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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 
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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 nanoTiO2) 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 (ENMs) 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. 
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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 (Oberdörster 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, 
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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).  
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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.   



6 

 

5. 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.  

6. 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. 

8. 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.  

9. 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. 
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Challenges Related to Assessing the Risk of ENMs 

10. 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.  

11. 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. 

12. 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. 

13. Epidemiological studies are needed to demonstrate whether effects of ENMs 

observed in animal models can be extrapolated to human populations. 

14. 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 
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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 (3rd and 4th 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 NNI’s total budget). By 2006, this increased to $38.5 million (almost 4% of the total of the 

NNI’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:  

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

 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, kinetics 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 ENMs, 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:  

 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;  

 In silico methods, which use computational approaches to predict toxicological 

outcomes; and  

 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 (QSARs), 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., QSARs). 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 

http://www.nanomaterialregistry.org/
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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 use 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 

a modular and extensible infrastructure for data sharing, data analysis, and building computational 

toxicology models for ENMs (Jeliazkova et al. 2015). 

https://cananolab.nci.nih.gov/caNanoLab/
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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 (CNTs) 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-Pölloth 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-Pölloth 2012).  



20 

 

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 (MOx), 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 (MWCNTs) 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 TiO2 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 MWCNTs 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 ISO 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 (Fröhlich 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 

TiO2, and nano Ag worker exposure. Oppositely, there was insufficient high-quality studies to 

conduct an analysis on workers exposure to nano SiO2, non-classified CNTs, nanoclays, nano Fe, 

fullerene C60, 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 CeO2. 

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:  

 Monte Carlo simulation methods, which provide a representation of uncertainty, 

producing distributions for performance measures (Sun et al. 2014),  

 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),  

 Multi-criteria decision analysis, in which a trade-off or compromise solutions are 

assessed to balance several often-competing criteria (Tervonen et al. 2009),  

 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  

 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 



32 

 

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 is 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 OELs for 

ENMs such as CNTs (single and multi-walled), nano TiO2, 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 OELs 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 (3rd and 4th 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., 1st generation ENMs, including aerosols, colloids, nanoparticles, polymers, etc. and 2nd 

generation ENMs, including targeted drugs and biodevices). However, emerging 3rd generation 

ENMs (systems of nanosystems, including guided assembling; 3D networking and new 

hierarchical architectures, robotics, evolutionary Biosystems) and 4th 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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 More stringent regulatory oversight is needed that is adapted to the changes of 

nanotechnology in a timely manner;  

 Inputs from all stakeholders must be integrated, with strong public engagement in 

decision-making; and  

 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:  

 Remote-actuated active nanostructures (nanotechnology based on the principle of 

remote activation of sensing),  

 Environmentally-responsive nanostructures (nanotechnology that is sensitive to stimuli 

like pH, temperature, light, oxidation-reduction, etc.),  

 Hybrid active nanostructures (nanotechnology involving uncommon combinations of 

biotic, abiotic, organic, inorganic materials), and  

 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 Löfstedt 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 Löfstedt 2010). Media coverage regarding nanotechnology showed a significant rise 

during the 2000-2009 period (Bostrom and Löfstedt 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 Löfstedt 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 TiO2 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 (ENMs) 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:  

 Insufficient data/information to conduct quantitative environmental impact/risk 

assessment,  

 A need for data storage and integration techniques for seamless integration with 

analysis tools/models,  

 A need for methods to handle uncertainties associated with potentially conflicting 

published data and meta-analysis based on multiple sources, and  

 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 EIA/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. 

3. 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. 

 

4. 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 
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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.  
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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”, “nanotoxicity”, “occupational health”, “occupational 

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 (ENMs) 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 GI 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, (ii) 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 

(QSARs)). 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 



81 

 

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 I 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 II 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 III 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 IV 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 
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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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(Höck 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) 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);  

(2) The inputs required to conduct the analysis (e.g., environmental fate and transport data, 

physicochemical properties; toxicological information including dose-response 

information);  

(3) 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;  

(4) 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); 

(5) The capability of a framework to address data gaps (e.g., via consideration of expert 

judgment or modeling tools incorporated in the framework); and 

(6) 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 Identification 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, (c) 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 (Höck 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 (Höck 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 m2/cm3, 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 (I). 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 (Höck 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 
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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 (I) 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) (Höck 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 C60, Multi-walled Carbon Nanotubes (MWCNTs), CdSe, Ag nanoparticles (NP), and 

Al NP according to the following scales: size (quantitative scale 1-100 based on literature review 

for the studied ENMs); 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 C60 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 (CNTs), automotive oil 

(Fullerene C60), and sunblock (nano ZnO), 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 ENMs, 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 μm, a diameter less than 

3 μm, 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 μg/cm2, and low toxic potency (i.e., a no adverse 

effect concentration (NOAEC) in short-term inhalation studies (STIS) > 10 mg/m3). 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/m3. 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.g., 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: BM1 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., CNTs, single walled CNTs, 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 (CNTs) 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 EC50’s for the evaluated aquatic species. The fate was quantified 

as the residence time (days) of the CNTs 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 MWCNTs 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 TiO2, 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 TiO2 in 

paints, nano Ag as an antimicrobial agent in food packaging, and nano CeO2 as a fuel additive. It 

was concluded that the level of concern regarding inhalation exposure to airborne nano CeO2, 

associated with its use as a fuel additive, was higher relative to concern regarding air releases of 

nano Ag and nano TiO2. The level of concern for nano TiO2 was considered moderate given its 

relative high score of potential exposure in drinking and surface (relative to nano Ag and 

nanoCeO2), 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 nanoTiO2) 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 ENMs 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, µg/L, and µg/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 

(ZnO), fullerenes and carbon nanotubes (CNTs). The analysis revealed that the INELs of 

fullerenes, nano Ag and nano TiO2 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=C60) 

(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.  

 

(g) Risk Quantification Based on Probabilistic Mass Flow Analysis (PMFA risk 

Quantification) was proposed as a basis for risk-based classification system of ENMs 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 TiO2, 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/m3 and where exposure can be controlled with general ventilation 

measures (e.g., fine-sized particles TiO2 and MoO3 at concentrations between 1,000–4,000 μg/m3 

TWA (time weighted average)); (2) moderate risk bin for dusts at an airborne concentration range 

(0.1–1 mg/m3), which can be controlled with local exhaust ventilation measures; (e.g., carbon 

black, diesel exhaust particulate (DEP), and ultrafine TiO2 at TWA airborne concentration (90–

250 μg/m3); (3) high risk bin for dusts at an airborne concentration range (0.01–0.1 mg/m3), which 

can be controlled through ventilated enclosures; (e.g., fine particles of NiO and soluble CoSO4 at 

TWA 20–30 μg/m3); and (4) very high risk [dusts at airborne concentrations 0.001–0.01 mg/m3], 

which can be controlled with containment systems (e.g., fine particles Ni3S2 and GaAs at TWA 4–

5 μg/m3). 

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 
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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., LC50 and/or LD50), 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 (C60, 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 
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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., C60, 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 ENMs?  

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) (Höck 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 
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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 
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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) (Höck 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 III, 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 IV, 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 IV 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 

(IV). 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), a risk 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 I and II). 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 III 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 (Höck 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 ENMs 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 

ENMs (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 CO2 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 (Powers 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 ENMs 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 I: 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 (Höck J. et 
al. 2013). 

Scenario III: 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 IV: 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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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 TiO2, 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) (Höck 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 TiO2, 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 CeO2) in aquatic environments (O'Brien and Cummins 2011); and the application of  a 

Risk based OEL to assess occupational risks posed by nano TiO2, 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 TiO2 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 TiO2). 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 TiO2 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); 

(ii) 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:  

(i) in vivo toxicity; 

(ii) in vitro toxicity; and 

(iii) 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 (𝛽𝑛,𝑖) 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., 𝑚𝑛,𝑖 = 𝛽𝑛,𝑖 × 𝜔𝑖  and 1 − 𝑚𝑛,𝑖  respectively, 

where 𝜔𝑖  and 𝑚𝑛,𝑖  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 𝛽𝑛,𝑖  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 (𝛽𝑛,𝑖) in the range of [0,1]. The first scale was a simple scoring 

rule whereby 𝛽𝑛,𝑖 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 

𝛽𝑛,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 (𝜔𝑖) 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 TiO2), 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 TiO2 into air; and (VI) human exposure to nano TiO2 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:  

(a) 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 ENMs) 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 TiO2, 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 I) 

Evaluation of the adequacy of the available information for conducting EIA (Methods Section 

1) was first performed for the general (baseline) Scenario I 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 TiO2. 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 TiO2 

(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 TiO2 

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 TiO2 (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 II.A and II.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 II.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 II.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 II.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 III: 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 TiO2 

into air  

Scenarios V.A and V.B were selected as examples that focus on human health risks related to 

release of nano TiO2 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, Spinazzè 

et al. 2016). Scenario V.B considers only direct release of nano TiO2 into air as airborne particulate 

material from manufacturing activities. The EPI score for nano TiO2 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 TiO2 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 TiO2 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 I. 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 TiO2 in consumer products (e.g., suites 

of analytical methods and tools to monitor TiO2 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 TiO2 (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., EPI~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 (ENMs). 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 TiO2 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 3.1 Workflow diagram of the development and demonstration of the IANano 

approach for assessing the adequacy of the available information for conducting EIA for 

ENMs.   
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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 I 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 

 

a) 

b) 
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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 (I).  

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. 

(a)  nano Cu-CuO release into aquatic environments from all sources and applications (Scenario 

II.A); (b) nano Cu-CuO release into aquatic environments from antifouling paints (Scenario II.B); 

and (c) nano ZnO release into aquatic environments (Scenario III).  

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

TiO2.  

(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.  

(a) 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-

categories 

Attributes Description/relevance of the attributes to a risk 

assessment process 

ENM state as 

applied in a 

matrix/product  

 

 Airborne 

 Suspended in liquid  

 Embedded in a solid 

matrix (solid article) 

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).  

ENM state as 

released from 

matrix/product 

 Free nanoparticle 

Free ENM 

 Homoaggregates  

 Heteroaggregates (NPs 

attached to other/larger 

particles) 

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). 

 

Fate &  

Transport 

   

Analysis of the fate and transport (F&T) of ENMs (for the purpose of arriving at exposure 

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-

categories 

Attributes Description/relevance of the attributes to a risk 

assessment process 

Life cycle stage 

where release 

occurs 

 Manufacture 

 Use 

 Disposal 

The life cycle stage where release or exposure of 

ENMs might occur is considered here due to role of 

this parameter in the estimation of environmental 

concentrations across environmental compartments 

(Liu et al. 2015, Caballero-Guzman and Nowack 

2016).  

Environmental 

compartment 

where release 

occurs 

 Water 

 Soil  

 Air 

Exposure of human and ecological receptors is 

impacted by the direct release to water, soil and air 

(Cohen et al. 2012, Nowack et al. 2012, Liu and 

Cohen 2014, Hristozov et al. 2016).  

Geography  

Meteorology 
 Geographical 

information 

 Meteorological 

information 

 

Geographical characteristics (e.g., area surface/size, 

population size) and meteorological conditions (e.g., 

wind, rain) at specific locations (areas) that affect the 

F&T of nanomaterials and thus their potential 

exposure concentrations (Liu and Cohen 2014, Bilal 

et al. 2017, Giese et al. 2018). 

Exposure 

Scenarios 

Exposure assessment requires clear description of the specific exposure conditions (e.g., 

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 
 Occupational 

 Environmental 

 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  
 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 

focused on 

human health 

outcomes  

 Carcinogenicity, 

Mutagenicity, 

Developmental, 

Reproductive, and Acute 

toxicity 

 Systemic toxicity, Neuro-

toxicity, Skin/eye irritation 

 Chronic toxicity  

This category includes toxicity endpoints described 

by the Global Harmonized System (GHS) of the 

OECD (UNECE 2015).  

In vivo studies 

focused on 

ecological 

impacts 

 Complex systems 

(mesocosm, microcosm, 

and field studies), 

Bioaccumulation, 

Persistence  

 Species Sensitivity 

Distribution (SSD) 

 Toxicity in 

environmentally relevant 

species 

Grouping of these attributes follows the approach 

recommended by the European Union’s Registration, 

Evaluation, Authorization and Restriction of 

Chemicals Program (REACH) (ECHA 2011), OECD 

(Crane et al. 2008, UNECE 2015), and other sources 

that describe approaches of hazard assessment 

following tiered testing of acute and chronic 

endpoints (Koelmans et al. 2015, Hund-Rinke et al. 

2016, Hjorth et al. 2017).  

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 

aimed at human 

health  

 Mutagenicity/Genotoxicity 

Oxidative stress, 

Inflammation  

 Cytotoxicity (cell viability) 

Information is needed regarding in vitro studies for 

human health outcomes (based on various endpoints) 

as per different experimental designs involving 

human cells and or tissue cultures.  

In vitro studies 

aimed at non-

human health 

outcomes 

 Cell viability, Cell lethality  

 ENM transport across 

membranes 

In vitro studies of non-human health related outcomes 

in cases where information/data regarding microbial 

activity or translocation of ENMs across membranes 

(Baeza-Squiban et al. 2011) is available but the 

experimental design does not explicitly indicate a 

relationship with human health.  

In silico and 

domain 

knowledge 

The category in silico refers to information based on studies that provide analytical or computational 

models regarding biological outcomes in response to exposure to nanomaterials (Raunio 2011). For 

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 

the attributes to a risk 

assessment process 

Sub-categories 

QSARs 

(quantitative-

structure-

activity 

relations) 

 QSARs indicating 

genotoxicity and or 

mutagenicity  

 QSARs indicating 

cytotoxicity 

Quantitative Structure Activity Relationships 

(QSARs) are considered acceptable methods under 

certain conditions for filling in knowledge gaps for 

untested chemicals (Burello 2014, ECHA 2016). 
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 

approaches 

 

 Toxicokinetic and 

pharmacokinetic models  

 Meta-analyses 

 ENM classified as toxic 

from read-across  

 

Toxicokinetic and pharmacokinetic models can be 

useful to elucidate the temporal evolution of ENM 

concentrations in different parts of the body (Baeza-

Squiban et al. 2011). Read-across has also been 

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  Multiple sources  

(structured surveys)  

 At least two sources  

 Single expert 

Expert judgment can be important as input to decision 

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. 

 

Scenario 

name  

ENM released 

and source 

Exposure 

Receptor 

Detailed description of 

the scenario 

EPI 

Score 

HPI 

Score 

I ENM 

release into 

all media 

 

 Nano Cu-CuO Human and 

ecological 

 

Designed to include ENM 

release to all media and for 

both human and ecological 

receptors 

0.15 

(0.26) 

0.42 

(0.55) 

Nano TiO2 0.54 

(0.64) 

0.56 

(0.58) 

Nano ZnO 0.19 

(0.34) 

 

0.46 

(0.64) 

II.A ENM 

release into 

water 

 Nano Cu-CuO (all 

sources) 

Ecological EIA related to 

environmental release of 

ENMs into aquatic 

environments  

0.22 

(0.36) 

 

0.42 

(0.60) 

 

II.B Nano 

Cu in 

antifouling 

paint  

Nano Cu 

(antifouling paint) 

Ecological EIA related to 

environmental release of 

nano Cu into aquatic 

environments from 

antifouling paints  

0.13 

(0.24) 

 

0.27 

(0.39) 

 

III Nano ZnO 

release into 

water 

Nano ZnO (all 

sources) 

Ecological EIA related to 

environmental release of 

nano ZnO into aquatic 

environments from 

personal care and 

consumer products 

0.22 

(0.39) 

 

0.31 

(0.44) 

 

IV ENM 

release into 

soil and 

water from 

WWTP 

 Nano Cu-CuO Ecological EIA related to 

environmental release of  

nano Cu-CuO into water 

and soil from wastewater 

treatment facilities 

0.19 

(0.31) 

 

0.44 

(0.60) 

 

V.A ENM 

release into 

air 

Nano TiO2 Human EIA related to population 

inhalation exposure to 

airborne nano TiO2  

0.33 

(0.45) 

 

0.53 

(0.53) 

 

V.B ENM 

release into air 

(enclosed 

manufacturing 

facilities) 

Nano TiO2 Human EIA related to worker 

exposure to inhaled nano 

TiO2 during manufacturing 

0.50 

(0.66) 

 

0.74 

(0.77) 

 

VI ENM direct 

exposure from 

product use 

Nano TiO2 Human EIA related to human 

exposure to nano TiO2 

from consumer products  

0.58 

(0.72) 

 

0.74 

(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 (ENMs) 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)? 

2. Do ENMs pose novel threats to human health that differ fundamentally from those of 

conventional chemicals? 

3. Can conventional approaches to risk assessment that were developed for conventional 

chemicals/materials be applied to ENMs? 

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)? 

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

6. 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, 
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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 SWCNTs, 

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 21st 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) no.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)?): 

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

 Level of scientific consensus in reviewed studies: High 

 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?): 

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

 Level of scientific consensus in reviewed studies: Low 

 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?): 

 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 TiO2 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)?): 

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

 Level of scientific consensus in reviewed studies: Low 

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

 

 



 

 

207 

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-CuO, 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 TiO2. 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?): 

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

 Level of scientific consensus in reviewed studies: Low 

 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?): 

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

 Level of scientific consensus in reviewed studies: Medium 

 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 ISO 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 ENMs) 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 

  

Question 

Number of 

studies/ 

amount of work 

in this area 

Level of scientific 

consensus in 

reviewed studies 

Current level of 

concern vis a vis 

Public Health  
Comments 

1. Have policy 

changes been put 

into place to protect 

human health from 

engineered 

nanomaterials 

(ENMs)? 

  

 

Major advances 

have been 

accomplished in 

terms of policies 

to protect public 

health. In Europe, 

these policies 

have expanded to 

labeling consumer 

products 

containing ENMs. 

2. Do ENMs pose 

novel threats to 

human health that 

differ fundamentally 

from those of 

conventional 

chemicals?   
 

Highly dependent 

on type of 

material and 

context/scenarios. 

3. Can conventional 

approaches to risk 

assessment that 

were developed for 

conventional 

chemicals/materials 

be applied to 

ENMs? 
  

 

Adequate 

frameworks exist; 

practical 

implementation 

tools for specific 

contexts/decision 

scenarios are still 

needed. 

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)? 

   

Highly dependent 

on type of the 

material and 

context/scenarios. 

5. Are there 

sufficient data to be 

able to assess the 

risks associated with 

ENMs? 

 
  

 Highly dependent 

on type of the 

material and 

context/scenarios. 
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Question 

Number of 

studies/ 

amount of work 

in this area 

Level of scientific 

consensus in 

reviewed studies 

Current level of 

concern vis a vis 

Public Health  
Comments 

6. Are there 

sufficient knowledge 

and tools to enable 

minimization of 

exposures and 

mitigate risks 

associated with 

ENMs? 

   

 Advances made in 

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 

 

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

  

2001  Launch of the U.S. 

National Nanotechnology 

Initiative (NNI) 

 The NNI was established as an organization for communication, 

cooperation, and collaboration for all federal agencies engaged 

in nanotechnology research (www.nano.gov ) 

2003  21st Century 

Nanotechnology Research 

and Development Act  

 

 

 

 

 

 

 

 

 

 

 

 NTP nomination of 

nanomaterials for testing 

 

 

 

 This Act included allocation of federal funding for Nano EH&S. 

As part of this act, the Nanoscale Science, Engineering, and 

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) 

 

 In 2003, the Center for Biological and Environmental 

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 

Royal Academy of 

Engineering publication 

Nanoscience and 

Nanotechnologies 

 This was one of the earliest reports that focused on the need to 

address potential health, environmental, social, ethical, and 

regulatory issues associated with nanotechnology. In this report, 

the UK Royal Academy of Engineering also provided definitions 

for nanoscience and ‘nanotechnologies (Maynard 2007) 

2005 Initial public meeting on 

TSCA and Nanotechnology 

 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). 

http://www.nano.gov/
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Year Name of the policy/ action Description/relevance to progress in Nano EH&S 

  

 

2006 

OECD 1st 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 21st 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 
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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 TiO2, 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 A1. Detailed description of challenges in Nano EH&S, responses, remaining gaps and 

potential role of public health 

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

development 

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 

TiO2 dispersion in bovine 

serum albumin (BSA).  

 

 Extend reporting use 

of reference 

materials and 

standard protocols in 

peer review 

publications.   

 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. 

 Alternative Testing Strategies 

(ATS) haven been used to 

address hazard data gaps, 

testing a large number of 

materials per assay (see 

challenge #6) 

 Read-across from chemicals, 

and adaptation of in silico 

toxicology to ENMs.  

 For exposure data gaps, the 

development of environmental 

fate and transport modelling. 

 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.  

 Data curation and management 

approaches. 

 Funding agencies establishing 

requirements for data 

repositories and data sharing. 

 Decision support tools (Risk 

Assessment, Risk 

banding/grouping, Ranking). 

 Limited current use 

for regulatory 

purposes, which 

might expand with 

the TSCA/Frank R. 

Lautenberg update.  

 Limited use by 

scientific community 

related to concerns 

regarding data 

sharing (authorship), 

complex ontologies 

(taxonomy). 

 Quality/utility of 

data in publically-

accessible 

repositories. 

 Participate in 

discussions 

regarding the 

regulatory use of 

data 

repositories/curation 

and tools. 
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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). 

 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 

 Improve 

parameterization of 

release models (input 

for F&T models) and 

switch to measured 

data (less on 

qualitative 

assessments). 

 Improve quality of 

input data to reduce 

the uncertainties that 

result from missing or 

conflicting 

 Provide insights on 

environmental 

conditions of relevance 

to public health to help 

identify priorities for 

further research. 

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.  

 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. 

 Improve design of 

study conditions to 

reflect environmental 

“realism” (e.g., 

identification of 

relevant receptors and 

exposure conditions). 

 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). 

 Finding of 

physicochemical 

properties to predict 

hazard of ENMs (e.g., 

metal oxides and 

CNTs). 

 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). 

 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. 

 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. 

 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. 

 Support good practices 

of reporting the use of 

standard protocols and 

reference materials in 

peer review publications. 
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multimedia distribution of 

ENMs using probabilistic and 

mechanistic approaches. 

 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).  

 

 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).  

 Development of rigorous 

methodologies for assessing 

the physical state of ENMs in 

complex media (dosimetry). 

 

 Still limited 

instruments for 

measuring exposures 

to ENMs in situ 

(environmental and 

biological 

monitoring). 

 Biomarkers of 

exposure still to be 

developed. 

 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.  

 Development of monitoring 

approaches such as NEAT 

(Nanoparticle Emission 

Assessment Technique). 

 Studies designed to identify 

measures to mitigate workers’ 

exposure. 

 Need for better quality 

of data for existing 

exposure assessments 

reports.  

 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).  

 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).  

 QSARs applied to improve 

quantitative risk assessments. 

 Limitations have been 

reported with regard to 

quantitative risk 

assessments. Exposure 

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. 

 Participate in the 

application of the 

existing 

frameworks into 

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.    

 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 

 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. 

 A series of epidemiological 

studies have been carried out 

to analyze workers’ exposure 

to ENMs. 

 Need for improved 

exposure assessment 

information. 

 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. 

 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).   

 Implementation of testing 

nanomedicines at the U.S. 

Nanotechnology 

Characterization 

Laboratory (NCL) and 

European Medicines 

Agency (EMA). 

 

 

 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. 

 

 

 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 3rd 

and 4th generation ENMs.  

 Minor advance in terms of 

complete safety 

assessment strategies. 

 The potential of self-

organization towards self-

replication in new 

generation ENMs is 

considered critical with 

respect to precautionary 

risk management. 

 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. 

 Address the overlook of 

the Public Health 

community.  

 

 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.  

