking initial This framework focuses | In this framework, the analyst may
environmental on an adaptation of risk | use provisional regulatory and
and human assessment (ecological | toxicological limits from ultrafine
health risk: Nano | and human health risk). | particles if necessary. However, the
HAZ framework | The output of this applicability of this framework would
(O'Brien and framework is presented | improve if in silico toxicity data was

Cummins 2010)

as classes or categories
of the ENMs into
Relative Risk Ranking
groups. For example,
0-2 (low environmental
or health risk on a
relative basis), 3-4
(concentrations that
require monitoring and
potential action), 5 +
(environmental
concentration above
limits of concern).

considered for those ENMs, whose
complete characterization information
is not available.
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Scenario 5: EPA deciding whether to issue a SNUR (significant new use rule) under TSCA (toxic substances control
act) for a particular type of ENM

Desired Output

Data
Information
Needed in this
scenario

Potentially
applicable
framework

How does the desired
output from
framework meet
needs from decision-
context?

Recommendations
Observations

Nanomaterial
risk screening
(Beaudrie et al.
2015)

The framework consists
of individual
rating/scoring of hazard
and exposure potential
of an ENM which relies
solely on expert
judgment.

To improve the applicability in this
context, this framework would need
to be adapted for use by non-experts.

Risk
quantification
based on
probabilistic
flow modeling
analysis
(Gottschalk et al.
2013)

This framework focuses
on risk assessment and
combines predicted
environmental
concentrations (via
environmental
modeling) with a
species sensitivity
distribution (e.g.,
probability distribution
of harmful effects
shown at different
concentrations for a
given ENM).

This framework is limited by the
information available as input for the
exposure modeling (e.g., production
volumes and/or estimations of
release) as well as toxicity data
available.

FINE
(Forecasting the
Impacts of
Nanomaterials in
the Environment
applied to nano
Ag) (Money et
al. 2012) using
Bayesian
Networks

This framework
provides a Risk
Quotient shown as a
probabilistic
expression, in a
measure or probability
of 0-1.

The development of a Bayesian
Network requires expertise to
establish the causal diagram that is
the conceptual foundation of this
approach. As presented in the case
study by Money et al, the framework
lacks exposure potential information
in the Bayesian Network.

Scenario 6: FDA deciding whether to allow registration of a new nano-enabled product in food (whole food, dietary
supplement, food ingredient or additive), medical devices, drugs or cosmetics

Desired Data Potentially How does the desired output Recommendations
Output Information applicable from framework meet needs Observations
Needed in this | framework from decision-context?
scenario
Hazard ¢ Potential routes | Hazard and This framework was designed to | To be more widely useful in
identification/ of exposure exposure identify scenarios of potential this context, this framework
Risk and properties | potential exposure to ENMs via consumer | would need to be adapted to
Assessment, for that impact identification products (qualitative assessment), | incorporate quantitative
example, a exposure for ENMs in which makes it particularly information in the analysis.
Risk potential (e.g., | consumer suitable for this scenario, where
Evaluation and size products products are evaluated. However,
Mitigation distribution (NanoRiskCat) | NanoRiskCat does not provide a
Strategy potential for (Hansen et al. combined result of the exposure
(REMS) is aggregation 2014) and hazard potential of a
required for and determined ENM.
agglomeration
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Scenario 6: FDA deciding whether to allow registration of a new nano-enabled product in food (whole food, dietary
supplement, food ingredient or additive), medical devices, drugs or cosmetics

Desired
Output

Data
Information
Needed in this
scenario

Potentially
applicable
framework

How does the desired output
from framework meet needs
from decision-context?

Recommendations
Observations

new drugs that
contain ENMs

of ENMs in the
final product;

Human hazard
data (including
dosimetry for
in vitro and in
Vivo
toxicological
studies and in
vitro and in
Vivo
toxicological
data on ENM
ingredients and
their
impurities,
dermal
penetration,
potential
inhalation,
irritation and
sensitization
studies and
mutagenicity/g
enotoxicity
studies);
physicochemic
al
characteristics
of ENMs under
the conditions
of toxicity
testing and as
expected in the
final product,
impurities

Engineered
Nanoparticles -
Review of
Health and
Environmental
Safety: Human

This framework focuses on a risk
assessment using 90-day
exposure studies and modeled
environmental concentrations.
This framework is limited by
available toxicity studies and the

health and properties of the ENMs as
Ecological Risk | assessed in these assays are not
Assessment the same as those of the ENMs
(ENRHES — used in foods or personal care
RA adapted products

from REACH)

(Aschberger et

al. 2011)

The applicability of this
framework in this context
would improve if it was
adapted to consider consumer
products such as those
regulated by FDA