 Improve existing risk 

communication strategies 

by addressing 

uncertainties. 

 Expand and update 

current risk 

communication 

strategies.  

 Collaborate in the 

development of 

improved risk 

communication 

strategies and 

education programs. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 2 

 

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

Name of the 

framework and scope  

Intrinsic 

characteristics 
Input Output  

Address 

data 

gaps(a) 

Software 

tools(b)  

Swiss precautionary 

matrix (Höck J. et al. 
2013) 

Application: ENM 

containing products 

Decision 

tree/questionnaire, 
based on published 

data, suitable for pre-

screening of available 
ENMs data (e.g., 

physicochemical 

properties, hazard 

traits) and 

determination of 

further actions that may 
be needed (e.g., 

additional data, actions 

to control exposure) 

Nano-relevance (e.g., 

whether or not the analyzed 
ENM meets the definition 

under EU regulations), 

effects (e.g., potential of the 
ENM for ROS formation, 

redox potential), potential for 

exposure (considering the 

maximum amounts released 

to the environment, 

frequency of exposure) and 
available information about 

the ENM life cycle (e.g., 

source of the ENM). 

Categories/classification 

of the hazard: group A - 
no need for review of 

(unspecified) risk 

management measures; 
group B - need for review 

of (unspecified) risk 

management measures or 

need for additional 

information.  

No  
Web 

application 

Risk Classification 

System based on Multi 

Criteria Decision 
Analysis (MCDA risk 

classification) (Linkov 

et al. 2007, Linkov et 
al. 2009, Tervonen et 

al. 2009) 

Application: ENMs 

Outranking: given a set 

of alternatives that are 

compared in terms of 
performance for 

selected criteria 

designed via expert 
judgment. The user 

must assign scores 

(e.g., 1-4, 60-100, 5-
200) that correspond to 

categories (e.g., low-

very low, medium-low, 

medium, high, 

extremely high) for 

each pre-determined 
criterion (e.g., 

Agglomeration, 

Reactivity/charge, 
Critical function 

groups, Contaminant 

dissociation, 
Bioavailability 

potential, 

Bioaccumulation 
potential, Toxic 

potential, Size) based 

on data or expert 
elicitation.  

Data regarding specific 

properties of the ENM (e.g., 

size, reactivity/charge, 
critical function groups) and 

transformation in the 

environment (e.g., 
agglomeration, contaminant 

dissociation, bioavailability 

potential, bioaccumulation 
potential, toxicity). Data 

input can be from 

experimental studies or via 

expert judgment. 

Categories/classification 

of the hazard (e.g., 

toxicity): very low, low, 
medium, high, and 

extremely high. 

Yes 

MCDA 

general 

software (not 
specific for 

risk 

classification 
of ENMs)  

Hazard and exposure 

potential identification 
for ENMs in consumer 

products 

(NanoRiskCat) 
(Hansen et al. 2014) 

Application: ENM 

containing products 

Decision 

tree/flowchart, where 
each of the steps is 

depicted in a flowchart, 

which requires a 
specific choice to be 

made by the analyst on 

the basis of available 
evidence. 

Data regarding the potential 

hazard posed by the ENM 
based on: human health (e.g., 

acute toxicity, germ cell 

mutagenicity, 
carcinogenicity, reproductive 

toxicity, specific target organ 

toxicity due to single or 
multiple exposures, skin 

corrosion and eye irritation) 

and environmental hazards 
(e.g., ecotoxicity, persistence 

and bioaccumulation). 

Categories/classification 

of the hazard: a color-
coded system/visual 

representation of the 

potential hazards that 
includes a short 

description of the 

evidence (grey color 
assigned to insufficient 

data, green-low hazard 

potential, yellow-medium 
potential hazard and red-

high hazard potential). 

Yes No  
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Name of the 

framework and scope  

Intrinsic 

characteristics 
Input Output  

Address 

data 

gaps(a) 

Software 

tools(b)  

DF4Nano grouping 

(Arts et al. 2015) 

Application: ENMs 

Guidance for 

classification is given 

to the analyst in tables 
developed based on 

published data and 

reports. The analyst 
must choose the 

categories for 

evaluating the available 
information comparing 

with values and 

thresholds provided in 
the framework. 

Data regarding intrinsic 

ENM properties (water 

solubility, shape and aspect 
ratio, composition), system-

related properties (use, 

release and exposure, uptake, 
biodistribution and 

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. 

Categories/classification 

of the ENMs: four main 

categories: 1) soluble 
ENMs, 2) biopersistent 

high-aspect ratio, 3) 

passive ENMs and 4) 
active ENMs. ENMs 

classified in 3 and 4 are 

considered to require a 
further analysis/risk 

assessment. 

Yes  No 

(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 (Goksøyr 1975)  

 

Name of the 

framework and scope  
Intrinsic characteristics Input Output  

Address 

data 

gaps 

Software 

tools  

Life Cycle Analysis 
(Som et al. 2010, 

Theis et al. 2011, 

Eckelman et al. 2012, 
Gavankar et al. 2012, 

Hischier and Walser 

2012)  
Application: ENMs, 

ENM containing 

products 

LCA refers to a class of 
approaches of assessing 

environmental impact of 

ENMs, whereby hazard 
identification, exposure 

assessment and risk 

characterization may be 
analyzed throughout the 

life cycle of an ENM. 

Depending on the scope 
of the analysis, as shown 

in case studies, the 

approach can be modified 
to estimate 

environmental impacts 

(e.g., with production of 
ENMs or nano enabled 

products or release of the 

ENMs to the 
environment related to 

consumer products). 

Depending on the 
scope/outcome of the analysis: 

a) global warming/CO2 

emissions (detailed steps of 
manufacturing processes and 

their CO2 emissions)(Walser et 

al. 2011, Hischier and Walser 
2012); b) potentially affected 

fraction of aquatic organisms 

per unit mass of CNTs (EC50 
values, degradation rates, 

partition coefficients, releases 

to environmental 
compartments and 

bioaccumulation 

factors)(Eckelman et al. 2012). 

Depending on the 
design/desired outcome 

(e.g., environmental 

impacts from ENM 
production or release): 

Quantitative global 

warming potential (CO2 

emissions related to the 

synthesis of the 

assessed ENM) or 
potential detrimental 

impacts on aquatic 

organisms as a 
consequence of the 

ENM release.  

No  

LCA 
general 

software 

(not 
specific for 

ENMs)  

DUPONT’s nanorisk 
(DUPONT 2007)  

Application: Processes 

Combines a systematic 
collection and 

organization of 

information with a 
chemical process risk 

assessment 

(CPQRA)(AIChE 2000), 
when information is 

available. CPQRA** 

focuses on acute rather 
than chronic hazards. 

Risk = F (s,c,f),   s = 

hypothetical scenario, c = 
estimated 

consequence(s), f = 

estimated frequency 

Inputs include ENM properties 
of the ENM (e.g., name(s), 

form, chemical composition, 

surface coatings, molecular 
and crystal structure, physical 

form/shape, particle size, size 

distribution and surface-area, 
particle density, solubility (in 

water and biologically relevant 

fluids), dispersibility) and 
information about the 

industrial processes relevant to 

the ENM.  

Depending on the 
available information, 

the results can be 

presented as lifecycle 
profiles that include 

information on 

physicochemical 
properties, ecotoxicity, 

and environmental fate 

to be used for risk 
management strategies; 

or include a quantitative 

risk analysis of the 
industrial processes 

related to the ENM. 

No  No  

EPA’s Comprehensive 
Environmental 

Assessment CEA 

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

Application: ENMs 

Collective "judgment 
process" designed to 

compile extensive 

information and provide 
guidance to decision 

makers such as research 

planners and risk 

managers. The 

framework is presented 
as a roadmap to guide the 

user through the process 

of systematic data 
collection and 

identification of critical 

data gaps. 

Product lifecycle, 
Environmental fate and 

transport, exposure routes, in 

addition to dose related 
information (e.g., 

toxicokinetics: absorption, 

distribution, metabolism, and 

excretion), if available (EPA 

2013) 

Summary of available 
information regarding a 

specific ENM evaluated 

by a group of experts 
indicating 

recommendations for 

research priorities and 

risk management. No  
Web 

application  
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Name of the 

framework and scope  
Intrinsic characteristics Input Output  

Address 

data 

gaps 

Software 

tools  

Ranking initial 
environmental and 

human health risk: 

Nano HAZ framework 
(O'Brien and 

Cummins 2010) 

Application: ENMs 

Ecological and human 
health risk assessment 

adapted to ENMs and 

applying benchmark 
doses (BMD) 

calculations based on 

published data. 

Predicted nanomaterial 
environmental concentrations 

from published exposure 

studies (published modelled 
data(Gottschalk et al. 2010)). 

Published ecotoxicological 

studies were used to develop 
provisional benchmark dose 

lower confidence limits 

(BMDLs) through the 
application of the U.S. EPA 

Bench Mark Dose Software. A 

similar approach was 
conducted with animal studies 

to obtain BMDLs for human 

health risk calculations. 

Classification/categories 
of the ENMs: 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 a published case 

study (O'Brien and 

Cummins 2010)). 

Yes No  

Nanomaterial risk 

screening (Beaudrie et 

al. 2015)  
Application: ENMs 

The framework provides 

a template for the analyst 

in order to compare data 
for the target ENM with 

reference information for 

each category/level. 
Framework was 

developed via expert 

judgment. 

ENM properties categorized as 

intrinsic (chemical 

composition, crystal structure, 
size (average), shape (aspect 

ratio), charge (zeta potential), 

specific surface area) and 
extrinsic properties (reactivity, 

solubility, hydrophobicity, 

agglomeration, sorption 
tendency). Hazard indicators: 

ROS potential, movement 
through cells; Exposure 

indicators: persistence, and 

mobility. 

Classification/categories 

of the ENMs: risk-

rating groups (from 
lowest concern 1 to 

highest concern 5). 

 No Spreadsheet 

Human health and 
Ecological Risk 

Assessment as adapted 

from REACH 

(Aschberger et al. 

2011) 

Application: ENMs 

Follows the steps of a 
risk assessment for 90-

day exposure studies and 

modeled environmental 

concentrations (from 

probabilistic material 

flow analysis (PMFA)). 

 Dose descriptors, overall 
assessment factors and 

estimated human indicative 

no-effect level (INELs) for 

workers of different ENM for 

chronic inhalation exposure 

based on experimental data 
and modeled environmental 

releases of ENMs. 

Quantitative: Risk 
Quotient obtained by 

comparing predicted 

environmental 

concentrations with 

human no effect levels 

(PEC/INEC). 

 No No  

Risk quantification 
based on probabilistic 

flow modeling 

analysis (Gottschalk et 
al. 2013)  

Application: ENMs 

Risk assessment 
combines predicted 

environmental 

concentrations (via 
PMFA) with a species 

sensitivity distribution 

(e.g., probability 
distribution of harmful 

effects as a function of 

concentration for a given 
ENM). 

Probability distributions of 
ENMs environmental 

concentrations (obtained via 

PMFA) with the probability 
distribution of adverse effects 

developed from literature 

review (species sensitivity 
distributions SSD). 

Quantitative: Risk 
Index calculated as the 

product of probability 

of critical 
environmental 

concentrations and the 

probability that 
organisms would 

potentially be 

negatively impacted at 
such concentrations. 

Yes No  
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Name of the 

framework and scope  
Intrinsic characteristics Input Output  

Address 

data 

gaps 

Software 

tools  

FINE (Forecasting the 
Impacts of 

Nanomaterials in the 

Environment applied 
to nano Ag) (Money et 

al. 2012) using 

Bayesian Networks  
Application: ENMs 

Probability of risk 
calculation based on 

Bayes' principle; the 

network was designed via 
expert judgment. 

Particle behavior under a set of 
aquatic and sediment 

environmental conditions (e.g., 

temperature, pH, fluid flow, 
organic matter, conductivity, 

time) in addition to NP 

properties (e.g., NP coating, 
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 
dissolved form) in water and 

sediment; 3) Hazard 

(Bioavailability potential, 
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). 

Quantitative: a modified 
version of the 

deterministic Risk 

Quotient shown as a 
probabilistic expression 

(probability measure in 

a scale of 0-1). 

Yes 

Software 
generic (not 

specific for 

ENMs)  
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Table B3. Analysis and classification of reviewed occupational risk assessment frameworks. 

Name of the 

framework and 

scope  

Intrinsic characteristics Input Output  

Address 

data 

gaps 

Software 

tools  

Risk based 
classification for 

occupational exposure 

control (Kuempel et 
al. 2012)  

Application: ENMs 

The process follows a 
quantitative risk 

assessment (QRA) 

approach based on 
benchmark doses 

(BMD). 

Particle size, shape, and 
density utilized in estimation 

of inhalation and lung region-

specific deposition fraction; 
toxicity assays (multiple 

exposure or dose groups to 

describe dose–response 
relationship; estimated 

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).  

Quantitative: Excess 
Risk - defined as the 

percent of excess risk for 

a specific health 
outcome. 

Yes No  

Risk classification 

based on an Industry 

Insurance Protocol 
(Robichaud et al. 

2005) 

Application: Processes 

Comparison of scores 

assigned to characterize 

the industrial process of 
manufacturing ENMs 

with pre-established 

scores based on an 
insurance protocol. 

Qualitative relative risk 

ranking required data on 

physicochemical properties 
and quantities of inventoried 

materials; relative risk 

assessment is also based on 
factors such as toxicity, 

flammability, persistence in 

the environment. Additional 
required data include toxicity 

metrics (e.g., LC50 and LD50), 

and environmental fate and 
transport parameters (e.g., 

water solubility, log Kow, 

flammability, and expected 
emissions). 

Classification/categories: 

relative risk ranking - a 

comparison of an 
industrial chemical 

process vs. an ENM 

process. 

Yes  No  

Control Banding: CB 

Nanotool (Paik et al. 
2008)  

Application: Processes 

Classification based on 

the characteristics of the 
process and the hazard 

evidence for the target 

ENM. 

ENM properties (surface 

chemistry, particle shape, 
particle diameter, solubility), 

toxicity evidence 

(carcinogenicity, reproductive 
toxicity, mutagenicity, dermal 

toxicity, toxicity of parent 

material (bulk material, non 
nano sized material that is 

considered similar to the 

ENM); estimated amount of 
ENM used for a given task, 

dustiness/mistiness, number of 

employees with similar 
exposure, frequency of 

operation, duration of 

operation. 

Classification/categories: 

Risk Level for 
occupational risk 

expressed as risk bands 

that indicate 
recommendations 

regarding the pursuit of 

risk management 
strategies needed for 

exposure control. 

 Yes 

Spreadsheet 

(not 

publicly 
available) 
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Name of the 

framework and 

scope  
Intrinsic characteristics Input Output  

Address 

data 

gaps 

Software 

tools  

Web-Based Tool for 

Risk Prioritization of 

Airborne 
Manufactured Nano 

Objects 

(Stoffenmanager 
Nano) (Van Duuren-

Stuurman et al. 2012)  

Application: Processes 

Classification based on 

the characteristics of the 

process and the hazard 
evidence for the target 

ENM. 

ENM properties (e.g., particle 

shape, diameter, length, 

solubility, composition, 
bioavailability, reactivity); 

toxicity evidence (e.g., 

carcinogenicity, reproductive 
toxicity, mutagenic); industrial 

process parameters (e.g., 

duration of the handling, 
frequency of the handling, 

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).  

Classification/categories: 

Priority bands that 

indicate the priority for 
risk management. 

 No 
Web 

application 
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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  

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 

Hazard 

identification 

or Risk 

assessment in 

occupational 

settings to 

develop an 

internal risk 

management 

strategy 

including 

recommended 

engineering 

controls, 

administrative 

controls 

 Details about 

process to be 

used/how 

material will be 

handled during 

manufacturing; 

 Potential for 

exposure during 

this 

process/handling 

Swiss 

Precautionary 

Matrix (Höck J. 

et al. 2013) 

   

The Swiss Precautionary Matrix 

(SPM) framework and its web 

tool require detailed data input 

regarding the physicochemical 

properties of the ENM, duration 

of the processes involving the 

ENM, and the potential 

effects/toxicity of the ENM.  

The SPM can be used as a 

screening framework to identify 

the need for actions in terms of 

ENM risk management in 

occupational settings (e.g., 

gathering additional information 

related to potential hazards of 

ENMs). 

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. 

Modifications to the SPM 

are needed that would 

allow users to consider 

existing protective 

measures when developing 

risk management 

approaches 

  DuPont’s 

Nanorisk 

(DUPONT 

2007)  

 

The DuPont Nanorisk framework 

allows the analyst to develop 

lifecycle profiles that include 

information on physicochemical 

properties, ecotoxicity and 

environmental fate to develop risk 

management strategies.  

The design of this framework 

considers a chemical process risk 

analysis, which makes it suitable 

for this scenario. 

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. 

  Control 

Banding: CB 

Nanotool (Paik 

et al. 2008)  

 

The CB Nanotool provides 

guidelines to classify ENMs in 

different groups according to the 

potential for worker exposure, 

depending on the number of 

exposed workers, the conditions 

of the exposure and the frequency 

and duration of these processes.  

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. 

  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 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired output 

from framework meet needs 

from decision-context? 

Recommendations 

Observations 

Hazard 

identification/ 

risk assessment 

in occupational 

settings to 

support a legally 

defensible 

recommendation 

or requirement 

for allowed 

exposure 

 Human toxicity 

(quantitative 

dose-response) 

information for 

that specific class 

of ENMs; 

 Limit of 

detection for 

monitoring 

exposure for 

specific class of 

ENMs 

Swiss 

Precautionary 

Matrix (Höck 

J. et al. 2013) 

   

While the Swiss Precautionary 

Matrix (SPM) does not provide 

a quantitative approach to 

estimate occupational exposure 

limits, in this context, the SPM 

and its web tool can be used as a 

first tier screening framework to 

identify the need for actions in 

terms of risk management (e.g., 

gathering additional 

information). 

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. 

 

  Risk based 

classification 

for 

occupational 

exposure 

control 

(Kuempel et 

al. 2012)  

 

The framework follows a 

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.   

Incorporation of methods to 

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 

Output 

Data 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired output 

from framework meet needs 

from decision-context? 

Recommendations 

Observations 

Risk 

assessment of 

a particular 

ENM to 

develop risk 

management 

strategies. 

 Potential for 

exposure across 

life cycle 

 Hazards for 

humans and the 

environment 

Web-Based 

Tool for Risk 

Prioritization of 

Airborne 

Manufactured 

Nano Objects 

(Stoffenmanager 

Nano) (Van 

Duuren-

Stuurman et al. 

2012)  

 

While Stoffenmanager can be 

used to classify the ENMs 

according to their potential 

hazards, it does not provide a 

strategy to manage such risks. 

Furthermore, the potential 

impacts are assessed only in 

terms of production and not 

through the lifecycle of the 

ENM. Thus, the application of 

this framework in this context 

could be complemented by other 

approaches. 

The availability of a web-

based tool for this framework 

makes it more widely 

accessible and allows for rapid 

screening. 

  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 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired output 

from framework meet needs 

from decision-context? 

Recommendations 

Observations 

Hazard Risk 

Assessment/Hazard 

identification that 

allows for an 

assessment or 

comparison of 

alternatives in 

terms of 

environmental 

impacts and 

technical 

performance 

 Relative 

hazards for 

humans and 

the 

environment 

for different 

alternatives; 

 Differences 

in exposure 

potential for 

different 

alternatives 

Risk 

Classification 

System based 

on Multi 

Criteria 

Decision 

Analysis 

(MCDA risk 

classification) 

(Linkov et al. 

2007, Linkov 

et al. 2009, 

Tervonen et al. 

2009) 

 

The MCDA framework allows 

the analyst to perform assessment 

of a group of alternatives and 

directly make comparisons/draw 

conclusions on the best 

alternative. To be able to perform 

an assessment, the analyst must 

have sufficient data available for 

each parameter involved (e.g., 

occupational and environmental 

impacts, technical performance 

and stakeholders’ preferences).  

MCDA relies on expert 

judgment to compare the risk 

potential of a series of ENMs, 

based on their different 

parameters/traits. However, 

the assessment requires expert 

judgment to perform the 

assessment. 

  Life Cycle 

Analysis (Som 

et al. 2010, 

Theis et al. 

2011, 

Eckelman et 

al. 2012, 

Gavankar et 

al. 2012, 

Hischier and 

Walser 2012) 

LCA allows for analysis of 

hazard identification, exposure 

assessment and risk 

characterization through the life 

cycle stages of an ENM.  

LCA is a flexible approach 

that allows the analyst to 

assess different environmental 

impacts of ENMs. However, 

the analysis does not include a 

method to compare ENMs 

with each other. 

  FINE 

(Forecasting 

the Impacts of 

Nanomaterials 

in the 

Environment 

applied to 

nano Ag) 

(Money et al. 

2012) using 

Bayesian 

Networks  

FINE provides a measure of 

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). 

The probabilistic measure of 

risk allows the analyst to 

compare potential concerns 

for a particular ENM on a 

scale 0-1 and Bayesian 

Networks can also be 

designed and implemented to 

calculate other parameters 

such as technical performance 

for specific ENMs. 

  Modified 

GreenScreen 

(Sass et al. 

2016) 

The output of the modified 

GreenScreen is the identification 

of hazards/hazard traits 

associated with ENMs based on 

available toxicity information and 

physicochemical properties. This 

information is then used to 

optimize product development 

and to identify suitable 

replacements, if necessary. 

 

While the modified Green 

Screen allows the analyst to 

identify hazards related to a 

specific ENM. The data 

availability may limit its 

application.  

  Hazard and 

exposure 

potential 

identification 

for ENMs in 

The output of this framework is 

partially useful in this context as 

the categories or classification of 

the hazard and exposure are 

presented in a color-coded 

The visual representation of 

the categories of potential 

hazard and exposure are 

useful in this scenario as it 

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 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired output 

from framework meet needs 

from decision-context? 

Recommendations 

Observations 

consumer 

products 

(NanoRiskCat

) (Hansen et 

al. 2014) 

 

system/visual representation of 

the potential hazards. 

 

identify traits of concern. 

However, the NanoRiskCat 

framework does not include a 

methodology to assess 

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 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired 

output from 

framework meet 

needs from decision-

context? 

Recommendations 

Observations 

Risk assessment 

to provide 

substantial 

evidence to 

indicate that a 

specific ENM 

will present an 

unreasonable 

risk to people or 

the 

environment.  

 

 Potential for 

exposure 

across life 

cycle 

(including 

potential for 

releases into 

the 

environment); 

 Hazards for 

humans and the 

environment 

 

EPA’s 

Comprehensive 

Environmental 

Assessment CEA 

(Powers et al. 

2012, Powers et 

al. 2014) 

 

CEA is a theoretical 

approach that has been 

proposed to gather and 

analyze information 

regarding the potential 

impacts of ENMs.  

Given that the significant new use 

rule (SNUR) must consider volume(s) 

of manufacturing and processing of 

the ENM and human exposure, the 

CEA is a suitable framework in this 

scenario at the analysis includes this 

information. However, the analysis of 

the information relies solely on the 

expertise of the analyst. 

 

  Ranking initial 

environmental 

and human 

health risk: Nano 

HAZ framework 

(O'Brien and 

Cummins 2010) 

 

This framework focuses 

on an adaptation of risk 

assessment (ecological 

and human health risk). 

The output of this 

framework is presented 

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).  

In this framework, the analyst may 

use provisional regulatory and 

toxicological limits from ultrafine 

particles if necessary. However, the 

applicability of this framework would 

improve if in silico toxicity data was 

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 

Output 

Data 

Information  

Needed in this 

scenario 

Potentially 

applicable 

framework 

How does the desired output 

from framework meet needs 

from decision-context? 

Recommendations 

Observations 

Hazard 

identification/ 

Risk 

Assessment, for 

example, a 

Risk 

Evaluation and 

Mitigation 

Strategy 

(REMS) is 

required for 

 Potential routes 

of exposure 

and properties 

that impact 

exposure 

potential (e.g., 

size 

distribution 

potential for 

aggregation 

and 

agglomeration 

Hazard and 

exposure 

potential 

identification 

for ENMs in 

consumer 

products 

(NanoRiskCat) 

(Hansen et al. 

2014) 

This framework was designed to 

identify scenarios of potential 

exposure to ENMs via consumer 

products (qualitative assessment), 

which makes it particularly 

suitable for this scenario, where 

products are evaluated. However, 

NanoRiskCat does not provide a 

combined result of the exposure 

and hazard potential of a 

determined ENM. 

 

To be more widely useful in 

this context, this framework 

would need to be adapted to 

incorporate quantitative 

information in the analysis. 
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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 

health and 

Ecological Risk 

Assessment 

(ENRHES – 

RA adapted 

from REACH) 

(Aschberger et 

al. 2011) 

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 

properties of the ENMs as 

assessed in these assays are not 

the same as those of the ENMs 

used in foods or personal care 

products 

The applicability of this 

framework in this context 

would improve if it was 

adapted to consider consumer 

products such as those 

regulated by FDA 
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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 

  DF4Nano 

grouping (Arts 

et al. 2015) 

 

The output of this framework is a 

classification of the ENM based 

on its hazard traits, derived from 

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. 

This framework is partially 

suitable in this scenario as it 

can be used as a first tier 

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) 𝛽𝑛 =

𝑚𝑛,𝐼(𝐿)

1−𝑚̅𝐻,𝐼(𝐿)
 , this aggregate score represents a measure of the adequacy of information for an EIA. 

The equations are listed below, 

Step 1:   

𝛽𝑛,𝑖 = score for information availability/unavailability of attribute i  

𝑚𝑛,𝑖 = 𝜔𝑖 × 𝛽𝑛,𝑖 

 

Step 2: 

𝑚𝐻,𝑖 = 1 − ∑ 𝑚𝑛,𝑖

𝑁

𝑛=1

= 1 − 𝜔𝑖 ∑ 𝛽𝑛,𝑖

𝑁

𝑛=1

          , 𝑁 = 1,2 

𝑚̅𝐻,𝑖 = 1 − 𝜔𝑖 



 

 

259 

𝑚̃𝐻,𝑖 = 𝜔𝑖 (1 − ∑ 𝛽𝑛,𝑖

𝑁

𝑛=1

)          , 𝑁 = 1,2 

𝑚𝐻,𝑖 = 𝑚̃𝐻,𝑖 + 𝑚̅𝐻,𝑖 

Step 3: 

𝑚𝑛,𝐼(𝑖+1) = 𝐾𝐼(𝑖+1)[𝑚𝑛,𝐼(𝑖) ∙ 𝑚𝑛,𝑖+1 + 𝑚𝐻,𝐼(𝑖) ∙ 𝑚𝑛,𝑖+1 + 𝑚𝑛,𝐼(𝑖) ∙ 𝑚𝐻,𝑖+1] 

  

𝑚̃𝐻,𝐼(𝑖+1) = 𝐾𝐼(𝑖+1)[𝑚̃𝐻,𝐼(𝑖) ∙ 𝑚̃𝐻,𝑖+1 + 𝑚̅𝐻,𝐼(𝑖) ∙ 𝑚̃𝐻,𝑖+1 + 𝑚̃𝐻,𝐼(𝑖) ∙ 𝑚̅𝐻,𝑖+1] 

 

𝑚̅𝐻,𝐼(𝑖+1) = 𝐾𝐼(𝑖+1)[𝑚̅𝐻,𝐼(𝑖) ∙ 𝑚̅𝐻,𝑖+1] 

𝐾𝐼(𝑖+1) =

[
 
 
 
 

1 − ∑∑𝑚𝑡,𝐼(𝑖) ∙ 𝑚𝑗,𝑖+1

𝑁

𝑗=1
𝑗≠𝑡

𝑁

𝑡=1
]
 
 
 
 
−1

          , 𝑁 = 1,2 

𝑖 = {1,2… , 𝐿 − 1} 

 

Step 4: 

𝛽𝑛 =
𝑚𝑛,𝐼(𝐿)

1 − 𝑚̅𝐻,𝐼(𝐿)
 

 

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)  

i = attributes identifier (variable for each branch)  

I = represents a sub-category or a category in the hierarchical information tree 

𝛽𝑛,𝑖 = score for the case of available/unavailable information for attribute i 

𝜔𝑖 = weight assigned to attribute i 

𝑚𝑛,𝑖 = metric representing the availability/unavailability of information for attribute 𝑖  

𝑚𝐻,𝑖= metric representing the aggregate uncertainty regarding the availability of information 

𝑚𝑛,𝐼(𝐿)= aggregate score of sub-categories under the indicated category 

𝑚̅𝐻,𝐼(𝐿) = aggregate metric of uncertainty for all subcategories under the category 
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𝐾𝐼(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 −
1

𝑒𝑎𝑁  where s represents a score assigned for a specific information attribute 

based on the number of publications available (N), and  𝑎 =
1

𝑁
ln (

1

1−𝑠
)  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, 𝛽𝑛,𝑖  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 𝛽𝑛,𝑖 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 

Number of publications  

(categories/bins) 

Average score 

categories 

Score 

assigned 

Number of publications  

(categories/bins) 

Score 

>21 (21-25) 0.99 1 >10 1 

16-20 0.96 0.95 

10-15 0.89 0.85 

6-9 0.74 0.7 6-9 0.75 

4-5 0.56 0.6 2-5 0.5 

2-3 0.37 0.3 

1 0.17 0.2 1 0.25 
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Figure C1. Scoring scales used in the presented IANano case studies for determining the 

adequacy of information based on the number of publications available per attribute.  

The log scale establishes attributes 𝛽𝑛,𝑖  scores of 0.2, 0.3, 0.6, 0.7, 0.85, 0.95 and 1 when 

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. For the simple linear scale, the 𝛽𝑛,𝑖 attribute 

scores are set as 0.25, 05, 0.75 and 1 when the documented literature for the attribute is based on 

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 C2. Detailed data collection process to assess the information available to conduct 

EIA of ENMs for the case studies described in Chapter 3 

1. Literature search 

The literature search was conducted for exposure and hazard information for each ENM included in the 

case studies (i.e., Nano TiO2, Cu-CuO, and ZnO). Search terms included, for example, “exposure”, “fate 

and transport”, “applications”, “physical form” “environmental release”, “life cycle”, 

“applications/commercial applications/consumer products” and ENM identifiers (e.g., “CuO 

nanoparticles”, “CuO nanomaterial”, “Copper nanoparticles/nanomaterials”, and Copper 

nanoparticles/nanomaterial(s)).  

2. Examination 

Each identified publication was examined and included for subsequent IANano analysis if it provided 

the following information: 

- Nanomaterial identification/characterization: The nanomaterial under consideration was indeed a 

nanomaterial, nanoparticle or a nano-sized material. If the study referred of an ultrafine particle, 

additional evaluation of the publication was done to verify that the material was of a size ≤100 nm. 

- Physicochemical parameters: Clear documentation of the methodology that led to the reported 

outcomes. 

- Toxicity parameters: Clear documentation of the assay/experimental conditions and/or statistical 

analysis/model used, and toxicity/bioactivity outcomes. 

- Fate and Transport: Information regarding the approach used to quantify the reported source 

releases estimates (e.g., measurements, models, marketing/manufacturer reports, etc.), exposure 

concentrations (e.g., field monitoring, models, surveys). 

3. Initial information extraction 

The compiled published information sources were cataloged (author names and publication dates) with 

specific summary information categories included regarding main findings (e.g., experimental 

conditions, outcome, assay, species where tested if applicable) and category/sub-category/ attribute and 

where it could be used (e.g., toxicity evidence of in vitro toxicity human health related outcomes). 

4. Information curation and analysis 

Following information extraction (item 3), the information attributes were organized in a table for noting 

the availability or unavailability of information (i.e., Yes/No characterization) in the particular source 

regarding the attributes. Each publication/study was counted for the scoring process as per the selected 

scoring scale.  
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Figure C2. Compilation and curation of information 

Steps taken to collect and curate the publications used in IANano (Chapter 3). This process 

describes the analysis of the publications in terms of data quality (e.g., criteria used to include 

publications in the study, such as characterization of ENM properties, description of statistical 

analysis for the results, and target organism). 
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Table C3. Weights assigned to categories, sub-categories and attributes for exposure 

potential in the general EIA scenario (Scenario I) 

Categories Weight  Sub-categories Weight Attributes Weight 

ENM characteristics 0.333 ENM state as applied 

in matrix/product  

0.5 1. Airborne 0.333 

2. Suspended in liquids 

(dispersive/formulation) 

0.333 

3. Suspended in solids (solid article) 0.333 

ENM state as released 

from matrix/product 

0.5 4. Free nanoparticle/Free NM 0.333 

5. Homoaggregates 0.333 

6. Heteroaggregates (NM attached to 

larger particles) 

0.333 

Fate and transport 

parameters 

0.333 Potential release to the 

environment (at 

different life cycle 

stages) 

0.333 7. Manufacture 0.333 

8. Use 0.333 

9. Disposal 0.333 

Environmental 

compartment where 

release occurs 

0.333 10. Water 0.333 

11. Soil 0.333 

12. Air 0.333 

Geographical scale 

 

0.333 13. Geographical information 0.5 

14. Meteorological information 0.5 

Exposure scenarios 0.333 Exposure conditions 

 

0.5 15. Occupational 0.333 

16. Environmental 0.333 

17. Consumer product use 0.333 

Exposure receptors 

 

0.5 

 

18. Human 0.5 

19. Ecological 0.5 
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Table C4. Weights assigned to categories, sub-categories and attributes for hazard potential 

in the general EIA scenario (Scenario I) 

Categories Weight  Sub-categories Weight Attributes Weight 

In vivo 0.333 In vivo studies focusing on 

human health outcomes  

 

0.5 

 

1. Carcinogenicity, Mutagenicity, 

Development, and or Reproductive 

0.333 

2. Acute toxicity, Systemic toxicity, 

Neuro-toxicity, and or Skin/eye 

irritation 

0.333 

3. Chronic toxicity (caused by multiple 

exposures) 

0.333 

In vivo studies focusing on 

ecological impacts 

0.5 4. Complex systems (mesocosm, 

microcosm, field and benthic), 

Bioaccumulation, and or Persistence  

0.333 

5. Species Sensitivity Distribution (SSD) 0.333 

6. Toxicity in environmentally relevant 

species 

0.333 

In vitro 0.333 In vitro studies aimed at 

human health  

 

0.5 7. Mutagenicity/ Genotoxicity 0.333 

8. Oxidative stress and or Inflammation  0.333 

9. Cytotoxicity (e.g., cell viability) 0.333 

In vitro studies aimed at non-

human health outcomes 

0.5 10. Cell viability or Cell lethality 0.5 

11. ENM transport across membranes 0.5 

In silico and 

expert judgment 

 

 

0.333 

QSARs 0.333 
12. QSARs (related to cytotoxicity or 

other outcomes) 

0.333 

Other modeling 0.333 
13. Meta-analysis, toxicokinetics, read-

across 

0.333 

Expert judgment 0.333 14. Expert elicitation/judgment 0.333 
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Table C5. Weights assigned to categories, sub-categories and attributes for exposure 

potential in Scenarios II and III ENM (direct) release into aquatic environments and 

associated potential impact on ecological receptors  

Categories  Weight Sub-

categories 

Weight  Attributes Weight  Assumptions/conditions 

considered in the scenario 

ENM 

characteristics 

0.333 ENM state as 

applied in 

matrix/product 

 

 

0.5 1. Airborne 0 Airborne ENMs are not 

considered in this scenario 

given that intermedia 

transport is excluded from 

the assessment 

2. Suspended in liquids 

(dispersive/formulation) 

0.5  

3. Suspended in solids 

(solid article) 

0.5  

ENM state as 

released from 

matrix/product 

0.5 4. Free nanoparticle/Free 

ENM 

0.333 All these forms are included 

as relevant in the scenario, 

given the potential for 

transformation of the ENM 

in the aquatic environment 

5. Homoaggregates 0.333  

6. Heteroaggregates 

(ENM attached to 

larger particles) 

0.333  

Fate and 

transport 

parameters 

0.333 Potential 

release to the 

environment 

(at different 

life cycle 

stages) 

0.333 7. Manufacture 0 N/A for this scenario 

8. Use 1 Only direct release from 

ENM use to aquatic 

environments is considered 

as relevant in the scenario 

9. Disposal 0 N/A for this scenario 

Environmental 

compartment 

where release 

occurs 

0.333 10. Water 1 The target environmental 

compartment for the 

analysis is water and 

intermedia air/water, 

water/sediment is not 

considered 

11. Soil 0 N/A for this scenario 

12. Air 0 N/A for this scenario 

Geography 

 

0.333 13. Geographical 

information 

1 These fate and transport 

parameters are excluded 

given that air/water, 

water/sediment are not 

considered in the analysis 

14. Meteorological 

information 

0 N/A for this scenario 

Exposure 

scenarios 

0.333 Exposure 

conditions 

 

0.5 15. Occupational 0 N/A for this scenario 

16. Environmental 1 Environmental (outdoor) 

exposure of ecological 

receptors. 

17. Consumer product use 0 N/A for this scenario 

Exposure 

receptors 

 

0.5 

 

18. Human 0 N/A for this scenario 

19. Ecological 1  

 



 

 

268 

Table C6. Weights assigned to categories, sub-categories and attributes for hazard potential 

in Scenarios II and III ENM (direct) release into aquatic environments and associated 

potential impact on ecological receptors 

Categories Weight Sub-categories Weight  Attributes  Weight  Assumptions/conditions 

considered in the scenario 

In vivo 0.333 In vivo studies 

focused on 

human health 

outcomes  

 

0 

 

1. Carcinogenicity, 

Mutagenicity, 

Development, and or 

Reproductive 

0 Given that the main target of 

this scenario were ecological 

receptors, the studies 

grouped in this category 

were excluded from the 

analysis  
2. Acute toxicity, Systemic 

toxicity, Neuro-toxicity, 

and or Skin/eye 

irritation 

0 

3. Chronic toxicity (caused 

by multiple exposures) 

0 

In vivo studies 

focused on 

ecological 

impacts 

1 4. Complex systems 

(mesocosm, microcosm, 

field and benthic), 

Bioaccumulation, and or 

Persistence  

0.333  

5. Species Sensitivity 

Distribution (SSD) 

0.333  

6. Toxicity in 

environmentally 

relevant species 

0.333  

In vitro 0.333 In vitro studies 

aimed at human 

health  

 

0 7. Mutagenicity/ 

Genotoxicity 

0 Given that the main target of 

this scenario were ecological 

receptors, the studies 

grouped in this category 

were excluded from the 

analysis 

8. Oxidative stress and or 

Inflammation  

0 

9. Cytotoxicity (e.g., cell 

viability) 

0 

In vitro studies 

aimed at non-

human health 

outcomes 

1 10. Cell viability or Cell 

lethality 

0.5  

11. NM transport across 

membranes 

0.5  

In silico 

and expert 

judgment 

 

0.333 

QSARs 0.333 

12. QSARs (related to 

cytotoxicity or other 

outcomes) 

0.333  

Other modeling 0.333 

13. Meta-analysis, 

toxicokinetics, read-

across 

0.333  

Expert 

judgment 
0.333 

14. Expert 

elicitation/judgment 

0.333  
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Table C7. Weights assigned to categories, sub-categories and attributes for exposure 

potential in Scenario IV ENM (direct) release to soil and water from waste water treatment 

plants and associated potential impact on ecological receptors 

 
Categories Weight Sub-

categories 

Weight Attributes Weight Assumptions/conditions 

considered in the scenario 

ENM 

characteristics 

0.333 ENM state as 

applied in 

matrix/product 

 

 

0.5 1. Airborne 0 N/A for this scenario 

2. Suspended in liquids 

(dispersive/formulation) 

0.5  

3. Suspended in solids 

(solid article) 

0.5  

ENM state as 

released from 

matrix/product 

0.5 4. Free nanoparticle/Free 

ENM 

0.333 All these forms are included 

as relevant in the scenario, 

given the potential for 

transformation of the ENM 

in the aquatic environment 

5. Homoaggregates 0.333  

6. Heteroaggregates 

(ENM attached to 

larger particles) 

0.333  

Fate and 

transport 

parameters 

0.333 Life cycle 

stage where 

release occurs 

0.333 7. Manufacture 0 N/A for this scenario 

8. Use 1 Only direct release from 

ENM use to aquatic 

environments is considered 

as relevant in the scenario 

9. Disposal 0 N/A for this scenario 

Environmental 

compartment 

where release 

occurs 

0.333 10. Water 0.5  

11. Soil 0.5  

12. Air 0 N/A for this scenario 

Geography  

Meteorology 

 

0.333 13. Geographical 

information 

0.5  

14. Meteorological 

information 

0.5  

Exposure 

scenarios 

0.333 Exposure 

conditions 

 

0.5 15. Occupational 0 N/A for this scenario 

16. Environmental 1 The target exposure scenario 

is environmental given the 

focus on ecological 

receptors 

17. Consumer product use 0 N/A for this scenario 

Exposure 

receptors 

 

0.5 

 

18. Human 0 N/A for this scenario 

19. Ecological 1  
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Table C8. Weights assigned to categories, sub-categories and attributes for hazard potential 

in Scenario IV ENM (direct) release to soil and water from waste water treatment plants and 

associated potential impacts on ecological receptors 

 
Categories Weight Sub-categories Weight  Attributes  Weight  Assumptions/conditions 

considered in the scenario 

In vivo 0.333 In vivo studies 

focused on 

human health 

outcomes  

 

0 

 

1. Carcinogenicity, 

Mutagenicity, 

Development, and or 

Reproductive 

0 Ecological receptors are the 

target in this scenario. 

Therefore, the studies 

grouped in this category 

were excluded from the 

analysis.  
2. Acute toxicity, Systemic 

toxicity, Neuro-toxicity, 

and or Skin/eye 

irritation 

0 

3. Chronic toxicity (caused 

by multiple exposures) 

0 

In vivo studies 

focused on 

ecological 

impacts 

1 4. Complex systems 

(mesocosm, microcosm, 

and field studies), 

Bioaccumulation, 

Persistence  

0.333  

5. Species Sensitivity 

Distribution (SSD) 

0.333  

6. Toxicity in 

environmentally 

relevant species 

0.333  

In vitro 0.333 In vitro studies 

aimed at human 

health  

 

0 7. Mutagenicity/ 

Genotoxicity 

0 Ecological receptors are the 

target in this scenario. 

Therefore, the studies 

grouped in this category 

were excluded from the 

analysis. 

8. Oxidative stress and or 

Inflammation  

0 

9. Cytotoxicity (e.g., cell 

viability) 

0 

In vitro studies 

aimed at non-

human health 

outcomes 

1 10. Cell viability or Cell 

lethality 

0.5  

11. ENM transport across 

membranes 

0.5  

In silico 

and expert 

judgment 

 

0.333 

QSARs 0.333 

12. QSARs (related to 

cytotoxicity or other 

outcomes) 

0.333  

Other modeling 0.333 

13. Meta-analysis, 

toxicokinetics, read-

across 

0.333  

Expert 

judgment 
0.333 

14. Expert 

elicitation/judgment 

0.333  

 

  



 

 

271 

Table C9. Weights assigned to categories, sub-categories and attributes for exposure 

potential in Scenario V.A and V.B (nano TiO2 release into air and associated impact on the 

human receptor)    

Categories Weight Sub-

categories 

Weight 

V.A 

Weight 

V.B 

Attributes Weight 

(V.A) 

Weight 

(V.B) 

Assumptions/ 

conditions considered 

in the scenario 

ENM 
characterist

ics 

0.333 ENM state as 
applied in 

matrix/ 

product 
 

 

0.5 0.5 1. Airborne 1 1 Airborne ENMs are 
considered in this 

scenario as the only 

potential form relevant 
to inhalation exposure  

2. Suspended in 

liquids 
(dispersive/fo

rmulation) 

0 0 N/A for this scenario 

3. Suspended in 

solids (solid 

article) 

0 0 N/A for this scenario 

ENM state as 

released from 
matrix/ 

product 

0.5 0.5 4. Free 

nanoparticle/
Free ENM 

0.333 0.333  

5. Homoaggreg

ates 

0.333 0.333  

6. Heteroaggreg
ates (ENM 

attached to 

larger 
particles) 

0.333 0.333  

Fate and 

transport 
parameters 

0.333 Life cycle 

stage where 
release 

occurs 

0.333 

 
 

0.5 7. Manufacture 0 1 In the workplace risk 

assessment scenario, 
the lifecycle stage of 

manufacture is 

considered as the only 
one relevant to the 

analysis 

8. Use 1 0 In the environmental 

risk assessment 
scenario, the lifecycle 

stage of use is 

considered as the only 
one relevant to the 

analysis, given that only 

direct release is 
considered 

9. Disposal 0 0 N/A for this scenario 

Environment
al 

compartment 

where release 
occurs 

0.333 
 

 

 

0.5 10. Water 0 0 Only air is considered 
as the relevant 

environmental 

compartment given that 
the focus of this 

scenario is inhalation 
exposure 

 

11. Soil 0 0 

12. Air 1 1 

Geography 

Meteorology 
 

0.333 

 
 

0 13. Geographic

al 
information 

1 0 N/A for Scenario V.B 

14. Meteorologi

cal 
information 

0 0 N/A for this scenario 

Exposure 

scenarios 

0.333 Exposure 

conditions 

 

0.5 

 

 

0.5 15. Occupation

al 

0 1  

16. Environmen
tal 

1 0 N/A for this scenario 
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Categories Weight Sub-

categories 

Weight 

V.A 

Weight 

V.B 

Attributes Weight 

(V.A) 

Weight 

(V.B) 

Assumptions/ 

conditions considered 

in the scenario 

17. Consumer 

product 

use 

0 0 N/A for this scenario 

Exposure 

receptors 

 

0.5 

 

0.5 

 

18. Human 1 1  

19. Ecological 0 0 N/A for this scenario 
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Table C10. Weights assigned to categories, sub-categories and attributes for hazard potential 

in Scenario V.A and V.B (nano TiO2 release into air and associated potential impact on the 

human receptor)   

 
Categories  Weight  Sub-categories Weight Attributes Weight Assumptions/conditions 

considered in the 

scenario 

In vivo 0.333 In vivo studies 

focused on 

human health 

outcomes  

 

1 

 

1. Carcinogenicity, 

Mutagenicity, 

Development, and or 

Reproductive 

0.333  

2. Acute toxicity, Systemic 

toxicity, Neuro-toxicity, 

and or Skin/eye irritation 

0.333  

3. Chronic toxicity (caused 

by multiple exposures) 

0.333  

In vivo studies 

focused on 

ecological 

impacts 

0 4. Complex systems 

(mesocosm, microcosm, 

and field studies), 

Bioaccumulation, 

Persistence  

0 The scenario focus is on 

human exposure. 

Therefore, studies 

grouped in this category 

were excluded from the 

analysis 5. Species Sensitivity 

Distribution (SSD) 

0 

6. Toxicity in 

environmentally relevant 

species 

0 

In vitro 0.333 In vitro studies 

aimed at human 

health  

 

1 7. Mutagenicity/ 

Genotoxicity 

0.333  

8. Oxidative stress and or 

Inflammation  

0.333  

9. Cytotoxicity (e.g., cell 

viability) 

0.333  

In vitro studies 

aimed at non-

human health 

outcomes 

0 10. Cell viability or Cell 

lethality 

0 The scenario focus is on 

human exposure. 