253




Scenario 6: FDA deciding whether to allow registration of a new nano-enabled product in food (whole food, dietary
supplement, food ingredient or additive), medical devices, drugs or cosmetics

Desired Data Potentially How does the desired output Recommendations
Output Information applicable from framework meet needs Observations
Needed in this framework from decision-context?
scenario
DF4Nano The output of this framework isa | This framework is partially
grouping (Arts | classification of the ENM based suitable in this scenario as it
et al. 2015) on its hazard traits, derived from can be used as a first tier

tables obtained from published
data and international
organizations. The analyst must
choose the categories evaluating
the available information for the
analysis while comparing with
the values and thresholds
provided by the authors.

screening for the analyst to
identify ENMs of concern.
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 3

C1. DEMPSTER SHAFFER ALGORITHM

An important factor in the aggregation and overall score calculation is the handling uncertainties
when attributes are assessed based on their levels of information availability. Moreover, it is
important to ensure that an attribute is not erroneously characterized (i.e., scored inaccurately)
relative to other attributes of significantly differing uncertainty. To address this, the Dempster-
Shafer algorithm (Yang and Xu 2002) involves the following steps: (1) individual scores (i.e.,
values ranging from 0 to 1 representing the availability of information) and weights (w, relevance
of the attribute to the parent sub-category) are assigned to each attribute, sub-category and
category. Next, a probability mass is calculated for the scores and weights of available and
unavailable information (2), followed by calculation of the joint probability (K) (for available and

unavailable information) (3), which is then used to calculate the aggregated score (4) 5, =

1;1#’ this aggregate score represents a measure of the adequacy of information for an EIA.
—Mmpy (L)

The equations are listed below,
Step 1:

B = score for information availability/unavailability of attribute i

My = W; X B

Step 2:

N N
mH,i=1—zmn,i=1—wiZﬁn,i ,N=1,2
n=1 n=1

my; =1—w;
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N
1mu=w<1—§y%J N =12
n=1

My = My; + My,
Step 3:

My i+1) = Kii+) [mn,l(i) "Mpiv1 + My i) " Mpit1 T My () 'mH,i+1]
mH,I(i+1) = Kl(i+1) [7711-1,1(1‘) ’ mH,i+1 + mH,I(i) ’ mH,i+1 + 77111,1(1’) 'mH,i+1]

mH,I(i+1) = Kl(i+1) [7711-1,1(1‘) ’ TTlH,i+1]
-1

=

p—l

1
|
mt,I(i) 'mj,i+1J| N =1,2
=17

r
|
KI(i+1 Ill

j*

~

i={12..L—1}

Step 4.
B, = Mn1(L)
1=y

Nomenclature:

n = index representing the status of information availability as well as the information value.

The present study considers only information availability (n=1) and unavailability (n=2)

P, = score for the case of available/unavailable information for attribute i

attributes identifier (variable for each branch)

represents a sub-category or a category in the hierarchical information tree

= weight assigned to attribute i
my; = metric representing the availability/unavailability of information for attribute i
1 ;= Mmetric representing the aggregate uncertainty regarding the availability of information
my 11)= aggregate score of sub-categories under the indicated category

My ) = aggregate metric of uncertainty for all subcategories under the category
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K;(i+1) = normalizing factor

L = number of attributes under a sub-category or number of sub-categories under a category

C2. SCORING APPROACH RULES
In the present work, we provide, as an illustration of the approach, two different scoring scales.

The first is based on a logarithmic scale. The logarithmic scoring rule was set by using the

expression, s =1 —— where s represents a score assigned for a specific information attribute

aN

based on the number of publications available (N), and a = %ln (ﬁ) is a constant determined by
N (the maximum number of publications available for one information attribute (i.e., 25 for the
example used in the present work). The attribute score was then assigned based on the number of
publications providing information for the attribute. Accordingly, 5,,; scores of 0.2, 0.3, 0.6, 0.7,
0.85, 0.85 and 1 were assigned for a given information attribute that was supported by one
publication, two to three publications, four to five publications, between six and nine publications,
more than ten and less than fifteen publications, sixteen to twenty publications, and more than
twenty one publications, respectively. The second scoring scale was set as a simple linear scoring
rule whereby f,, ; scores of 0.25, 05, 0.75 and 1 were assigned for a given information attribute

when the documented literature consisted of only one publication, at least two but less than five

publications, five or less than ten publications, and more than ten publications, respectively.
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Table C1. Scoring scales used in IANano
Comparison of scoring scales used in IANano based on the categories/bins derived from the

number of publications.

Log scoring scale Simple scoring scale