Therefore, studies 

grouped in this category 

were excluded from the 

analysis 

11. ENM transport across 

membranes 

0 

In silico and 

expert 

judgment 

 

0.333 QSARs 0.333 12. QSARs (related to 

cytotoxicity or other 

outcomes) 

0.333  

Other modeling 0.333 13. Meta-analysis, 

toxicokinetics, read-

across 

0.333  

Expert judgment 0.333 14. Expert 

elicitation/judgment 

0.333  
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Table C11. Weights assigned to categories, sub-categories and attributes for exposure 

potential in Scenario VI (Exposure to nano TiO2 via consumer product use and associated 

potential impacts on the human receptor) 

Categories  Weight Sub-categories Weight Attributes Weight Assumptions/conditions 

considered in the 

scenario 

ENM 

characteristics 

0.333 ENM state as 

applied in 

matrix/product 

 

 

0.5 1. Airborne 0.5  

2. Suspended in liquids 

(dispersive/formulation) 

0.5  

3. Suspended in solids 

(solid article) 

0 This scenario excludes 

exposure from direct 

contact with solid 

applications that may not 

result in exposure (e.g., 

electronic materials). 

However, studies 

reporting food 

containing nano TiO2 are 

included in the analysis. 

ENM state as 

released from 

matrix/product 

0.5 4. Free nanoparticle/Free 

ENM 

0.333  

5. Homoaggregates 0.333  

6. Heteroaggregates (NM 

attached to larger 

particles) 

0.333  

Fate and 

transport 

parameters 

0.333 Potential release 

to the 

environment (at 

different life cycle 

stages) 

1 7. Manufacture 0  

8. Use 1 Only use is considered 

relevant given that this 

scenario includes 

exposure directly related 

to contact with consumer 

products/consumer 

product use 

9. Disposal 0  

Environmental 

compartment 

where release 

occurs 

0 10. Water 0  

11. Soil 0  

12. Air 0  

Geographical 

scale 

 

0 13. Geographical 

information 

0  

14. Meteorological 

information 

0  

Exposure 

conditions 

0.333 Potential exposure 

scenarios 

 

0.5 15. Occupational 0  

16. Environmental 0  

17. Consumer product use 1  

Potential exposure 

receptors 

 

0.5 

 

18. Human 1  

19. Ecological 0  
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Table C12. Weights assigned to categories, sub-categories and attributes for hazard potential 

in Scenario VI) exposure to nano TiO2 via consumer product use and its potential impacts in 

human receptors 

 
Categories  Weight  Sub-categories Weight  

 

Attributes Weight  Assumptions/conditions 

considered in the 

scenario 

In vivo 0.333 In vivo studies 

focused on human 

health outcomes  

 

1 

 

1. Carcinogenicity, 

Mutagenicity, 

Development, and or 

Reproductive 

0.333  

2. Acute toxicity, 

Systemic toxicity, 

Neuro-toxicity, and or 

Skin/eye irritation 

0.333  

3. Chronic toxicity 

(caused by multiple 

exposures) 

0.333  

In vivo studies 

focused on 

ecological impacts 

0 4. Complex systems 

(mesocosm, 

microcosm, and field 

studies), 

Bioaccumulation, 

Persistence  

0 The scenario focus is on 

human exposure. 

Therefore, studies 

grouped in this category 

were excluded from the 

analysis 

5. Species Sensitivity 

Distribution (SSD) 

0 

6. Toxicity in 

environmentally 

relevant species 

0 

In vitro 0.333 In vitro studies 

aimed at human 

health  

 

1 7. Mutagenicity/ 

Genotoxicity 

0.333  

8. Oxidative stress and or 

Inflammation  

0.333  

9. Cytotoxicity (e.g., cell 

viability) 

0.333  

In vitro studies 

aimed at non-human 

health outcomes 

0 10. Cell viability or Cell 

lethality 

0 The scenario focus is on 

human exposure. 

Therefore, studies 

grouped in this category 

were excluded from the 

analysis 

11. ENM transport across 

membranes 

0 

In silico 

and expert 

judgment 

 

0.333 QSARs 0.333 12. QSARs (related to 

cytotoxicity or other 

outcomes) 

0.333  

Other modeling 0.333 13. Meta-analysis, 

toxicokinetics, read-

across 

0.333  

Expert judgment 0.333 14. Expert 

elicitation/judgment 

0.333  
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Table C13. Number of publications available (as of 2016) per attribute of exposure in 

different EIA scenarios  

Categories  
Sub-

Categories 
Attributes 

Scenario 

I 

Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

ENM 

characteristics 

ENM state as 

applied in 

matrix/ product 
 

 

Airborne 0 2 1 0 0 0 0 2 2 2 

Suspended in 

liquids 

(dispersive) 

3 7 1 3 2 

 

1 3 0 0 7 

Suspended in 

solids (solid 

article) 

1 4 1 1 1 

 

1 1 0 0 1 

ENM state as 

released from 

matrix/ product 

Free 

nanoparticle/ 

Free ENM 

1 5 0 1 0 0 1 3 5 2 

Homoaggregates 4 4 2 4 2 2 4 0 0 4 

Heteroaggregates 

(ENM attached 
to larger 

particles) 

1 1 2 1 0 2 1 0 0 1 

 

Fate and 
transport 

parameters 

Life cycle 
stage where 

release occurs 

Manufacture 1 2 2 0 0 0 0 0 2 0 

Use 2 6 3 2 1 3 2 6 0 6 

Disposal 1 2 1 0 0 0 0 0 0 0 

Environmental 

compartment 
where release 

occurs 

Water 5 10 7 5 2 6 4 0 0 0 

Soil 3 6 5 0 0 0 3 0 0 0 

Air 2 8 3 0 0 0 0 8 4* 0 

Geography 
Meteorology 

 

Geographical 
information 

1 1 1 1 1 1 1 1 0 0 

Meteorological 

information 

1 1 1 0 0 0 1 0 0 0 

Exposure 
scenarios 

Exposure 
conditions 

 

Occupational 1 12 2 0 0 0 0 0 12 0 

Environmental 1 4 2 1 1 2 1 2 0 0 

Consumer 

product use 

2 6 4 0 0 0 0 0 0 6 

Exposure 

receptors 

Human 2 7 2 0 0 0 0 4 ** 7 7 

Ecological 2 2 2 2 2 2 2 0 
 

0 0 

TOTAL 34 88 42 21 12 20 24 25 45 35 

* Occupational settings ** inhalation only 
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Table C14. Number of publications available (as of 2016) per attribute of hazard for the 

different EIA scenarios 

 

Category 
Sub-

Categories 
Attributes 

Scenario 

I Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

In vivo In vivo 

studies 
focused on 

human 

health 
outcomes  

 

Carcinogenicity, 

Mutagenicity, 
Development, 

and or 

Reproductive 

1 11 2 0 0 0 0 5 11 11 

Acute toxicity, 

Systemic toxicity, 

Neuro-toxicity, 
and or Skin/eye 

irritation 

5 4 11 0 0 0 0 1 

 

 

4 4 

Chronic toxicity 
(caused by 

multiple 

exposures) 

1 6 2 0 0 0 0 0 * 6 6 

In vivo 
studies 

focused on 

ecological 
impacts 

Complex systems 
(e.g., mesocosm), 

Bioaccumulation, 

Persistence  

7 2 1 7 1 
 

 

1 
 

7 0 0 0 

Species 

Sensitivity 
Distribution 

(SSD) 

2 0 1 2 0 1 2 0 0 0 

Toxicity in 

environmentally 
relevant species 

21 12 17 15 8 17 21 0 0 0 

In vitro In vitro 

studies 

aimed at 

human 

health  
 

Mutagenicity/ 

Genotoxicity 

10 25 12 0 0 0 0 25 25 25 

Oxidative stress 
and or 

Inflammation  

4 6 15 0 0 0 0 6 6 6 

Cytotoxicity (e.g., 
cell viability) 

6 6 17 0 0 0 0 6 6 6 

In vitro 

studies 

aimed at 
non-human 

health 

outcomes 

Cell viability or 

Cell lethality 

9 2 2 9 9 2 9 0 0 0 

ENM transport 
across 

membranes 

3 1 
 

1 3 3 1 3 0 0 0 

In silico 

and 

expert 
judgment  

 

QSARs QSARs (related 

to cytotoxicity or 

other outcomes) 

2 4 3 2 2 3 2 4 4 4 

Other 

modeling  

Meta-analysis, 

toxicokinetics, 

read-across 

3 4 6 3 3 6 3 4 4 4 

Expert 
elicitation 

Expert judgment, 
elicitation 

0 2 
 

1 0 0 1 0 2 
 

2 
 

2 
 

Total 74 85 91 41 26 32 47 53 68 68 

*only intratracheal installation studies were included to explore the impact of the body of information available for 

this route of exposure 
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Table C15. Scores assigned per attribute of exposure information based on the simple linear 

scoring scale for various EIA scenarios 

Categories  Sub-

Categories 

Attributes Scenario 

I 

Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

ENM 

characteristics 
ENM state as 

applied in 

matrix/product 
 

 

Airborne 0 0.5 0.25 0 0 0 0 0.5 0.5 0.5 

Suspended in liquids 

(dispersive/formulation) 

0.5 0.75 0.25 0.5 0.5 0.25 0.5 0 0 0.75 

Suspended in solids 

(solid article) 

0.25 0.5 0.25 0.25 0.25 0.25 0.25 0 0 0.25 

ENM state as 

released from 
matrix/product 

Free nanoparticle/Free 

ENM 

0.25 0.5 0 0.25 0 0 0.25 0.5 0.5 0.5 

Homoaggregates 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0.5 0.5 

Heteroaggregates 
(ENM attached to 

larger particles) 

0.25 0.25 0.5 0.25 0 0.5 0.25 0 0 0.25 

Fate and 
transport 

parameters 

Life cycle 
stage where 

release occurs 

Manufacture 0.25 0.5 0.5 0 0 0 0 0 0.5 0 

Use 0.5 0.75 0.5 0.5 0.25 0.5 0.5 0.75 0 0.75 

Disposal 0.25 0.5 0.25 0 0 0 0 0 0 0 

Environmental 

compartment 
where release 

occurs 

Water 0.5 1 0.75 0.5 0.5 0.75 0.5 0 0 0 

Soil 0.5 0.75 0.5 0 0 0 0.5 0 0 0 

Air 0.5 0.75 0.5 0 0 0 0 0.75 0.5 0 

Geography 

Meteorology 
 

Geographical 

information 

0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0 0 

Meteorological 

information 

0.25 0.25 0.25 0 0 0 0.25 0 0 0 

Exposure 

scenarios 

Exposure 

conditions 
 

Occupational 0.25 1 0.5 0 0 0 0 0 1 0 

Environmental 0.25 0.5 0.5 0.25 0.25 0.5 0.25 0.5 0 0 

Consumer product use 0.5 0.75 0.5 0 0 0 0 0 0 0.75 

Exposure 

receptors 

Human 0.5 0.75 0.5 0 0 0 0 0.5 0.75 0.75 

Ecological 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 

Aggregate score 0.26 0.64 0.34 0.36 0.24 0.39 0.31 0.45 0.66 0.72 
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Table C16. Scores assigned per attribute of hazard information based on the simple linear 

scoring scale for the various EIA scenarios 

 
Categories  Sub-

Categories 

Attributes Scenario 

I 

Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

In vivo In vivo studies 
focused on 

human health 

outcomes  
 

Carcinogenicity, 
Mutagenicity, 

Development, and or 

Reproductive 

0.25 1.0 0.50 0 0 0 0 0.5 1 1 

Acute toxicity, 

Systemic toxicity, 

Neuro-toxicity, and or 
Skin/eye irritation 

0.50 0.5 1.00 0 0 0 0 0.25 0.5 0.5 

Chronic toxicity 

(caused by multiple 

exposures) 

0.25 0.75 0.50 0 0 0 0 0 0.75 0.75 

In vivo studies 

focused on 

ecological 
impacts 

Complex systems 

(mesocosm, 

microcosm, and field 
studies), 

Bioaccumulation, 

Persistence  

0.75 0.5 0.25 0.75 0.25 0.25 0.75 0 0 0 

Species Sensitivity 
Distribution (SSD) 

0.50 0.0 0.25 0.5 0 0.25 0.5 0 0 0 

Toxicity in 

environmentally 
relevant species 

1.00 1.0 1.00 1 0.75 1 1 0 0 0 

In vitro In vitro 

studies aimed 
at human 

health  

 

Mutagenicity/ 

Genotoxicity 

1.00 1.0 1.00 0 0 0 0 1 1 1 

Oxidative stress and or 
Inflammation  

0.50 0.5 1.00 0 0 0 0 0.75 0.75 0.75 

Cytotoxicity (e.g., cell 

viability) 

0.75 0.5 1.00 0 0 0 0 0.75 0.75 0.75 

In vitro 
studies aimed 

at non-human 

health 
outcomes 

Cell viability or Cell 
lethality 

0.75 0.5 0.50 0.75 0.75 0.5 0.75 0 0 0 

ENM transport across 

membranes 

0.50 0.25 0.25 0.5 0.5 0.25 0.5 0 0 0 

In silico 

and expert 

judgment  

 

QSARs QSARs (related to 

cytotoxicity or other 
outcomes) 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Other 

modeling  

Meta-analysis, 

toxicokinetics, read-

across 

0.5 0.5 0.75 0.5 0.5 0.75 0.5 0.5 0.5 0.5 

Expert 

elicitation 

Expert judgment, 

elicitation 

0 0.5 

 

0.25 0 0 0.25 0 0.5 

 

0.5 

 

0.5 

 

Aggregate score 0.55 0.58 0.64 0.60 0.39 0.44 0.60 0.53 0.77 0.77 
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Table C17. Scores assigned per attribute of exposure information based on the log scoring 

scale for the various EIA scenarios 

Categories  Sub-

Categories 

Attributes Scenario 

I 

Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

ENM 

characteristics 

ENM state as 

applied in 
matrix/product 

 

 

Airborne 0 0.3 0.2 0 0 0 0 0.3 0.3 0.2 

Suspended in liquids 

(dispersive/formulation) 

0.3 0.7 0.2 0.3 0.3 0.2 0.3 0 0 0.7 

Suspended in solids 

(solid article) 

0.2 0.3 0.2 0.2 0.2 0.2 0.2 0 0 0.2 

ENM state as 

released from 
matrix/product 

Free nanoparticle/Free 

ENM 

0.2 0.6 0 0.2 0 0 0.2 0.3 0.6 0.3 

Homoaggregates 0.6 0.6 0.3 0.6 0.3 0.3 0.6 0 0 0.6 

Heteroaggregates 
(ENM attached to 

larger particles) 

0.2 0.2 0.3 0.2 0 0.3 0.2 0 0 0.2 

Fate and 
transport 

parameters 

Life cycle 
stage where 

release occurs 

Manufacture 0.2 0.3 0.3 0 0 0 0 0 0.3  

Use 0.3 0.7 0.3 0.3 0.2 0.3 0.3 0.6 0 0.6 

Disposal 0.2 0.3 0.2 0 0 0 0 0 0 0 

Environmental 

compartment 
where release 

occurs 

Water 0.6 0.85 0.7 0.6 0.3 0.7 0.6 0 0 0 

Soil 0.3 0.7 0.6 0 0 0 0.3 0 0 0 

Air 0.3 0.7 0.3 0 0 0  0.7 0.6 0 

Geography 

Meteorology 
 

Geographical 

information 

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0 0 

Meteorological 

information 

0.2 0.2 0.2 0 0 0 0.2 0 0 0 

Exposure 

scenarios 

Exposure 

conditions 
 

Occupational 0.2 0.85 0.3 0 0 0 0 0 0.85 0 

Environmental 0.2 0.6 0.3 0.2 0.2 0.3 0.2 0.3 0 0 

Consumer product use 0.3 0.7 0.6 0 0 0 0 0 0 0.7 

Exposure 

receptors 

Human 0.3 0.7 0.3 0 0 0 0 0.6 0.7 0.7 

Ecological 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0 0 0 

Aggregate score 0.15 0.54 0.19 0.22 0.13 0.22 0.19 0.33 0.50 0.58 
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Table C18. Scores assigned per attribute of hazard information based on the log scoring scale 

for the various EIA scenarios 

Categories  Sub-

Categories 

Attributes Scenario 

I 

Cu-

CuO 

I 

TiO2 

I 

ZnO 

II.A 

 

II.B 

 

III 

 

IV  V.A 

 

V.B 

 

VI  

In vivo In vivo 

studies 
focused on 

human health 

outcomes  
 

Carcinogenicity, 

Mutagenicity, 
Development, and or 

Reproductive 

0.2 0.85 0.3 0 0 0 0 0.6 0.85 0.85 

Acute toxicity, 

Systemic toxicity, 
Neuro-toxicity, and or 

Skin/eye irritation 

0.6 0.6 0.85 0 0 0 0 0.2 0.6 0.6 

Chronic toxicity 
(caused by multiple 

exposures) 

0.2 0.7 0.3 0 0 0 0 0 0.7 0.7 

In vivo 

studies 
focused on 

ecological 

impacts 

Complex systems 

(mesocosm, 
microcosm, and field 

studies), 

Bioaccumulation, 
Persistence  

0.7 0.3 0.2 0.7 0.2 0.2 0.7 0 0 0 

Species Sensitivity 

Distribution (SSD) 

0.3 0 0.2 0.3 0 0.2 0.3 0 0 0 

Toxicity in 
environmentally 

relevant species 

0.96 0.85 0.95 0.85* 0.7 0.95 1 0 0 0 

In vitro In vitro 
studies aimed 

at human 

health  
 

Mutagenicity/ 
Genotoxicity 

0.85 1 0.85 0 0 0 0 1 1 1 

Oxidative stress and or 

Inflammation  

0.6 0.7 0.85 0 0 0 0 0.7 0.7 0.7 

Cytotoxicity (e.g., cell 
viability) 

0.7 0.7 0.95 0 0 0 0 0.7 0.7 0.7 

In vitro 

studies aimed 
at non-human 

health 

outcomes 

Cell viability or Cell 

lethality 

0.7 0.3 0.3 0.7 0.7 0.3 0.7 0 0 0 

ENM transport across 
membranes 

0.3 0.2 0.2 0.3 0.3 0.2 0.3 0 0 0 

In silico 

and expert 

judgment  

 

QSARs QSARs (related to 
cytotoxicity or other 

outcomes) 

0.3 0.6 0.3 0.3 0.3 0.3 0.3 0.6 0.6 0.6 

Other 
modeling  

Meta-analysis, 
toxicokinetics, read-

across 

0.3 0.6 0.7 0.3 0.3 0.7 0.3 0.6 0.6 0.6 

Expert 

elicitation 

Expert judgment, 

elicitation 

0 0.3 

 

0.2 0 0 0.2 0 0.3 

 

0.3 

 

0.3 

 

Aggregate score 0.42 0.56 0.46 0.42 0.27 0.31 0.44 0.53 0.74 0.74 
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Table C19. Summary of information available for nano Cu-CuO related to exposure 

potential 

Attribute name and number References  

1. Airborne  

2. Suspended in liquids (dispersive/formulation) (Wilson 2013), (Ding, Meneses et al. 

2013), (Adeleye, Oranu et al. 2016) 

3. Embedded in a solid matrix (solid article) (Chapman, Le Nor et al. 2013) 

4. Free Nanoparticles (Ding, Meneses et al. 2013) 

5. Homoaggregates (Conway, Adeleye et al. 2015), 

(Adeleye, Oranu et al. 2016), (Miao, 

Wang et al. 2016), (Wang, von dem 

Bussche et al. 2013) 

6. Heteroaggregates (NPs attached to other/larger particles) (Wang, Habibul et al. 2015) 

7. Manufacture  (Keller, McFerran et al. 2013) 

8. Use (Ding, Meneses et al. 2013), (Adeleye, 

Oranu et al. 2016) 

9. Disposal (Keller, McFerran et al. 2013) 

10. Water (Keller, McFerran et al. 2013), (Pu, 

Tang et al. 2016), (Lazareva and Keller 

2014), (Taylor and Walker 2016), (Liu 

and Cohen 2014)  

11. Soil (Navratilova, Praetorius et al. 2015), 

(Liu and Cohen 2014), (Lazareva and 

Keller 2014) 

12. Air (Keller, McFerran et al. 2013), (Liu 

and Cohen 2014) 

13. Geographical  (Liu and Cohen 2014) 

14. Meteorological (Liu and Cohen 2014) 

15. Occupational (Zúñiga Rojas, Blamey Benavides et 

al. 2013) 

16. Environmental (Chio, Chen et al. 2012) 

17. From commercial product use  (Cushen, Kerry et al. 2014), 

(Nazarenko, Han et al. 2011) 

18. Human (Cushen, Kerry et al. 2014), (Hannon, 

Kerry et al. 2016) 

19. Ecological (Hanna, Miller et al. 2014), (Navarro, 

Baun et al. 2008) 
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Table C20. Summary of information available for nano Cu-CuO related to hazard potential 

as of 2016 

 
Attribute name and number References  

1. Carcinogenicity, mutagenicity, development, reproductive (Adamcakova-Dodd, Monick et al. 

2015) 

2. Acute toxicity, Systemic toxicity, Skin/eye irritation (Cho, Duffin et al. 2010, Cho, Duffin et 

al. 2012),(Chen, Meng et al. 

2006),(Pettibone, Adamcakova-Dodd et 

al. 2008),(Gosens, Cassee et al. 2016)  

3. Chronic toxicity (caused by multiple exposures) (Cho, Duffin et al. 2010) 

4. Complex systems (mesocosm, microcosm, field and benthic), 

bioaccumulation, persistence 

(Zhang, Hua et al. 2014),(Buffet, 

Richard et al. 2013),(Hu, Culloty et al. 

2014),(Dai, Syberg et al. 2013),(Isani, 

Falcioni et al. 2013),(Gomes, Novais et 

al. 2012),(Hanna, Miller et al. 2014)  

5. Species Sensitivity Distribution (SSD) (Garner, Suh et al. 2015),(Adam, 

Schmitt et al. 2015) 

6. Toxicity in environmentally relevant species (Griffitt, Weil et al. 2007, Griffitt, Luo 

et al. 2008),(Wu, Torres-Duarte et al. 

2015),(Vicario-Pares, Castanaga et al. 

2014),(Blinova, Ivask et al. 

2010),(Manusadžianas, Caillet et al. 

2012), (Bielmyer-Fraser, Jarvis et al. 

2014), (Aruoja, Dubourguier et al. 

2009), (Jo, Choi et al. 2012), (Gomes, 

Pinheiro et al. 2011, Gomes, Novais et 

al. 2012, Gomes, Araújo et al. 2013), 

(Hanna, Miller et al. 2013), (Pradhan, 

Seena et al. 2012), (Mortimer, Kasemets 

et al. 2011), (Heinlaan, Ivask et al. 

2008), (Zuverza-Mena, Medina-Velo et 

al. 2015), (Collins, Luxton et al. 2012), 

(Unrine, Tsyusko et al. 2010), (Anjum, 

Adam et al. 2015), (Lin, Taylor et al. 

2015) 

7. Mutagenicity/ Genotoxicity (Semisch, Ohle et al. 2014), (Perreault, 

Pedroso Melegari et al. 2012), 

(Karlsson, Gustafsson et al. 2009, 

Midander, Cronholm et al. 2009), 

(Alarifi, Ali et al. 2013), (Di 

Bucchianico, Fabbrizi et al. 2013), 

(Akhtar, Kumar et al. 2013), (Carmona, 

Inostroza-Blancheteau et al. 2015), 

(Abudayyak, Guzel et al. 2016), (Jose, 

Santra et al. 2011) 

8. Oxidative stress, inflammation (Misra, Nuseibeh et al. 2014), (Wang, Li 

et al. 2012, Wang, von dem Bussche et 

al. 2013), (Cho, Duffin et al. 2012) 

9. Cytotoxicity (e.g., cell viability) (Studer, Limbach et al. 2010), (Chusuei, 

Wu et al. 2013), (Alarifi, Ali et al. 
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2013), (Karlsson, Cronholm et al. 2008), 

(Wongrakpanich, Mudunkotuwa et al. 

2016), (Wang, Li et al. 2012) 

10. Cell viability, Lethality (bactericidal or fungicidal effect) (Ivask, Bondarenko et al. 2010), (Ren, 

Hu et al. 2009), (Kaweeteerawat, Ivask 

et al. 2015), (Kasemets, Ivask et al. 

2009), (Hu, Cook et al. 2009), 

(Gunawan, Teoh et al. 2011), (Bayat, 

Rajapakse et al. 2014), (Ananth, 

Dharaneedharan et al. 2015), (Baek and 

An 2011) 

11. ENM transport across membranes (Karlsson, Cronholm et al. 2013), 

(Hedberg, Karlsson et al. 2016), 

(Tamayo, Zapata et al. 2014) 

12. QSARs (related to cytotoxicity or other outcomes) (Liu, Zhang et al. 2013), (Pathakoti, 

Huang et al. 2014) 

13. Meta-analysis, toxicokinetics, read-across (Notter, Mitrano et al. 2014), (Gajewicz, 

Cronin et al. 2015), (Sayes, Smith et al. 

2013) 

14. Expert judgment/elicitation  
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Table C21. Summary of information available for nano TiO2 related to exposure potential 

as of 2016 

Attribute name and number References 

1. Airborne (Boxall, Chaudhry et al. 2007), (Chen, 

Afshari et al. 2010) 

2. Suspended in liquids (dispersive/formulation) (EPA 2010, EPA 2010), (Shandilya, Le 

Bihan et al. 2015), (Al-Kattan, Wichser 

et al. 2013), (Zhang, Leu et al. 2015), 

(Lim, Sisco et al. 2015), (Hsu and Chein 

2007) 

3. Embedded in a solid matrix (solid article) (EPA 2010), (Windler, Lorenz et al. 

2012), (Von Goetz, Lorenz et al. 2013), 

(Lin, Li et al. 2014) 

4. Free Nanoparticles (Kaegi, Ulrich et al. 2008), (Al-Kattan, 

Wichser et al. 2014), (Koivisto, 

Lyyränen et al. 2012), (Pelclova, 

Barosova et al. 2015), (Lee, Kwon et al. 

2011) 

5. Homoaggregates (Aruoja, Dubourguier et al. 2009), 

(Botta, Labille et al. 2011), (Kaegi, 

Ulrich et al. 2008), (Sharma 2009) 

6. Heteroaggregates (NPs attached to other/larger particles) (Chowdhury, Cwiertny et al. 2012) 

7. Manufacture  (Gottschalk, Sonderer et al. 2009), (Sun, 

Gottschalk et al. 2014) 

8. Use (Shandilya, Le Bihan et al. 2015), (Al-

Kattan, Wichser et al. 2013), (Pirela, 

Sotiriou et al. 2015), (Sun, Gottschalk et 

al. 2014), (Nowack, Ranville et al. 

2012), (Chen, Afshari et al. 2010) 

9. Disposal (EPA 2010), (Nowack, Ranville et al. 

2012) 

10. Water (EPA 2010), (O'Brien and Cummins 

2011), (Pu, Tang et al. 2016), (Sun, 

Gottschalk et al. 2014), (Gottschalk, 

Lassen et al. 2015), (Boxall, Tiede et al. 

2007); (Mueller and Nowack 2008), 

(Markus, Parsons et al. 2016), 

(Gottschalk, Scholz et al. 2010), 

(Praetorius, Scheringer et al. 2012) 

11. Soil (Keller, McFerran et al. 2013), (Sun, 

Gottschalk et al. 2014), (Gottschalk, 

Lassen et al. 2015), (Boxall, Tiede et al. 

2007), (Mueller and Nowack 2008), 

(Gottschalk, Scholz et al. 2010) 

12. Air (EPA 2010), (Gottschalk, Lassen et al. 

2015), (Mueller and Nowack 2008), 

(Boxall, Chaudhry et al. 2007), (Sun, 

Gottschalk et al. 2014), (Liu and Cohen 

2014)   

(Liu, Bilal et al. 2015) ,(Gottschalk, 

Scholz et al. 2010) 

13. Geographical  (Liu and Cohen 2014) 
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14. Meteorological (Liu and Cohen 2014) 

15. Occupational (EPA 2010), (Christensen, Johnston et 

al. 2011), (Lee, Kwon et al. 2011), 

(Gangwal, Brown et al. 2011), (Yang, 

Mao et al. 2011), (Pini, Salieri et al. 

2016), (Liao, Chiang et al. 2008), 

(Koivisto, Lyyränen et al. 2012), 

(Pelclova, Barosova et al. 2015), (Liou, 

Tsai et al. 2015), (Spinazzè, Cattaneo et 

al. 2016), (Vaquero, Gelarza et al. 2015), 

(Ham, Yoon et al. 2012) 

16. Environmental (O'Brien and Cummins 2010), (Vílchez, 

Fernández-Rosas et al. 2015), (Pini, 

Salieri et al. 2016), (Holbrook, Motabar 

et al. 2013) 

17. From commercial product use (Schilling, Bradford et al. 2010), (Weir, 

Westerhoff et al. 2012), (Lorenz, Von 

Goetz et al. 2011), (Chen, Afshari et al. 

2010), (Von Goetz, Lorenz et al. 2013), 

(Lin, Li et al. 2014) 

8. Human (Weir, Westerhoff et al. 2012), (Lorenz, 

Von Goetz et al. 2011), (Boxall, 

Chaudhry et al. 2007), (Chen, Afshari et 

al. 2010), (Pini, Salieri et al. 2016), 

(Holbrook, Motabar et al. 2013), (Von 

Goetz, Lorenz et al. 2013) 

9. Ecological (Liu and Cohen 2014), (Botta, Labille et 

al. 2011) 
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Table C22. Summary of information available for nano TiO2 related to hazard potential as 

of 2016 

Attribute name and number References 

1. Carcinogenicity, mutagenicity, development, reproductive (Shimizu, Tainaka et al. 2009), 

(Takahashi, Mizuo et al. 2010), (Hong, 

Si et al. 2015), (Chen, Yan et al. 2014), 

(Sycheva, Zhurkov et al. 2011), 

(Trouiller, Reliene et al. 2009) 

Carcinogenicity, mutagenicity, development, reproductive (null 

findings) 

(Dobrzyńska, Gajowik et al. 2014), 

(Lindberg, Falck et al. 2012, Naya, 

Kobayashi et al. 2012), (Saber, Jacobsen 

et al. 2012) 

2. Acute toxicity, Systemic toxicity, Skin/eye irritation (Bonner, Silva et al. 2013),(Setyawati, 

Tay et al. 2013),(Dobrzyńska, Gajowik 

et al. 2014),(Shrivastava, Raza et al. 

2014) 

3. Chronic toxicity (caused by multiple exposures) (Park, Yoon et al. 2009),(Kobayashi, 

Naya et al. 2009),(Fu, Zhang et al. 

2014),(Sang, Zheng et al. 2012),(Sun, 

Tan et al. 2012),(Hong, Hong et al. 

2015) 

4. Complex systems (mesocosm, microcosm, field and benthic), 

bioaccumulation, persistence 

(Ge, Schimel et al. 2011),(D'Agata, 

Fasulo et al. 2014) 

5. Species Sensitivity Distribution (SSD)  

6. Toxicity in environmentally relevant species (Li, Wallis et al. 2014), (Zhu, Chang et 

al. 2010), (Aruoja, Dubourguier et al. 

2009), (Minetto, Libralato et al. 2014), 

(Ghosh, Bandyopadhyay et al. 2010), 

(Hu, Li et al. 2010), (Kumari, Khan et 

al. 2011), (Pakrashi, Jain et al. 2014) 

    Toxicity in environmentally relevant species (null findings) (Sekar, Falcioni et al. 2014), (Vevers 

and Jha 2008), (Lee, Kim et al. 2009), 

(Clemente, Castro et al. 2013) 

7. Mutagenicity/ Genotoxicity (Tavares, Louro et al. 2014), (Asare, 

Instanes et al. 2012), (Bhattacharya, 

Davoren et al. 2009), (Botelho, Costa et 

al. 2014), (Chen, Wang et al. 2014), (Di 

Virgilio, Reigosa et al. 2010), (Petković, 

Küzma et al. 2011, Petković, Zegura et 

al. 2011), (Falck, Lindberg et al. 2009), 

(Ghosh, Bandyopadhyay et al. 2010), 

(Jugan, Barillet et al. 2012), (Karlsson, 

Cronholm et al. 2008), (Osman, 

Baumgartner et al. 2010), (Prasad, 

Wallace et al. 2013), (Roszak, Stępnik et 

al. 2013), (Saquib, Al-Khedhairy et al. 

2012), (Shukla, Sharma et al. 2011, 

Shukla, Kumar et al. 2013) 

     Mutagenicity/ Genotoxicity (null findings) (Guichard, Schmit et al. 2012), (Hamzeh 

and Sunahara 2013), (Karlsson, 

Gustafsson et al. 2009), (Hackenberg, 

Friehs et al. 2010, Hackenberg, Friehs et 
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al. 2011), (Woodruff, Li et al. 2012), 

(Wan, Mo et al. 2012) 

8. Oxidative stress, inflammation (Monteiller, Tran et al. 2007), (Xia, 

Hamilton et al. 2013), (Kermanizadeh, 

Gaiser et al. 2012), (Saquib, Al-

Khedhairy et al. 2012), (Srivastava, 

Rahman et al. 2011), (Shen, Turney et 

al. 2014)  

9. Cytotoxicity (e.g., cell     viability) (Komatsu, Tabata et al. 2008), 

(Guichard, Schmit et al. 2012), (Hamzeh 

and Sunahara 2013), (Saquib, Al-

Khedhairy et al. 2012), (Farcal, Andon 

et al. 2015) 

     Cytotoxicity (e.g., cell viability) (null findings) (Shi, Karlsson et al. 2012) 

10. Cell viability, Lethality (bactericidal or fungicidal effect) (Bayat, Rajapakse et al. 2014), (Barillet, 

Simon-Deckers et al. 2010) 

11. ENM transport across membranes (Brun, Barreau et al. 2014) 

12. QSARs (related to cytotoxicity or other outcomes) (Puzyn, Rasulev et al. 2011), (Pathakoti, 

Huang et al. 2014), (Sizochenko, 

Rasulev et al. 2014), (Toropova and 

Toropov 2013) 

13. Meta-analysis, toxicokinetics, read-across (Wang, Yang et al. 2014), (Gajewicz, 

Cronin et al. 2015), (Papa, Doucet et al. 

2015), (Bachler, von Goetz et al. 2015) 

14. Expert judgment/elicitation (Hansen, Jensen et al. 2014), (Zimmer, 

Hertel et al. 2010) 
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Table C23. Summary of information available for nano ZnO related to exposure potential as 

of 2016 

Attribute name and number References 

1. Airborne (Lorenz, Hagendorfer et al. 2011) 

2. Suspended in liquids (dispersive/formulation) (Zhang, Leu et al. 2015),(Wilson 2013) 

3. Embedded in a solid matrix (solid article) (Shi, Li et al. 2014) 

4. Free Nanoparticles  

5. Homoaggregates (Bian, Mudunkotuwa et al. 2011), (Yung, 

Mouneyrac et al. 2014) 

6. Heteroaggregates (NPs attached to other/larger particles) (Yung, Mouneyrac et al. 2014), (Keller, 

Wang et al. 2010) 

7. Manufacture  (Sun, Gottschalk et al. 2014), 

(Gottschalk, Sonderer et al. 2009) 

8. Use (Osmond and McCall 2010), (Pirela, 

Sotiriou et al. 2015), (Sun, Gottschalk et 

al. 2014) 

9. Disposal (Dale, Lowry et al. 2015) 

10. Water (Yung, Mouneyrac et al. 2014), (Pu, 

Tang et al. 2016), (Sun, Gottschalk et al. 

2014), (Gottschalk, Lassen et al. 2015), 

(Boxall, Tiede et al. 2007), (Markus, 

Parsons et al. 2016), 

(Liu and Cohen 2014) 

11. Soil (Gottschalk, Sonderer et al. 2009), 

(Keller, McFerran et al. 2013), (Sun, 

Gottschalk et al. 2014), (Gottschalk, 

Lassen et al. 2015), 

(Liu and Cohen 2014) 

12. Air (Kim, Fazlollahi et al. 2010), 

(Gottschalk, Lassen et al. 2015), 

(Liu and Cohen 2014) 

13. Geographical  (Liu and Cohen 2014) 

14. Meteorological (Liu and Cohen 2014) 

15. Occupational (Osmond and McCall 2010), (Ogura, 

Sakurai et al. 2011) 

16. Environmental (Osmond and McCall 2010), (Ge, 

Schimel et al. 2011) 

17. From commercial product use  (Nohynek and Dufour 2012), (Schilling, 

Bradford et al. 2010), (Lorenz, Von 

Goetz et al. 2011), (Keller, Vosti et al. 

2014) 

18. Human (Nohynek and Dufour 2012), (Lorenz, 

Von Goetz et al. 2011) 

19. Ecological (Lv, Zhang et al. 2015), (Navarro, Baun 

et al. 2008) 
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Table C24. Summary of information available for nano ZnO related to hazard potential as 

of 2016 

Attribute name References 

1. Carcinogenicity, mutagenicity, development, reproductive (Sharma, Singh et al. 2012), (Kwon, 

Lee et al. 2014) 

2. Acute toxicity, Systemic toxicity, Skin/eye irritation (Chuang, Juan et al. 2014), (Ho, Wu et 

al. 2011), (Li, Shen et al. 2012), 

(Chang, Ho et al. 2013), (Chen, Ho et 

al. 2015), (Cho, Duffin et al. 2012), 

(Fukui, Horie et al. 2012), (Hong, 

Tripathy et al. 2013), (Sharma, Singh et 

al. 2012), (Shrivastava, Raza et al. 

2014), (Pasupuleti, Alapati et al. 2012) 

3. Chronic toxicity (caused by multiple exposures) (Chuang, Juan et al. 2014), (Cho, 

Duffin et al. 2010) 

4. Complex systems (mesocosm, microcosm, field and benthic), 

bioaccumulation, persistence 

(Ge, Schimel et al. 2011) 

5. Species Sensitivity Distribution (SSD) (Adam, Schmitt et al. 2015) 

6. Toxicity in environmentally relevant species (Hanna, Miller et al. 2013), (Heinlaan, 

Ivask et al. 2008), (Aruoja, 

Dubourguier et al. 2009), (Xiong, Fang 

et al. 2011), (Brayner, Dahoumane et 

al. 2010), (Franklin, Rogers et al. 

2007), (Wu, Torres-Duarte et al. 2015), 

(Ali, Alarifi et al. 2012), (Hu, Li et al. 

2010), (Isani, Falcioni et al. 2013), 

(Fabrega, Tantra et al. 2011), (Ates, 

Daniels et al. 2013), (Manzo, Miglietta 

et al. 2013), (Miao, Zhang et al. 2010), 

(Peng, Palma et al. 2011), (Trevisan, 

Delapedra et al. 2014), (Wong, Leung 

et al. 2010) 

Soil (Lv, Zhang et al. 2015), (Collins, 

Luxton et al. 2012) 

7. Mutagenicity/ Genotoxicity (Karlsson, Cronholm et al. 2008), 

(Sharma, Shukla et al. 2009, Sharma, 

Singh et al. 2011), (Alarifi, Ali et al. 

2013), (Demir, Akça et al. 2014), 

(Hackenberg, Zimmermann et al. 

2011), (Karlsson, Cronholm et al. 

2008), (Osman, Baumgartner et al. 

2010), (Valdiglesias, Costa et al. 2013), 

(Sharma, Anderson et al. 2012), 

(Wilhelmi, Fischer et al. 2013), 

(Hackenberg, Scherzed et al. 2011) 

8. Oxidative stress, inflammation (Lin, Xu et al. 2009), (Chang, Ho et al. 

2013), (Chen, Ho et al. 2015), (Cho, 

Duffin et al. 2012), (Fukui, Horie et al. 

2012), (Guo, Bi et al. 2013), (Hong, 

Tripathy et al. 2013), (Jeong, Kim et al. 

2013), (Juang, Lai et al. 2014), (Prach, 

Stone et al. 2013), (Roy, Parashar et al. 

2014), (Roy, Singh et al. 2014), (Sahu, 
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Kannan et al. 2013), (Shen, Turney et 

al. 2014), (Wang, Deng et al. 2014) 

9. Cytotoxicity (e.g., cell viability) (Zhang, Nguyen et al. 2014), 

(Hackenberg, Scherzed et al. 2011), 

(Karlsson, Cronholm et al. 2008), 

(Kermanizadeh, Gaiser et al. 2012), 

(Buerki-Thurnherr, Xiao et al. 2013), 

(Goncalves and Girard 2014), (Hsiao 

and Huang 2013), (Luo, Shen et al. 

2014), (Mihai, Chrisler et al. 2015), 

(Osmond-McLeod, Osmond et al. 

2013), (Sahu, Kannan et al. 2014), 

(Shen, James et al. 2013), (Shi, 

Karlsson et al. 2012), (Yu, Yoon et al. 

2013), (Sarkar, Ghosh et al. 2014), 

(Farcal, Andon et al. 2015), (Raemy, 

Grass et al. 2012) 

10. Cell viability, Lethality (bactericidal or fungicidal effect) (Kwon, Lee et al. 2014), (Baek and An 

2011) 

11. ENM transport across membranes (Cohen, Derk et al. 2014) 

12. QSARs (related to cytotoxicity or other outcomes) (Puzyn, Rasulev et al. 2011), 

(Pathakoti, Huang et al. 2014), 

(Sizochenko, Rasulev et al. 2014) 

13. Meta-analysis, toxicokinetics, read-across (Chung, Yu et al. 2013), (Chen, Cheng 

et al. 2015), (Gajewicz, Cronin et al. 

2015, Papa, Doucet et al. 2015), 

(Sayes, Smith et al. 2013) 

14. Expert judgment/elicitation (Zimmer, Hertel et al. 2010) 

  



 

 

292 

REFERENCES FOR APPENDIX C  

Abudayyak, M., E. E. Guzel and G. Özhan (2016). "Copper (II) oxide nanoparticles induced 

nephrotoxicity in vitro conditions." Applied in Vitro Toxicology 2(3): 157-164. 

Adam, N., C. Schmitt, L. De Bruyn, D. Knapen and R. Blust (2015). "Aquatic acute species 

sensitivity distributions of ZnO and CuO nanoparticles." Science of the Total Environment 526: 

233-242. 

Adamcakova-Dodd, A., M. M. Monick, L. S. Powers, K. N. Gibson-Corley and P. S. Thorne 

(2015). "Effects of prenatal inhalation exposure to copper nanoparticles on murine dams and 

offspring." Particle and Fibre Toxicology 12: 30. 

Adeleye, A. S., E. A. Oranu, M. Tao and A. A. Keller (2016). "Release and detection of nanosized 

copper from a commercial antifouling paint." Water Research 102: 374-382. 

Akhtar, M. J., S. Kumar, H. A. Alhadlaq, S. A. Alrokayan, K. M. Abu-Salah and M. Ahamed 

(2013). "Dose-dependent genotoxicity of copper oxide nanoparticles stimulated by reactive 

oxygen species in human lung epithelial cells." Toxicology and Industrial Health 32(5): 809-821. 

Al-Kattan, A., A. Wichser, R. Vonbank, S. Brunner, A. Ulrich, S. Zuin and B. Nowack (2013). 

"Release of TiO2 from paints containing pigment-TiO2 or nano-TiO2 by weathering." 

Environmental Science Process Impacts 15(12): 2186-2193. 

Al-Kattan, A., A. Wichser, S. Zuin, Y. Arroyo, L. Golanski, A. Ulrich and B. Nowack (2014). 

"Behavior of TiO2 released from nano-TiO2-containing paint and comparison to pristine nano-

TiO2." Environmental Science & Technology 48(12): 6710-6718. 

Alarifi, S., D. Ali, S. Alkahtani, A. Verma, M. Ahamed, M. Ahmed and H. A. Alhadlaq (2013). 

"Induction of oxidative stress, DNA damage, and apoptosis in a malignant human skin melanoma 

cell line after exposure to zinc oxide nanoparticles." International Journal of Nanomedicine 8: 983-

993. 

Alarifi, S., D. Ali, A. Verma, S. Alakhtani and B. A. Ali (2013). "Cytotoxicity and genotoxicity of 

copper oxide nanoparticles in human skin keratinocytes cells." International Journal of Toxicology 

32(4): 296-307. 

Ali, D., S. Alarifi, S. Kumar, M. Ahamed and M. A. Siddiqui (2012). "Oxidative stress and 

genotoxic effect of zinc oxide nanoparticles in freshwater snail Lymnaea luteola L." Aquatic 

Toxicology 124-125: 83-90. 



 

 

293 

Ananth, A., S. Dharaneedharan, M.-S. Heo and Y. S. Mok (2015). "Copper oxide nanomaterials: 

synthesis, characterization and structure-specific antibacterial performance." Chemical 

Engineering Journal 262: 179-188. 

Anjum, N. A., V. Adam, R. Kizek, A. C. Duarte, E. Pereira, M. Iqbal, A. S. Lukatkin and I. Ahmad 

(2015). "Nanoscale copper in the soil–plant system–toxicity and underlying potential 

mechanisms." Environmental research 138: 306-325. 

Aruoja, V., H. C. Dubourguier, K. Kasemets and A. Kahru (2009). "Toxicity of nanoparticles of 

CuO, ZnO and TiO2 to microalgae Pseudokirchneriella subcapitata." Science of the Total 

Environment 407(4): 1461-1468. 

Asare, N., C. Instanes, W. J. Sandberg, M. Refsnes, P. Schwarze, M. Kruszewski and G. Brunborg 

(2012). "Cytotoxic and genotoxic effects of silver nanoparticles in testicular cells." Toxicology 

291(1-3): 65-72. 

Ates, M., J. Daniels, Z. Arslan, I. O. Farah and H. F. Rivera (2013). "Comparative evaluation of 

impact of Zn and ZnO nanoparticles on brine shrimp (Artemia salina) larvae: effects of particle 

size and solubility on toxicity." Environmental Science Process Impacts 15(1): 225-233. 

Bachler, G., N. von Goetz and K. Hungerbuhler (2015). "Using physiologically based 

pharmacokinetic (PBPK) modeling for dietary risk assessment of titanium dioxide (TiO2) 

nanoparticles." Nanotoxicology 9(3): 373-380. 

Baek, Y.-W. and Y.-J. An (2011). "Microbial toxicity of metal oxide nanoparticles (CuO, NiO, 

ZnO, and Sb2O3) to Escherichia coli, Bacillus subtilis, and Streptococcus aureus." Science of the 

Total Environment 409(8): 1603-1608. 

Barillet, S., A. Simon-Deckers, N. Herlin-Boime, M. Mayne-L'Hermite, C. Reynaud, D. Cassio, 

B. Gouget and M. Carriere (2010). "Toxicological consequences of TiO2, SiC nanoparticles and 

multi-walled carbon nanotubes exposure in several mammalian cell types: an in vitro study." 

Journal of Nanoparticle Research 12(1): 61-73. 

Bayat, N., K. Rajapakse, R. Marinsek-Logar, D. Drobne and S. Cristobal (2014). "The effects of 

engineered nanoparticles on the cellular structure and growth of Saccharomyces cerevisiae." 

Nanotoxicology 8(4): 363-373. 

Bhattacharya, K., M. Davoren, J. Boertz, R. P. Schins, E. Hoffmann and E. Dopp (2009). 

"Titanium dioxide nanoparticles induce oxidative stress and DNA-adduct formation but not DNA-

breakage in human lung cells." Part Fibre Toxicol 6: 17. 



 

 

294 

Bian, S. W., I. A. Mudunkotuwa, T. Rupasinghe and V. H. Grassian (2011). "Aggregation and 

dissolution of 4 nm ZnO nanoparticles in aqueous environments: influence of pH, ionic strength, 

size, and adsorption of humic acid." Langmuir 27(10): 6059-6068. 

Bielmyer-Fraser, G. K., T. A. Jarvis, H. S. Lenihan and R. J. Miller (2014). "Cellular partitioning 

of nanoparticulate versus dissolved metals in marine phytoplankton." Environmental Science & 

Technology 48(22): 13443-13450. 

Blinova, I., A. Ivask, M. Heinlaan, M. Mortimer and A. Kahru (2010). "Ecotoxicity of 

nanoparticles of CuO and ZnO in natural water." Environmental Pollution 158(1): 41-47. 

Bonner, J. C., R. M. Silva, A. J. Taylor, J. M. Brown, S. C. Hilderbrand, V. Castranova, D. Porter, 

A. Elder, G. Oberdorster, J. R. Harkema, L. A. Bramble, T. J. Kavanagh, D. Botta, A. Nel and K. 

E. Pinkerton (2013). "Interlaboratory evaluation of rodent pulmonary responses to engineered 

nanomaterials: the NIEHS Nano GO Consortium." Environ Health Perspect 121(6): 676-682. 

Botelho, M. C., C. Costa, S. Silva, S. Costa, A. Dhawan, P. A. Oliveira and J. P. Teixeira (2014). 

"Effects of titanium dioxide nanoparticles in human gastric epithelial cells in vitro." Biomed 

Pharmacother 68(1): 59-64. 

Botta, C., J. Labille, M. Auffan, D. Borschneck, H. Miche, M. Cabié, A. Masion, J. Rose and J.-

Y. Bottero (2011). "TiO2-based nanoparticles released in water from commercialized sunscreens 

in a life-cycle perspective: structures and quantities." Environmental Pollution 159(6): 1543-1550. 

Boxall, A., Q. Chaudhry, C. Sinclair, A. Jones, R. Aitken, B. Jefferson and C. Watts (2007). 

Current and future predicted environmental exposure to engineered nanoparticles. York, UK. 

Boxall, A. B., K. Tiede and Q. Chaudhry (2007). "Engineered nanomaterials in soils and water: 

how do they behave and could they pose a risk to human health?" Nanomedicine (Lond) 2(6): 919-

927. 

Brayner, R., S. A. Dahoumane, C. Yéprémian, C. Djediat, M. Meyer, A. Couté and F. Fiévet 

(2010). "ZnO nanoparticles: synthesis, characterization, and ecotoxicological studies." Langmuir 

26(9): 6522-6528. 

Brun, E., F. Barreau, G. Veronesi, B. Fayard, S. Sorieul, C. Chaneac, C. Carapito, T. Rabilloud, 

A. Mabondzo, N. Herlin-Boime and M. Carriere (2014). "Titanium dioxide nanoparticle impact 

and translocation through ex vivo, in vivo and in vitro gut epithelia." Part Fibre Toxicol 11: 13. 

Buerki-Thurnherr, T., L. Xiao, L. Diener, O. Arslan, C. Hirsch, X. Maeder-Althaus, K. Grieder, 

B. Wampfler, S. Mathur, P. Wick and H. F. Krug (2013). "In vitro mechanistic study towards a 

better understanding of ZnO nanoparticle toxicity." Nanotoxicology 7(4): 402-416. 



 

 

295 

Buffet, P., M. Richard, F. Caupos, A. Vergnoux, H. Perrein-Ettajani, A. Luna-Acosta, F. Akcha, 

J. Amiard, C. Amiard-Triquet, M. Guibbolini, C. Risso-De Faverney, H. Thomas-Guyon, P. Reip, 

A. Dybowska, D. Berhanu, E. Valsami-Jones and C. Mouneyrac (2013). "A mesocosm study of 

fate and effects of CuO nanoparticles on endobenthic species (Scrobicularia plana, Hediste 

diversicolor)." Environmental Science & Technology 47(3): 1620-1628. 

Carmona, E. R., C. Inostroza-Blancheteau, V. Obando, L. Rubio and R. Marcos (2015). 

"Genotoxicity of copper oxide nanoparticles in Drosophila melanogaster." Mutat Res Genet 

Toxicol Environ Mutagen 791(Supplement C): 1-11. 

Chang, H., C.-C. Ho, C. S. Yang, W.-H. Chang, M.-H. Tsai, H.-T. Tsai and P. Lin (2013). 

"Involvement of MyD88 in zinc oxide nanoparticle-induced lung inflammation." Experimental 

and Toxicologic Pathology 65(6): 887-896. 

Chapman, J., L. Le Nor, R. Brown, E. Kitteringham, S. Russell, T. Sullivan and F. Regan (2013). 

"Antifouling performances of macro-to micro-to nano-copper materials for the inhibition of 

biofouling in its early stages." J Mater Chem B 1(45): 6194-6200. 

Chen, B. T., A. Afshari, S. Stone, M. Jackson, D. Schwegler-Berry, D. G. Frazer, V. Castranova 

and T. A. Thomas (2010). "Nanoparticles-containing spray can aerosol: characterization, exposure 

assessment, and generator design." Inhalation Toxicology 22(13): 1072-1082. 

Chen, J. K., C. C. Ho, H. Chang, J. F. Lin, C. S. Yang, M. H. Tsai, H. T. Tsai and P. Lin (2015). 

"Particulate nature of inhaled zinc oxide nanoparticles determines systemic effects and 

mechanisms of pulmonary inflammation in mice." Nanotoxicology 9(1): 43-53. 

Chen, T., J. Yan and Y. Li (2014). "Genotoxicity of titanium dioxide nanoparticles." Journal of 

Food and Drug Analysis 22(1): 95-104. 

Chen, W. Y., Y. H. Cheng, N. H. Hsieh, B. C. Wu, W. C. Chou, C. C. Ho, J. K. Chen, C. M. Liao 

and P. Lin (2015). "Physiologically based pharmacokinetic modeling of zinc oxide nanoparticles 

and zinc nitrate in mice." International Journal of Nanomedicine 10: 6277-6292. 

Chen, Z., H. Meng, G. Xing, C. Chen, Y. Zhao, G. Jia, T. Wang, H. Yuan, C. Ye, F. Zhao, Z. Chai, 

C. Zhu, X. Fang, B. Ma and L. Wan (2006). "Acute toxicological effects of copper nanoparticles 

in vivo." Toxicology Letters 163(2): 109-120. 

Chen, Z., Y. Wang, T. Ba, Y. Li, J. Pu, T. Chen, Y. Song, Y. Gu, Q. Qian, J. Yang and G. Jia 

(2014). "Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro." Toxicology 

Letters 226(3): 314-319. 



 

 

296 

Chio, C.-P., W.-Y. Chen, W.-C. Chou, N.-H. Hsieh, M.-P. Ling and C.-M. Liao (2012). "Assessing 

the potential risks to zebrafish posed by environmentally relevant copper and silver nanoparticles." 

Science of The Total Environment 420: 111-118. 

Cho, W. S., R. Duffin, C. A. Poland, A. Duschl, G. J. Oostingh, W. Macnee, M. Bradley, I. L. 

Megson and K. Donaldson (2012). "Differential pro-inflammatory effects of metal oxide 

nanoparticles and their soluble ions in vitro and in vivo; zinc and copper nanoparticles, but not 

their ions, recruit eosinophils to the lungs." Nanotoxicology 6(1): 22-35. 

Cho, W. S., R. Duffin, C. A. Poland, S. E. Howie, W. MacNee, M. Bradley, I. L. Megson and K. 

Donaldson (2010). "Metal oxide nanoparticles induce unique inflammatory footprints in the lung: 

important implications for nanoparticle testing." Environ Health Perspect 118(12): 1699-1706. 

Chowdhury, I., D. M. Cwiertny and S. L. Walker (2012). "Combined factors influencing the 

aggregation and deposition of nano-TiO2 in the presence of humic acid and bacteria." Environ Sci 

Technol 46(13): 6968-6976. 

Christensen, F. M., H. J. Johnston, V. Stone, R. J. Aitken, S. Hankin, S. Peters and K. Aschberger 

(2011). "Nano-TiO₂--feasibility and challenges for human health risk assessment based on open 

literature." Nanotoxicology 5(2): 110-124. 

Chuang, H. C., H. T. Juan, C. N. Chang, Y. H. Yan, T. H. Yuan, J. S. Wang, H. C. Chen, Y. H. 

Hwang, C. H. Lee and T. J. Cheng (2014). "Cardiopulmonary toxicity of pulmonary exposure to 

occupationally relevant zinc oxide nanoparticles." Nanotoxicology 8(6): 593-604. 

Chung, H. E., J. Yu, M. Baek, J. A. Lee, M. S. Kim, S. H. Kim, E. H. Maeng, J. K. Lee, J. Jeong 

and S. J. Choi (2013). Toxicokinetics of zinc oxide nanoparticles in rats. Nanosafe 2012: 

International Conferences on Safe Production and Use of Nanomaterials, IOP Publishing. 

Chusuei, C. C., C. H. Wu, S. Mallavarapu, F. Y. S. Hou, C. M. Hsu, J. G. Winiarz, R. S. Aronstarn 

and Y. W. Huang (2013). "Cytotoxicity in the age of nano: the role of fourth period transition 

metal oxide nanoparticle physicochemical properties." Chemico-Biological Interactions 206(2): 

319-326. 

Clemente, Z., V. L. Castro, L. O. Feitosa, R. Lima, C. M. Jonsson, A. H. Maia and L. F. Fraceto 

(2013). "Fish exposure to nano-TiO2 under different experimental conditions: methodological 

aspects for nanoecotoxicology investigations." Science of the Total Environment 463-464: 647-

656. 

Cohen, J. M., R. Derk, L. Wang, J. Godleski, L. Kobzik, J. Brain and P. Demokritou (2014). 

"Tracking translocation of industrially relevant engineered nanomaterials (ENMs) across alveolar 

epithelial monolayers in vitro." Nanotoxicology 8 Suppl 1: 216-225. 



 

 

297 

Collins, D., T. Luxton, N. Kumar, S. Shah, V. K. Walker and V. Shah (2012). "Assessing the 

impact of copper and zinc oxide nanoparticles on soil: a field study." PLoS One 7(8): e42663. 

Conway, J. R., A. S. Adeleye, J. Gardea-Torresdey and A. A. Keller (2015). "Aggregation, 

dissolution, and transformation of copper nanoparticles in natural waters." Environmental science 

& technology 49(5): 2749-2756. 

Cushen, M., J. Kerry, M. Morris, M. Cruz-Romero and E. Cummins (2014). "Evaluation and 

simulation of silver and copper nanoparticle migration from polyethylene nanocomposites to food 

and an associated exposure assessment." Journal of Agricultural and Food Chemistry 62(6): 1403-

1411. 

D'Agata, A., S. Fasulo, L. J. Dallas, A. S. Fisher, M. Maisano, J. W. Readman and A. N. Jha 

(2014). "Enhanced toxicity of 'bulk' titanium dioxide compared to 'fresh' and 'aged' nano-TiO2 in 

marine mussels (Mytilus galloprovincialis)." Nanotoxicology 8(5): 549-558. 

Dai, L., K. Syberg, G. T. Banta, H. Selck and V. E. Forbes (2013). "Effects, uptake, and depuration 

kinetics of silver oxide and copper oxide nanoparticles in a marine deposit feeder, Macoma 

balthica." ACS Sustainable Chemistry & Engineering 1(7): 760-767. 

Dale, A. L., G. V. Lowry and E. A. Casman (2015). "Stream dynamics and chemical 

transformations control the environmental fate of silver and zinc oxide nanoparticles in a 

watershed-scale model." Environ Sci Technol 49(12): 7285-7293. 

Demir, E., H. Akça, B. Kaya, D. Burgucu, O. Tokgün, F. Turna, S. Aksakal, G. Vales, A. Creus 

and R. Marcos (2014). "Zinc oxide nanoparticles: genotoxicity, interactions with UV-light and 

cell-transforming potential." J Hazard Mater 264: 420-429. 

Di Bucchianico, S., M. R. Fabbrizi, S. K. Misra, E. Valsami-Jones, D. Berhanu, P. Reip, E. 

Bergamaschi and L. Migliore (2013). "Multiple cytotoxic and genotoxic effects induced in vitro 

by differently shaped copper oxide nanomaterials." Mutagenesis 28(3): 287-299. 

Di Virgilio, A. L., M. Reigosa, P. M. Arnal and M. Fernández Lorenzo de Mele (2010). 

"Comparative study of the cytotoxic and genotoxic effects of titanium oxide and aluminium oxide 

nanoparticles in Chinese hamster ovary (CHO-K1) cells." J Hazard Mater 177(1-3): 711-718. 

Ding, X., M. B. Meneses, S. M. Albukhari, D. L. Richter, L. M. Matuana and P. A. Heiden (2013). 

"Comparing leaching of different copper oxide nanoparticles and ammoniacal copper salt from 

wood." Macromolecular Materials and Engineering 298(12): 1335-1343. 

Dobrzyńska, M. M., A. Gajowik, J. Radzikowska, A. Lankoff, M. Dušinská and M. Kruszewski 

(2014). "Genotoxicity of silver and titanium dioxide nanoparticles in bone marrow cells of rats in 

vivo." Toxicology 315: 86-91. 



 

 

298 

EPA (2010). Nanomaterial case studies: nanoscale titanium dioxide in water treatment and in 

topical sunscreen. 

EPA (2010). State of the science literature review: nano titanium dioxide environmental matters  

Fabrega, J., R. Tantra, A. Amer, B. Stolpe, J. Tomkins, T. Fry, J. R. Lead, C. R. Tyler and T. S. 

Galloway (2011). "Sequestration of zinc from zinc oxide nanoparticles and life cycle effects in the 

sediment dweller amphipod Corophium volutator." Environmental science & technology 46(2): 

1128-1135. 

Falck, G. C., H. K. Lindberg, S. Suhonen, M. Vippola, E. Vanhala, J. Catalán, K. Savolainen and 

H. Norppa (2009). "Genotoxic effects of nanosized and fine TiO2." Hum Exp Toxicol 28(6-7): 

339-352. 

Farcal, L., F. T. Andon, L. Di Cristo, B. M. Rotoli, O. Bussolati, E. Bergamaschi, A. Mech, N. B. 

Hartmann, K. Rasmussen, J. Riego-Sintes, J. Ponti, A. Kinsner-Ovaskainen, F. Rossi, A. Oomen, 

P. Bos, R. Chen, R. Bai, C. Chen, L. Rocks, N. Fulton, B. Ross, G. Hutchison, L. Tran, S. Mues, 

R. Ossig, J. Schnekenburger, L. Campagnolo, L. Vecchione, A. Pietroiusti and B. Fadeel (2015). 

"Comprehensive in vitro toxicity testing of a panel of representative oxide nanomaterials: first 

steps towards an intelligent testing strategy." PLoS One 10(5). 

Franklin, N. M., N. J. Rogers, S. C. Apte, G. E. Batley, G. E. Gadd and P. S. Casey (2007). 

"Comparative toxicity of nanoparticulate ZnO, bulk ZnO, and ZnCl2 to a freshwater microalga 

(Pseudokirchneriella subcapitata): The importance of particle solubility." Environmental Science 

& Technology 41(24): 8484-8490. 

Fu, Y., Y. Zhang, X. Chang, Y. Zhang, S. Ma, J. Sui, L. Yin, Y. Pu and G. Liang (2014). "Systemic 

immune effects of titanium dioxide nanoparticles after repeated intratracheal instillation in rat." 

International journal of molecular sciences 15(4): 6961-6973. 

Fukui, H., M. Horie, S. Endoh, H. Kato, K. Fujita, K. Nishio, L. K. Komaba, J. Maru, A. Miyauhi, 

A. Nakamura, S. Kinugasa, Y. Yoshida, Y. Hagihara and H. Iwahashi (2012). "Association of zinc 

ion release and oxidative stress induced by intratracheal instillation of ZnO nanoparticles to rat 

lung." Chem Biol Interact 198(1-3): 29-37. 

Gajewicz, A., M. T. Cronin, B. Rasulev, J. Leszczynski and T. Puzyn (2015). "Novel approach for 

efficient predictions properties of large pool of nanomaterials based on limited set of species: nano-

read-across." Nanotechnology 26(1): 015701. 

Gangwal, S., J. S. Brown, A. Wang, K. A. Houck, D. J. Dix, R. J. Kavlock and E. A. Hubal (2011). 

"Informing selection of nanomaterial concentrations for ToxCast in vitro testing based on 

occupational exposure potential." Environ Health Perspect 119(11): 1539-1546. 



 

 

299 

Garner, K. L., S. Suh, H. S. Lenihan and A. A. Keller (2015). "Species sensitivity distributions for 

engineered nanomaterials." Environ Sci Technol 49(9): 5753-5759. 

Ge, Y., J. P. Schimel and P. A. Holden (2011). "Evidence for negative effects of TiO2 and ZnO 

nanoparticles on soil bacterial communities." Environmental Science & Technology 45(4): 1659-

1664. 

Ghosh, M., M. Bandyopadhyay and A. Mukherjee (2010). "Genotoxicity of titanium dioxide 

(TiO2) nanoparticles at two trophic levels: plant and human lymphocytes." Chemosphere 81(10): 

1253-1262. 

Gomes, S. I. L., S. C. Novais, J. J. Scott-Fordsmand, W. De Coen, A. M. V. M. Soares and M. J. 

B. Amorim (2012). "Effect of Cu-nanoparticles versus Cu-salt in Enchytraeus albidus 

(Oligochaeta): Differential gene expression through microarray analysis." Comparative 

Biochemistry and Physiology Part C: Toxicology & Pharmacology 155(2): 219-227. 

Gomes, T., O. Araújo, R. Pereira, A. C. Almeida, A. Cravo and M. J. Bebianno (2013). 

"Genotoxicity of copper oxide and silver nanoparticles in the mussel Mytilus galloprovincialis." 

Mar Environ Res 84: 51-59. 

Gomes, T., J. P. Pinheiro, I. Cancio, C. G. Pereira, C. Cardoso and M. J. Bebianno (2011). "Effects 

of copper nanoparticles exposure in the mussel Mytilus galloprovincialis." Environ Sci Technol 

45(21): 9356-9362. 

Goncalves, D. M. and D. Girard (2014). "Zinc oxide nanoparticles delay human neutrophil 

apoptosis by a de novo protein synthesis-dependent and reactive oxygen species-independent 

mechanism." Toxicol In Vitro 28(5): 926-931. 

Gosens, I., F. R. Cassee, M. Zanella, L. Manodori, A. Brunelli, A. L. Costa, B. G. H. Bokkers, W. 

H. de Jong, D. Brown and D. Hristozov (2016). "Organ burden and pulmonary toxicity of nano-

sized copper (II) oxide particles after short-term inhalation exposure." Nanotoxicology 10(8): 

1084-1095. 

Gottschalk, F., C. Lassen, J. Kjoelholt, F. Christensen and B. Nowack (2015). "Modeling flows 

and concentrations of nine engineered nanomaterials in the Danish environment." International 

Journal of Environmental Research and Public Health 12(5): 5581-5602. 

Gottschalk, F., R. W. Scholz and B. Nowack (2010). "Probabilistic material flow modeling for 

assessing the environmental exposure to compounds: methodology and an application to 

engineered nano-TiO2 particles." Environmental Modelling & Software 25(3): 320-332. 



 

 

300 

Gottschalk, F., T. Sonderer, R. W. Scholz and B. Nowack (2009). "Modeled environmental 

concentrations of engineered nanomaterials (TiO2, ZnO, Ag, CNT, Fullerenes) for different 

regions." Environmental Science & Technology 43(24): 9216-9222. 

Griffitt, R. J., J. Luo, J. Gao, J.-C. Bonzongo and D. S. Barber (2008). "Effects of particle 

composition and species on toxicity of metallic nanomaterials in aquatic organisms." 

Environmental Toxicology and Chemistry 27(9): 1972-1978. 

Griffitt, R. J., R. Weil, K. A. Hyndman, N. D. Denslow, K. Powers, D. Taylor and D. S. Barber 

(2007). "Exposure to Copper Nanoparticles Causes Gill Injury and Acute Lethality in Zebrafish 

(Danio rerio)." Environmental Science & Technology 41(23): 8178-8186. 

Guichard, Y., J. Schmit, C. Darne, L. Gaté, M. Goutet, D. Rousset, O. Rastoix, R. Wrobel, O. 

Witschger, A. Martin, V. Fierro and S. Binet (2012). "Cytotoxicity and genotoxicity of nanosized 

and microsized titanium dioxide and iron oxide particles in Syrian hamster embryo cells." Ann 

Occup Hyg 56(5): 631-644. 

Gunawan, C., W. Y. Teoh, C. P. Marquis and R. Amal (2011). "Cytotoxic origin of copper(II) 

oxide nanoparticles: comparative studies with micron-sized particles, leachate, and metal salts." 

ACS Nano 5(9): 7214-7225. 

Guo, D., H. Bi, B. Liu, Q. Wu, D. Wang and Y. Cui (2013). "Reactive oxygen species-induced 

cytotoxic effects of zinc oxide nanoparticles in rat retinal ganglion cells." Toxicol In Vitro 27(2): 

731-738. 

Hackenberg, S., G. Friehs, K. Froelich, C. Ginzkey, C. Koehler, A. Scherzed, M. Burghartz, R. 

Hagen and N. Kleinsasser (2010). "Intracellular distribution, geno- and cytotoxic effects of 

nanosized titanium dioxide particles in the anatase crystal phase on human nasal mucosa cells." 

Toxicology Letters 195(1): 9-14. 

Hackenberg, S., G. Friehs, M. Kessler, K. Froelich, C. Ginzkey, C. Koehler, A. Scherzed, M. 

Burghartz and N. Kleinsasser (2011). "Nanosized titanium dioxide particles do not induce DNA 

damage in human peripheral blood lymphocytes." Environ Mol Mutagen 52(4): 264-268. 

Hackenberg, S., A. Scherzed, A. Technau, M. Kessler, K. Froelich, C. Ginzkey, C. Koehler, M. 

Burghartz, R. Hagen and N. Kleinsasser (2011). "Cytotoxic, genotoxic and pro-inflammatory 

effects of zinc oxide nanoparticles in human nasal mucosa cells in vitro." Toxicol In Vitro 25(3): 

657-663. 

Hackenberg, S., F. Z. Zimmermann, A. Scherzed, G. Friehs, K. Froelich, C. Ginzkey, C. Koehler, 

M. Burghartz, R. Hagen and N. Kleinsasser (2011). "Repetitive exposure to zinc oxide 

nanoparticles induces dna damage in human nasal mucosa mini organ cultures." Environ Mol 

Mutagen 52(7): 582-589. 



 

 

301 

Ham, S., C. Yoon, E. Lee, K. Lee, D. Park, E. Chung, P. Kim and B. Lee (2012). "Task-based 

exposure assessment of nanoparticles in the workplace." Journal of Nanoparticle Research 14(9): 

1126. 

Hamzeh, M. and G. I. Sunahara (2013). "In vitro cytotoxicity and genotoxicity studies of titanium 

dioxide (TiO2) nanoparticles in Chinese hamster lung fibroblast cells." Toxicol In Vitro 27(2): 

864-873. 

Hanna, K. S., J. R. Miller and S. H. Lenihan (2014). "Accumulation and toxicity of copper oxide 

engineered nanoparticles in a marine mussel." Nanomaterials 4(3): 535-547. 

Hanna, S. K., R. J. Miller, D. Zhou, A. A. Keller and H. S. Lenihan (2013). "Accumulation and 

toxicity of metal oxide nanoparticles in a soft-sediment estuarine amphipod." Aquat Toxicol 142-

143: 441-446. 

Hannon, J. C., J. P. Kerry, M. Cruz-Romero, S. Azlin-Hasim, M. Morris and E. Cummins (2016). 

"Human exposure assessment of silver and copper migrating from an antimicrobial nanocoated 

packaging material into an acidic food simulant." Food and Chemical Toxicology 95(Supplement 

C): 128-136. 

Hansen, S. F., K. A. Jensen and A. Baun (2014). "NanoRiskCat: a conceptual tool for 

categorization and communication of exposure potentials and hazards of nanomaterials in 

consumer products." Journal of Nanoparticle Research 16(1): 1-25. 

Hedberg, J., H. L. Karlsson, Y. Hedberg, E. Blomberg and I. Odnevall Wallinder (2016). "The 

importance of extracellular speciation and corrosion of copper nanoparticles on lung cell 

membrane integrity." Colloids and Surfaces B: Biointerfaces 141(Supplement C): 291-300. 

Heinlaan, M., A. Ivask, I. Blinova, H. C. Dubourguier and A. Kahru (2008). "Toxicity of nanosized 

and bulk ZnO, CuO and TiO2 to bacteria Vibrio fischeri and crustaceans Daphnia magna and 

Thamnocephalus platyurus." Chemosphere 71(7): 1308-1316. 

Ho, M., K. Y. Wu, H. M. Chein, L. C. Chen and T. J. Cheng (2011). "Pulmonary toxicity of inhaled 

nanoscale and fine zinc oxide particles: mass and surface area as an exposure metric." Inhalation 

Toxicology 23(14): 947-956. 

Holbrook, D., D. Motabar, O. Quinones, B. Stanford, B. Vanderford and D. Moss (2013). 

"Titanium distribution in swimming pool water is dominated by dissolved species." Environ Pollut 

181: 68-74. 

Hong, F., J. Hong, L. Wang, Y. Zhou, D. Liu, B. Xu, X. Yu and L. Sheng (2015). "Chronic 

exposure to nanoparticulate TiO2 causes renal fibrosis involving activation of the Wnt pathway in 

mouse kidney." J Agric Food Chem 63(5): 1639-1647. 



 

 

302 

Hong, F., W. Si, X. Zhao, L. Wang, Y. Zhou, M. Chen, Y. Ge, Q. Zhang, Y. Wang and J. Zhang 

(2015). "TiO2 nanoparticle exposure decreases spermatogenesis via biochemical dysfunctions in 

the testis of male mice." Journal of Agricultural and Food Chemistry 63(31): 7084-7092. 

Hong, T.-K., N. Tripathy, H.-J. Son, K.-T. Ha, H.-S. Jeong and Y.-B. Hahn (2013). "A 

comprehensive in vitro and in vivo study of ZnO nanoparticles toxicity." J Mater Chem B 1(23): 

2985-2992. 

Hsiao, I. L. and Y. J. Huang (2013). "Effects of serum on cytotoxicity of nano- and micro-sized 

ZnO particles." Journal of Nanoparticle Research 15: 1829. 

Hsu, L.-Y. and H.-M. Chein (2007). "Evaluation of nanoparticle emission for TiO2 nanopowder 

coating materials." Journal of Nanoparticle Research 9(1): 157-163. 

Hu, C. W., M. Li, Y. B. Cui, D. S. Li, J. Chen and L. Y. Yang (2010). "Toxicological effects of 

TiO2 and ZnO nanoparticles in soil on earthworm Eisenia fetida." Soil Biology and Biochemistry 

42(4): 586-591. 

Hu, W., S. Culloty, G. Darmody, S. Lynch, J. Davenport, S. Ramirez-Garcia, K. A. Dawson, I. 

Lynch, J. Blasco and D. Sheehan (2014). "Toxicity of copper oxide nanoparticles in the blue 

mussel, Mytilus edulis: A redox proteomic investigation." Chemosphere 108: 289-299. 

Hu, X., S. Cook, P. Wang and H. M. Hwang (2009). "In vitro evaluation of cytotoxicity of 

engineered metal oxide nanoparticles." Science of the Total Environment 407(8): 3070-3072. 

Isani, G., M. L. Falcioni, G. Barucca, D. Sekar, G. Andreani, E. Carpenè and G. Falcioni (2013). 

"Comparative toxicity of CuO nanoparticles and CuSO4 in rainbow trout." Ecotoxicol Environ 

Saf 97: 40-46. 

Ivask, A., O. Bondarenko, N. Jepihhina and A. Kahru (2010). "Profiling of the reactive oxygen 

species-related ecotoxicity of CuO, ZnO, TiO(2), silver and fullerene nanoparticles using a set of 

recombinant luminescent Escherichia coli strains: differentiating the impact of particles and 

solubilised metals." Analytical and Bioanalytical Chemistry 398(2): 701-716. 

Jeong, S. H., H. J. Kim, H. J. Ryu, W. I. Ryu, Y. H. Park, H. C. Bae, Y. S. Jang and S. W. Son 

(2013). "ZnO nanoparticles induce TNF-α expression via ROS-ERK-Egr-1 pathway in human 

keratinocytes." J Dermatol Sci 72(3): 263-273. 

Jo, H. J., J. W. Choi, S. H. Lee and S. W. Hong (2012). "Acute toxicity of Ag and CuO nanoparticle 

suspensions against Daphnia magna: the importance of their dissolved fraction varying with 

preparation methods." J Hazard Mater 227-228: 301-308. 



 

 

303 

Jose, G. P., S. Santra, S. K. Mandal and T. K. Sengupta (2011). "Singlet oxygen mediated DNA 

degradation by copper nanoparticles: potential towards cytotoxic effect on cancer cells." J 

Nanobiotechnol 9(1): 9. 

Juang, Y. M., B. H. Lai, H. J. Chien, M. Ho, T. J. Cheng and C. C. Lai (2014). "Changes in protein 

expression in rat bronchoalveolar lavage fluid after exposure to zinc oxide nanoparticles: an 

iTRAQ proteomic approach." Rapid communications in mass spectrometry 28(8): 974-980. 

Jugan, M. L., S. Barillet, A. Simon-Deckers, N. Herlin-Boime, S. Sauvaigo, T. Douki and M. 

Carriere (2012). "Titanium dioxide nanoparticles exhibit genotoxicity and impair DNA repair 

activity in A549 cells." Nanotoxicology 6(5): 501-513. 

Kaegi, R., A. Ulrich, B. Sinnet, R. Vonbank, A. Wichser, S. Zuleeg, H. Simmler, S. Brunner, H. 

Vonmont, M. Burkhardt and M. Boller (2008). "Synthetic TiO2 nanoparticle emission from 

exterior facades into the aquatic environment." Environ Pollut 156(2): 233-239. 

Karlsson, H. L., P. Cronholm, J. Gustafsson and L. Möller (2008). "Copper oxide nanoparticles 

are highly toxic: a comparison between metal oxide nanoparticles and carbon nanotubes." 

Chemical Research in Toxicology 21(9): 1726-1732. 

Karlsson, H. L., P. Cronholm, Y. Hedberg, M. Tornberg, L. De Battice, S. Svedhem and I. O. 

Wallinder (2013). "Cell membrane damage and protein interaction induced by copper containing 

nanoparticles—Importance of the metal release process." Toxicology 313(1): 59-69. 

Karlsson, H. L., J. Gustafsson, P. Cronholm and L. Möller (2009). "Size-dependent toxicity of 

metal oxide particles--a comparison between nano- and micrometer size." Toxicology Letters 

188(2): 112-118. 

Kasemets, K., A. Ivask, H. C. Dubourguier and A. Kahru (2009). "Toxicity of nanoparticles of 

ZnO, CuO and TiO2 to yeast Saccharomyces cerevisiae." Toxicol In Vitro 23(6): 1116-1122. 

Kaweeteerawat, C., A. Ivask, R. Liu, H. Zhang, C. H. Chang, C. Low-Kam, H. Fischer, Z. Ji, S. 

Pokhrel, Y. Cohen, D. Telesca, J. Zink, L. Mädler, P. A. Holden, A. Nel and H. Godwin (2015). 

"Toxicity of metal oxide nanoparticles in Escherichia coli correlates with conduction band and 

hydration energies." Environ Sci Technol 49(2): 1105-1112. 

Keller, A. A., S. McFerran, A. Lazareva and S. Suh (2013). "Global life cycle releases of 

engineered nanomaterials." Journal of Nanoparticle Research 15(6). 

Keller, A. A., W. Vosti, H. Wang and A. Lazareva (2014). "Release of engineered nanomaterials 

from personal care products throughout their life cycle." Journal of Nanoparticle 

Research 16(7): 2489. 



 

 

304 

Keller, A. A., H. Wang, D. Zhou, H. S. Lenihan, G. Cherr, B. J. Cardinale, R. Miller and Z. Ji 

(2010). "Stability and aggregation of metal oxide nanoparticles in natural aqueous matrices." 

Environ. Sci. Technol 44(6): 1962-1967. 

Kermanizadeh, A., B. K. Gaiser, G. R. Hutchison and V. Stone (2012). "An in vitro liver model - 

assessing oxidative stress and genotoxicity following exposure of hepatocytes to a panel of 

engineered nanomaterials." Particle and Fibre Toxicology 9(1): 28. 

Kim, Y. H., F. Fazlollahi, I. M. Kennedy, N. R. Yacobi, S. F. Hamm-Alvarez, Z. Borok, K. J. Kim 

and E. D. Crandall (2010). "Alveolar epithelial cell injury due to zinc oxide nanoparticle 

exposure." Am J Respir Crit Care Med 182(11): 1398-1409. 

Kobayashi, N., M. Naya, S. Endoh, J. Maru, K. Yamamoto and J. Nakanishi (2009). "Comparative 

pulmonary toxicity study of nano-TiO2 particles of different sizes and agglomerations in rats: 

different short-and long-term post-instillation results." Toxicology 264(1-2): 110-118. 

Koivisto, A. J., J. Lyyränen, A. Auvinen, E. Vanhala, K. Hämeri, T. Tuomi and J. Jokiniemi 

(2012). "Industrial worker exposure to airborne particles during the packing of pigment and 

nanoscale titanium dioxide." Inhalation Toxicology 24(12): 839-849. 

Komatsu, T., M. Tabata, M. Kubo-Irie, T. Shimizu, K. Suzuki, Y. Nihei and K. Takeda (2008). 

"The effects of nanoparticles on mouse testis Leydig cells in vitro." Toxicol In Vitro 22(8): 1825-

1831. 

Kumari, M., S. S. Khan, S. Pakrashi, A. Mukherjee and N. Chandrasekaran (2011). "Cytogenetic 

and genotoxic effects of zinc oxide nanoparticles on root cells of Allium cepa." J Hazard Mater 

190(1-3): 613-621. 

Kwon, J. Y., S. Y. Lee, P. Koedrith, J. Y. Lee, K.-M. Kim, J.-M. Oh, S. I. Yang, M.-K. Kim, J. K. 

Lee and J. Jeong (2014). "Lack of genotoxic potential of ZnO nanoparticles in in vitro and in vivo 

tests." Mutat Res Genet Toxicol Environ Mutagen 761: 1-9. 

Lazareva, A. and A. A. Keller (2014). "Estimating potential life cycle releases of engineered 

nanomaterials from wastewater treatment plants." ACS Sustainable Chemistry & Engineering 

2(7): 1656-1665. 

Lee, J. H., M. Kwon, J. H. Ji, C. S. Kang, K. H. Ahn, J. H. Han and I. J. Yu (2011). "Exposure 

assessment of workplaces manufacturing nanosized TiO2 and silver." Inhalation Toxicology 

23(4): 226-236. 

Lee, S.-W., S.-M. Kim and J. Choi (2009). "Genotoxicity and ecotoxicity assays using the 

freshwater crustacean Daphnia magna and the larva of the aquatic midge Chironomus riparius to 



 

 

305 

screen the ecological risks of nanoparticle exposure." Environmental Toxicology and 

Pharmacology 28(1): 86-91. 

Li, C. H., C. C. Shen, Y. W. Cheng, S. H. Huang, C. C. Wu, C. C. Kao, J. W. Liao and J. J. Kang 

(2012). "Organ biodistribution, clearance, and genotoxicity of orally administered zinc oxide 

nanoparticles in mice." Nanotoxicology 6(7): 746-756. 

Li, S., L. K. Wallis, S. A. Diamond, H. Ma and D. J. Hoff (2014). "Species sensitivity and 

dependence on exposure conditions impacting the phototoxicity of TiO2 nanoparticles to benthic 

organisms." Environmental Toxicology and Chemistry 33(7): 1563-1569. 

Liao, C.-M., Y.-H. Chiang and C.-P. Chio (2008). "Model-based assessment for human inhalation 

exposure risk to airborne nano/fine titanium dioxide particles." Science of The Total Environment 

407(1): 165-177. 

Lim, J. H., P. Sisco, T. K. Mudalige, G. Sánchez-Pomales, P. C. Howard and S. W. Linder (2015). 

"Detection and characterization of SiO2 and TiO2 nanostructures in dietary supplements." Journal 

of Agricultural and Food Chemistry 63(12): 3144-3152. 

Lin, Q. B., H. Li, H. N. Zhong, Q. Zhao, D. H. Xiao and Z. W. Wang (2014). "Migration of Ti 

from nano-TiO₂-polyethylene composite packaging into food simulants." Food Addit Contam Part 

A Chem Anal Control Expo Risk Assess 31(7): 1284-1290. 

Lin, S., A. A. Taylor, Z. Ji, C. H. Chang, N. M. Kinsinger, W. Ueng, S. L. Walker and A. E. Nel 

(2015). "Understanding the transformation, speciation, and hazard potential of copper particles in 

a model septic tank system using zebrafish to monitor the effluent." ACS nano 9(2): 2038-2048. 

Lin, W., Y. Xu, C.-C. Huang, Y. Ma, K. B. Shannon, D.-R. Chen and Y.-W. Huang (2009). 

"Toxicity of nano- and micro-sized ZnO particles in human lung epithelial cells." Journal of 

Nanoparticle Research 11(1): 25-39. 

Lindberg, H. K., G. C. M. Falck, J. Catalán, A. J. Koivisto, S. Suhonen, H. Järventaus, E. M. Rossi, 

H. Nykäsenoja, Y. Peltonen, C. Moreno, H. Alenius, T. Tuomi, K. M. Savolainen and H. Norppa 

(2012). "Genotoxicity of inhaled nanosized TiO2 in mice." Mutat Res Genet Toxicol Environ 

Mutagen 745(1–2): 58-64. 

Liou, S. H., C. S. Tsai, D. Pelclova, M. K. Schubauer-Berigan and P. A. Schulte (2015). "Assessing 

the first wave of epidemiological studies of nanomaterial workers." Journal of Nanoparticle 

Research 17: 413. 

Liu, H. H., M. Bilal, A. Lazareva, A. Keller and Y. Cohen (2015). "Simulation tool for assessing 

the release and environmental distribution of nanomaterials." Beilstein journal of nanotechnology 

6: 938. 



 

 

306 

Liu, H. H. and Y. Cohen (2014). "Multimedia environmental distribution of engineered 

nanomaterials." Environ Sci Technol 48(6): 3281-3292. 

Liu, R., H. Y. Zhang, Z. X. Ji, R. Rallo, T. Xia, C. H. Chang, A. Nel and Y. Cohen (2013). 

"Development of structure-activity relationship for metal oxide nanoparticles." Nanoscale 5(12): 

5644-5653. 

Lorenz, C., H. Hagendorfer, N. von Goetz, R. Kaegi, R. Gehrig, A. Ulrich, M. Scheringer and K. 

Hungerbühler (2011). "Nanosized aerosols from consumer sprays: experimental analysis and 

exposure modeling for four commercial products." Journal of Nanoparticle Research 13(8): 3377-

3391. 

Lorenz, C., N. Von Goetz, M. Scheringer, M. Wormuth and K. Hungerbuehler (2011). "Potential 

exposure of German consumers to engineered nanoparticles in cosmetics and personal care 

products." Nanotoxicology 5(1): 12-29. 

Luo, M., C. Shen, B. N. Feltis, L. L. Martin, A. E. Hughes, P. F. A. Wright and T. W. Turney 

(2014). "Reducing ZnO nanoparticle cytotoxicity by surface modification." Nanoscale 6(11): 

5791-5798. 

Lv, J., S. Zhang, L. Luo, J. Zhang, K. Yang and P. Christie (2015). "Accumulation, speciation and 

uptake pathway of ZnO nanoparticles in maize." Environmental Science: Nano 2(1): 68-77. 

Manusadžianas, L., C. Caillet, L. Fachetti, B. Gylytė, R. Grigutytė, S. Jurkonienė, R. Karitonas, 

K. Sadauskas, F. Thomas, R. Vitkus and J. F. Férard (2012). "Toxicity of copper oxide nanoparticle 

suspensions to aquatic biota." Environ Toxicol Chem 31(1): 108-114. 

Manzo, S., M. L. Miglietta, G. Rametta, S. Buono and G. Di Francia (2013). "Toxic effects of ZnO 

nanoparticles towards marine algae Dunaliella tertiolecta." Science of the Total Environment 445-

446: 371-376. 

Markus, A. A., J. R. Parsons, E. W. M. Roex, P. De Voogt and R. Laane (2016). "Modelling the 

transport of engineered metallic nanoparticles in the river Rhine." Water research 91: 214-224. 

Miao, A. J., X. Y. Zhang, Z. Luo, C. S. Chen, W. C. Chin, P. H. Santschi and A. Quigg (2010). 

"Zinc oxide-engineered nanoparticles: dissolution and toxicity to marine phytoplankton." Environ 

Toxicol Chem 29(12): 2814-2822. 

Miao, L., C. Wang, J. Hou, P. Wang, Y. Ao, Y. Li, N. Geng, Y. Yao, B. Lv, Y. Yang, G. You and 

Y. Xu (2016). "Aggregation and removal of copper oxide (CuO) nanoparticles in wastewater 

environment and their effects on the microbial activities of wastewater biofilms." Bioresour 

Technol 216: 537-544. 



 

 

307 

Midander, K., P. Cronholm, H. L. Karlsson, K. Elihn, L. Möller, C. Leygraf and I. O. Wallinder 

(2009). "Surface characteristics, copper release, and toxicity of nano- and micrometer-sized copper 

and copper(II) oxide particles: a cross-disciplinary study." Small 5(3): 389-399. 

Mihai, C., W. B. Chrisler, Y. Xie, D. Hu, C. J. Szymanski, A. Tolic, J. A. Klein, J. N. Smith, B. J. 

Tarasevich and G. Orr (2015). "Intracellular accumulation dynamics and fate of zinc ions in 

alveolar epithelial cells exposed to airborne ZnO nanoparticles at the air-liquid interface." 

Nanotoxicology 9(1): 9-22. 

Minetto, D., G. Libralato and A. Volpi Ghirardini (2014). "Ecotoxicity of engineered TiO2 

nanoparticles to saltwater organisms: an overview." Environ Int 66: 18-27. 

Misra, S. K., S. Nuseibeh, A. Dybowska, D. Berhanu, T. D. Tetley and E. Valsami-Jones (2014). 

"Comparative study using spheres, rods and spindle-shaped nanoplatelets on dispersion stability, 

dissolution and toxicity of CuO nanomaterials." Nanotoxicology 8(4): 422-432. 

Monteiller, C., L. Tran, W. MacNee, S. Faux, A. Jones, B. Miller and K. Donaldson (2007). "The 

pro-inflammatory effects of low-toxicity low-solubility particles, nanoparticles and fine particles, 

on epithelial cells in vitro: the role of surface area." Occupational and Environmental Medicine 

64(9): 609-615. 

Mortimer, M., K. Kasemets, M. Vodovnik, R. Marinsek-Logar and A. Kahru (2011). "Exposure 

to CuO nanoparticles changes the fatty acid composition of protozoa Tetrahymena thermophila." 

Environ Sci Technol 45(15): 6617-6624. 

Mueller, N. C. and B. Nowack (2008). "Exposure modeling of engineered nanoparticles in the 

environment." Environmental Science & Technology 42(12): 4447-4453. 

Navarro, E., A. Baun, R. Behra, N. B. Hartmann, J. Filser, A.-J. Miao, A. Quigg, P. H. Santschi 

and L. Sigg (2008). "Environmental behavior and ecotoxicity of engineered nanoparticles to algae, 

plants, and fungi." Ecotoxicology 17(5): 372-386. 

Navratilova, J., A. Praetorius, A. Gondikas, W. Fabienke, F. von der Kammer and T. Hofmann 

(2015). "Detection of engineered copper nanoparticles in soil using single particle ICP-MS." 

International Journal of Environmental Research and Public Health 12(12). 

Naya, M., N. Kobayashi, M. Ema, S. Kasamoto, M. Fukumuro, S. Takami, M. Nakajima, M. 

Hayashi and J. Nakanishi (2012). "In vivo genotoxicity study of titanium dioxide nanoparticles 

using comet assay following intratracheal instillation in rats." Regulatory Toxicology and 

Pharmacology 62(1): 1-6. 



 

 

308 

Nazarenko, Y., T. W. Han, P. J. Lioy and G. Mainelis (2011). "Potential for exposure to engineered 

nanoparticles from nanotechnology-based consumer spray products." J Expo Sci Environ 

Epidemiol 21(5): 515-528. 

Nohynek, G. J. and E. K. Dufour (2012). "Nano-sized cosmetic formulations or solid nanoparticles 

in sunscreens: a risk to human health?" Arch Toxicol 86(7): 1063-1075. 

Notter, D. A., D. M. Mitrano and B. Nowack (2014). "Are nanosized or dissolved metals more 

toxic in the environment? A meta-analysis." Environ Toxicol Chem 33(12): 2733-2739. 

Nowack, B., J. F. Ranville, S. Diamond, J. A. Gallego-Urrea, C. Metcalfe, J. Rose, N. Horne, A. 

A. Koelmans and S. J. Klaine (2012). "Potential scenarios for nanomaterial release and subsequent 

alteration in the environment." Environmental Toxicology and Chemistry 31(1): 50-59. 

O'Brien, N. and E. Cummins (2010). "Nano-scale pollutants: fate in Irish surface and drinking 

water regulatory systems." Human and Ecological Risk Assessment 16(4): 847-872. 

O'Brien, N. J. and E. J. Cummins (2011). "A risk assessment framework for assessing metallic 

nanomaterials of environmental concern: aquatic exposure and behavior." Risk Analysis 31(5): 

706-726. 

Ogura, I., H. Sakurai and M. Gamo (2011). "Onsite aerosol measurements for various engineered 

nanomaterials at industrial manufacturing plants." J Phys Conf Ser 304(1): 012004. 

Osman, I. F., A. Baumgartner, E. Cemeli, J. N. Fletcher and D. Anderson (2010). "Genotoxicity 

and cytotoxicity of zinc oxide and titanium dioxide in HEp-2 cells." Nanomedicine (Lond) 5(8): 

1193-1203. 

Osmond-McLeod, M. J., R. I. Osmond, Y. Oytam, M. J. McCall, B. Feltis, A. Mackay-Sim, S. A. 

Wood and A. L. Cook (2013). "Surface coatings of ZnO nanoparticles mitigate differentially a 

host of transcriptional, protein and signalling responses in primary human olfactory cells." Part 

Fibre Toxicol 10(1): 54. 

Osmond, M. J. and M. J. McCall (2010). "Zinc oxide nanoparticles in modern sunscreens: an 

analysis of potential exposure and hazard." Nanotoxicology 4(1): 15-41. 

Pakrashi, S., N. Jain, S. Dalai, J. Jayakumar, P. T. Chandrasekaran, A. M. Raichur, N. 

Chandrasekaran and A. Mukherjee (2014). "In vivo genotoxicity assessment of titanium dioxide 

nanoparticles by Allium cepa root tip assay at high exposure concentrations." PLoS One 9(2): 

e87789. 



 

 

309 

Papa, E., J. P. Doucet and A. Doucet-Panaye (2015). "Linear and non-linear modelling of the 

cytotoxicity of TiO2 and ZnO nanoparticles by empirical descriptors." SAR QSAR Environ Res 

26(7-9): 647-665. 

Park, E. J., J. Yoon, K. Choi, J. Yi and K. Park (2009). "Induction of chronic inflammation in mice 

treated with titanium dioxide nanoparticles by intratracheal instillation." Toxicology 260(1-3): 37-

46. 

Pasupuleti, S., S. Alapati, S. Ganapathy, G. Anumolu, N. R. Pully and B. M. Prakhya (2012). 

"Toxicity of zinc oxide nanoparticles through oral route." Toxicology and industrial health 28(8): 

675-686. 

Pathakoti, K., M. J. Huang, J. D. Watts, X. He and H. M. Hwang (2014). "Using experimental data 

of Escherichia coli to develop a QSAR model for predicting the photo-induced cytotoxicity of 

metal oxide nanoparticles." J Photochem Photobiol B 130: 234-240. 

Pelclova, D., H. Barosova, J. Kukutschova, V. Zdimal, T. Navratil, Z. Fenclova, S. Vlckova, J. 

Schwarz, N. Zikova, P. Kacer, M. Komarc, J. Belacek and S. Zakharov (2015). "Raman 

microspectroscopy of exhaled breath condensate and urine in workers exposed to fine and nano 

TiO 2 particles: a cross-sectional study." Journal of Breath Research 9(3): 036008. 

Peng, X., S. Palma, N. S. Fisher and S. S. Wong (2011). "Effect of morphology of ZnO 

nanostructures on their toxicity to marine algae." Aquat Toxicol 102(3-4): 186-196. 

Perreault, F., S. Pedroso Melegari, C. Henning da Costa, A. L. de Oliveira Franco Rossetto, R. 

Popovic and W. Gerson Matias (2012). "Genotoxic effects of copper oxide nanoparticles in Neuro 

2A cell cultures." Science of the Total Environment 441: 117-124. 

Petković, J., T. Küzma, K. Rade, S. Novak and M. Filipič (2011). "Pre-irradiation of anatase TiO2 

particles with UV enhances their cytotoxic and genotoxic potential in human hepatoma HepG2 

cells." Journal of Hazardous Materials 196: 145-152. 

Petković, J., B. Zegura, M. Stevanović, N. Drnovšek, D. Uskoković, S. Novak and M. Filipič 

(2011). "DNA damage and alterations in expression of DNA damage responsive genes induced by 

TiO2 nanoparticles in human hepatoma HepG2 cells." Nanotoxicology 5(3): 341-353. 

Pettibone, J. M., A. Adamcakova-Dodd, P. S. Thorne, P. T. O'Shaughnessy, J. A. Weydert and V. 

H. Grassian (2008). "Inflammatory response of mice following inhalation exposure to iron and 

copper nanoparticles." Nanotoxicology 2(4): 189-204. 

Pini, M., B. Salieri, A. M. Ferrari, B. Nowack and R. Hischier (2016). "Human health 

characterization factors of nano-TiO2 for indoor and outdoor environments." Int J Life Cycle 

Assess 21(10): 1452-1462. 



 

 

310 

Pirela, S. V., G. A. Sotiriou, D. Bello, M. Shafer, K. L. Bunker, V. Castranova, T. Thomas and P. 

Demokritou (2015). "Consumer exposures to laser printer-emitted engineered nanoparticles: a case 

study of life-cycle implications from nano-enabled products." Nanotoxicology 9(6): 760-768. 

Prach, M., V. Stone and L. Proudfoot (2013). "Zinc oxide nanoparticles and monocytes: impact of 

size, charge and solubility on activation status." Toxicology and applied pharmacology 266(1): 

19-26. 

Pradhan, A., S. Seena, C. Pascoal and F. Cássio (2012). "Copper oxide nanoparticles can induce 

toxicity to the freshwater shredder Allogamus ligonifer." Chemosphere 89(9): 1142-1150. 

Praetorius, A., M. Scheringer and K. Hungerbuehler (2012). "Development of environmental fate 

models for engineered nanoparticles-a case study of TiO2 nanoparticles in the Rhine river." 

Environmental Science & Technology 46(12): 6705-6713. 

Prasad, R. Y., K. Wallace, K. M. Daniel, A. H. Tennant, R. M. Zucker, J. Strickland, K. Dreher, 

A. D. Kligerman, C. F. Blackman and D. M. Demarini (2013). "Effect of treatment media on the 

agglomeration of titanium dioxide nanoparticles: impact on genotoxicity, cellular interaction, and 

cell cycle." ACS Nano 7(3): 1929-1942. 

Pu, Y., F. Tang, P.-M. Adam, B. Laratte and R. E. Ionescu (2016). "Fate and characterization 

factors of nanoparticles in seventeen subcontinental freshwaters: A case study on copper 

nanoparticles." Environmental science & technology 50(17): 9370-9379. 

Puzyn, T., B. Rasulev, A. Gajewicz, X. Hu, T. P. Dasari, A. Michalkova, H.-M. Hwang, A. 

Toropov, D. Leszczynska and J. Leszczynski (2011). "Using nano-QSAR to predict the 

cytotoxicity of metal oxide nanoparticles." Nature Nanotechnology 6(3): 175-178. 

Raemy, D. O., R. N. Grass, W. J. Stark, C. M. Schumacher, M. J. Clift, P. Gehr and B. Rothen-

Rutishauser (2012). "Effects of flame made zinc oxide particles in human lung cells - a comparison 

of aerosol and suspension exposures." Part Fibre Toxicol 9: 33. 

Ren, G., D. Hu, E. W. C. Cheng, M. A. Vargas-Reus, P. Reip and R. P. Allaker (2009). 

"Characterisation of copper oxide nanoparticles for antimicrobial applications." International 

Journal of Antimicrobial Agents 33(6): 587-590. 

Roszak, J., M. Stępnik, M. Nocuń, M. Ferlińska, A. Smok-Pieniążek, J. Grobelny, E. 

Tomaszewska, W. Wąsowicz and M. Cieślak (2013). "A strategy for in vitro safety testing of 

nanotitania-modified textile products." J Hazard Mater 256-257: 67-75. 

Roy, R., V. Parashar, L. K. Chauhan, R. Shanker, M. Das, A. Tripathi and P. D. Dwivedi (2014). 

"Mechanism of uptake of ZnO nanoparticles and inflammatory responses in macrophages require 

PI3K mediated MAPKs signaling." Toxicol In Vitro 28(3): 457-467. 



 

 

311 

Roy, R., S. K. Singh, M. Das, A. Tripathi and P. D. Dwivedi (2014). "Toll-like receptor 6 mediated 

inflammatory and functional responses of zinc oxide nanoparticles primed macrophages." 

Immunology 142(3): 453-464. 

Saber, A. T., N. R. Jacobsen, A. Mortensen, J. Szarek, P. Jackson, A. M. Madsen, K. A. Jensen, I. 

K. Koponen, G. Brunborg and K. B. Gützkow (2012). "Nanotitanium dioxide toxicity in mouse 

lung is reduced in sanding dust from paint." Particle and fibre toxicology 9(1): 1-15. 

Sahu, D., G. M. Kannan and R. Vijayaraghavan (2014). "Size-dependent effect of zinc oxide on 

toxicity and inflammatory potential of human monocytes." J Toxicol Environ Health A 77(4): 177-

191. 

Sahu, D., G. M. Kannan, R. Vijayaraghavan, T. Anand and F. Khanum (2013). "Nanosized zinc 

oxide induces toxicity in human lung cells." ISRN Toxicology 2013: 316075. 

Sang, X., L. Zheng, Q. Sun, N. Li, Y. Cui, R. Hu, G. Gao, Z. Cheng, J. Cheng, S. Gui, H. Liu, Z. 

Zhang and F. Hong (2012). "The chronic spleen injury of mice following long-term exposure to 

titanium dioxide nanoparticles." J Biomed Mater Res A 100(4): 894-902. 

Saquib, Q., A. A. Al-Khedhairy, M. A. Siddiqui, F. M. Abou-Tarboush, A. Azam and J. Musarrat 

(2012). "Titanium dioxide nanoparticles induced cytotoxicity, oxidative stress and DNA damage 

in human amnion epithelial (WISH) cells." Toxicol In Vitro 26(2): 351-361. 

Sarkar, J., M. Ghosh, A. Mukherjee, D. Chattopadhyay and K. Acharya (2014). "Biosynthesis and 

safety evaluation of ZnO nanoparticles." Bioprocess Biosyst Eng 37(2): 165-171. 

Sayes, C. M., P. A. Smith and I. V. Ivanov (2013). "A framework for grouping nanoparticles based 

on their measurable characteristics." Int J Nanomedicine 8 Suppl 1: 45-56. 

Schilling, K., B. Bradford, D. Castelli, E. Dufour, J. F. Nash, W. Pape, S. Schulte, I. Tooley, J. van 

den Bosch and F. Schellauf (2010). "Human safety review of "nano" titanium dioxide and zinc 

oxide." Photochemical & Photobiological Sciences 9(4): 495-509. 

Sekar, D., M. L. Falcioni, G. Barucca and G. Falcioni (2014). "DNA damage and repair following 

In vitro exposure to two different forms of titanium dioxide nanoparticles on trout erythrocyte." 

Environ Toxicol 29(1): 117-127. 

Semisch, A., J. Ohle, B. Witt and A. Hartwig (2014). "Cytotoxicity and genotoxicity of nano - and 

microparticulate copper oxide: role of solubility and intracellular bioavailability." Particle and 

Fibre Toxicology 11. 



 

 

312 

Setyawati, M. I., C. Y. Tay, S. L. Chia, S. L. Goh, W. Fang, M. J. Neo, H. C. Chong, S. M. Tan, 

S. C. Loo, K. W. Ng, J. P. Xie, C. N. Ong, N. S. Tan and D. T. Leong (2013). "Titanium dioxide 

nanomaterials cause endothelial cell leakiness by disrupting the homophilic interaction of VE-

cadherin." Nat Commun 4: 1673. 

Shandilya, N., O. Le Bihan, C. Bressot and M. Morgeneyer (2015). "Emission of titanium dioxide 

nanoparticles from building materials to the environment by wear and weather." Environmental 

Science & Technology 49(4): 2163-2170. 

Sharma, V., D. Anderson and A. Dhawan (2012). "Zinc oxide nanoparticles induce oxidative DNA 

damage and ROS-triggered mitochondria mediated apoptosis in human liver cells (HepG2)." 

Apoptosis 17(8): 852-870. 

Sharma, V., R. K. Shukla, N. Saxena, D. Parmar, M. Das and A. Dhawan (2009). "DNA damaging 

potential of zinc oxide nanoparticles in human epidermal cells." Toxicology Letters 185(3): 211-

218. 

Sharma, V., P. Singh, A. K. Pandey and A. Dhawan (2012). "Induction of oxidative stress, DNA 

damage and apoptosis in mouse liver after sub-acute oral exposure to zinc oxide nanoparticles." 

Mutat Res 745(1-2): 84-91. 

Sharma, V., S. K. Singh, D. Anderson, D. J. Tobin and A. Dhawan (2011). "Zinc oxide 

nanoparticle induced genotoxicity in primary human epidermal keratinocytes." J Nanosci 

Nanotechnol 11(5): 3782-3788. 

Sharma, V. K. (2009). "Aggregation and toxicity of titanium dioxide nanoparticles in aquatic 

environment--a review." J Environ Sci Health A Tox Hazard Subst Environ Eng 44(14): 1485-

1495. 

Shen, C., S. A. James, M. D. de Jonge, T. W. Turney, P. F. Wright and B. N. Feltis (2013). 

"Relating cytotoxicity, zinc ions, and reactive oxygen in ZnO nanoparticle-exposed human 

immune cells." Toxicological Sciences 136(1): 120-130. 

Shen, C., T. W. Turney, T. J. Piva, B. N. Feltis and P. F. Wright (2014). "Comparison of UVA-

induced ROS and sunscreen nanoparticle-generated ROS in human immune cells." Photochemical 

& Photobiological Sciences 13(5): 781-788. 

Shi, J., H. L. Karlsson, K. Johansson, V. Gogvadze, L. Xiao, J. Li, T. Burks, A. Garcia-Bennett, 

A. Uheida, M. Muhammed, S. Mathur, R. Morgenstern, V. E. Kagan and B. Fadeel (2012). 

"Microsomal glutathione transferase 1 protects against toxicity induced by silica nanoparticles but 

not by zinc oxide nanoparticles." ACS Nano 6(3): 1925-1938. 



 

 

313 

Shi, L. E., Z. H. Li, W. Zheng, Y. F. Zhao, Y. F. Jin and Z. X. Tang (2014). "Synthesis, antibacterial 

activity, antibacterial mechanism and food applications of ZnO nanoparticles: a review." Food 

Addit Contam Part A Chem Anal Control Expo Risk Assess 31(2): 173-186. 

Shimizu, M., H. Tainaka, T. Oba, K. Mizuo, M. Umezawa and K. Takeda (2009). "Maternal 

exposure to nanoparticulate titanium dioxide during the prenatal period alters gene expression 

related to brain development in the mouse." Part Fibre Toxicol 6: 20. 

Shrivastava, R., S. Raza, A. Yadav, P. Kushwaha and S. J. Flora (2014). "Effects of sub-acute 

exposure to TiO2, ZnO and Al2O3 nanoparticles on oxidative stress and histological changes in 

mouse liver and brain." Drug Chem Toxicol 37(3): 336-347. 

Shukla, R. K., A. Kumar, D. Gurbani, A. K. Pandey, S. Singh and A. Dhawan (2013). "TiO(2) 

nanoparticles induce oxidative DNA damage and apoptosis in human liver cells." Nanotoxicology 

7(1): 48-60. 

Shukla, R. K., V. Sharma, A. K. Pandey, S. Singh, S. Sultana and A. Dhawan (2011). "ROS-

mediated genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells." 

Toxicol In Vitro 25(1): 231-241. 

Sizochenko, N., B. Rasulev, A. Gajewicz, V. Kuz'min, T. Puzyn and J. Leszczynski (2014). "From 

basic physics to mechanisms of toxicity: the "liquid drop" approach applied to develop predictive 

classification models for toxicity of metal oxide nanoparticles." Nanoscale 6(22): 13986-13993. 

Spinazzè, A., A. Cattaneo, M. Limonta, V. Bollati, P. A. Bertazzi and D. M. Cavallo (2016). 

"Titanium dioxide nanoparticles: occupational exposure assessment in the photocatalytic paving 

production." Journal of Nanoparticle Research 18(6): 1-12. 

Srivastava, R. K., Q. Rahman, M. P. Kashyap, M. Lohani and A. B. Pant (2011). "Ameliorative 

effects of dimetylthiourea and n-acetylcysteine on nanoparticles induced cyto-genotoxicity in 

human lung cancer cells-A549." PLoS One 6(9): e25767. 

Studer, A. M., L. K. Limbach, L. Van Duc, F. Krumeich, E. K. Athanassiou, L. C. Gerber, H. 

Moch and W. J. Stark (2010). "Nanoparticle cytotoxicity depends on intracellular solubility: 

comparison of stabilized copper metal and degradable copper oxide nanoparticles." Toxicology 

Letters 197(3): 169-174. 

Sun, Q., D. Tan, Y. Ze, X. Sang, X. Liu, S. Gui, Z. Cheng, J. Cheng, R. Hu and G. Gao (2012). 

"Pulmotoxicological effects caused by long-term titanium dioxide nanoparticles exposure in 

mice." Journal of hazardous materials 235: 47-53. 



 

 

314 

Sun, T. Y., F. Gottschalk, K. Hungerbühler and B. Nowack (2014). "Comprehensive probabilistic 

modelling of environmental emissions of engineered nanomaterials." Environmental pollution 

185: 69-76. 

Sycheva, L. P., V. S. Zhurkov, V. V. Iurchenko, N. O. Daugel-Dauge, M. A. Kovalenko, E. K. 

Krivtsova and A. D. Durnev (2011). "Investigation of genotoxic and cytotoxic effects of micro- 

and nanosized titanium dioxide in six organs of mice in vivo." Mutat Res Genet Toxicol Environ 

Mutagen 726(1): 8-14. 

Takahashi, Y., K. Mizuo, Y. Shinkai, S. Oshio and K. Takeda (2010). "Prenatal exposure to 

titanium dioxide nanoparticles increases dopamine levels in the prefrontal cortex and neostriatum 

of mice." J Toxicol Sci 35(5): 749-756. 

Tamayo, L. A., P. A. Zapata, N. D. Vejar, M. I. Azócar, M. A. Gulppi, X. Zhou, G. E. Thompson, 

F. M. Rabagliati and M. A. Páez (2014). "Release of silver and copper nanoparticles from 

polyethylene nanocomposites and their penetration into Listeria monocytogenes." Mater Sci Eng 

Proc Conf 40(Supplement C): 24-31. 

Tavares, A. M., H. Louro, S. Antunes, S. Quarre, S. Simar, P. J. De Temmerman, E. Verleysen, J. 

Mast, K. A. Jensen, H. Norppa, F. Nesslany and M. J. Silva (2014). "Genotoxicity evaluation of 

nanosized titanium dioxide, synthetic amorphous silica and multi-walled carbon nanotubes in 

human lymphocytes." Toxicology in Vitro 28(1): 60-69. 

Taylor, A. A. and S. L. Walker (2016). "Effects of copper particles on a model septic system's 

function and microbial community." Water Research 91: 350-360. 

Toropova, A. P. and A. A. Toropov (2013). "Optimal descriptor as a translator of eclectic 

information into the prediction of membrane damage by means of various TiO(2) nanoparticles." 

Chemosphere 93(10): 2650-2655. 

Trevisan, R., G. Delapedra, D. F. Mello, M. Arl, É. C. Schmidt, F. Meder, M. Monopoli, E. 

Cargnin-Ferreira, Z. L. Bouzon and A. S. Fisher (2014). "Gills are an initial target of zinc oxide 

nanoparticles in oysters Crassostrea gigas, leading to mitochondrial disruption and oxidative 

stress." Aquatic toxicology 153: 27-38. 

Trouiller, B., R. Reliene, A. Westbrook, P. Solaimani and R. H. Schiestl (2009). "Titanium dioxide 

nanoparticles induce DNA damage and genetic instability in vivo in mice." Cancer Res 69(22): 

8784-8789. 

Unrine, J. M., O. V. Tsyusko, S. E. Hunyadi, J. D. Judy and P. M. Bertsch (2010). "Effects of 

particle size on chemical speciation and bioavailability of copper to earthworms (Eisenia fetida) 

exposed to copper nanoparticles." Journal of environmental quality 39(6): 1942-1953. 



 

 

315 

Valdiglesias, V., C. Costa, G. Kiliç, S. Costa, E. Pásaro, B. Laffon and J. P. Teixeira (2013). 

"Neuronal cytotoxicity and genotoxicity induced by zinc oxide nanoparticles." Environ Int 55: 92-

100. 

Vaquero, C., N. Gelarza, J. L. L. de Ipiña, C. Gutierrez-Cañas, I. Múgica, G. Aragón, M. Jaen, R. 

Pina, I. Larraza and A. Esteban-Cubillo (2015). "Occupational exposure to nano-TiO2 in the life 

cycle steps of new depollutant mortars used in construction." J Phys Conf Ser 617: 012006. 

Vevers, W. F. and A. N. Jha (2008). "Genotoxic and cytotoxic potential of titanium dioxide (TiO2) 

nanoparticles on fish cells in vitro." Ecotoxicology 17(5): 410-420. 

Vicario-Pares, U., L. Castanaga, J. Maria Lacave, M. Oron, P. Reip, D. Berhanu, E. Valsami-

Jones, M. P. Cajaraville and A. Orbea (2014). "Comparative toxicity of metal oxide nanoparticles 

(CuO, ZnO and TiO2) to developing zebrafish embryos." Journal of Nanoparticle Research 16(8). 

Vílchez, A., E. Fernández-Rosas, D. González-Gálvez and S. Vázquez-Campos (2015). 

Nanomaterials release from nano-enabled products. Indoor and Outdoor Nanoparticles, Springer: 

127-158. 

Von Goetz, N., C. Lorenz, L. Windler, B. Nowack, M. Heuberger and K. Hungerbuhler (2013). 

"Migration of Ag-and TiO2-(Nano) particles from textiles into artificial sweat under physical 

stress: experiments and exposure modeling." Environmental science & technology 47(17): 9979-

9987. 

Wan, R., Y. Mo, L. Feng, S. Chien, D. J. Tollerud and Q. Zhang (2012). "DNA damage caused by 

metal nanoparticles: involvement of oxidative stress and activation of ATM." Chem Res Toxicol 

25(7): 1402-1411. 

Wang, J., X. Deng, F. Zhang, D. Chen and W. Ding (2014). "ZnO nanoparticle-induced oxidative 

stress triggers apoptosis by activating JNK signaling pathway in cultured primary astrocytes." 

Nanoscale Res Lett 9(1): 117. 

Wang, L.-F., N. Habibul, D.-Q. He, W.-W. Li, X. Zhang, H. Jiang and H.-Q. Yu (2015). "Copper 

release from copper nanoparticles in the presence of natural organic matter." Water research 68: 

12-23. 

Wang, X. Z., Y. Yang, R. Li, C. McGuinnes, J. Adamson, I. L. Megson and K. Donaldson (2014). 

"Principal component and causal analysis of structural and acute in vitro toxicity data for 

nanoparticles." Nanotoxicology 8(5): 465-476. 

Wang, Z., N. Li, J. Zhao, J. C. White, P. Qu and B. Xing (2012). "CuO nanoparticle interaction 

with human epithelial cells: cellular uptake, location, export, and genotoxicity." Chem Res Toxicol 

25(7): 1512-1521. 



 

 

316 

Wang, Z., A. von dem Bussche, P. K. Kabadi, A. B. Kane and R. H. Hurt (2013). "Biological and 

Environmental Transformations of Copper-Based Nanomaterials." ACS Nano 7(10): 8715-8727. 

Wang, Z., A. von dem Bussche, P. K. Kabadi, A. B. Kane and R. H. Hurt (2013). "Biological and 

environmental transformations of copper-based nanomaterials." ACS Nano 7(10): 8715-8727. 

Weir, A., P. Westerhoff, L. Fabricius, K. Hristovski and N. von Goetz (2012). "Titanium dioxide 

nanoparticles in food and personal care products." Environmental Science & Technology 46(4): 

2242-2250. 

Wilhelmi, V., U. Fischer, H. Weighardt, K. Schulze-Osthoff, C. Nickel, B. Stahlmecke, T. A. 

Kuhlbusch, A. M. Scherbart, C. Esser, R. P. Schins and C. Albrecht (2013). "Zinc oxide 

nanoparticles induce necrosis and apoptosis in macrophages in a p47phox- and Nrf2-independent 

manner." PLoS One 8(6): e65704. 

Wilson, W. (2013, February, 2013). "The Project on Emerging Nanotechnologies." from 

http://www.nanotechproject.org/inventories/consumer/. 

Windler, L., C. Lorenz, N. Von Goetz, K. Hungerbuhler, M. Amberg, M. Heuberger and B. 

Nowack (2012). "Release of titanium dioxide from textiles during washing." Environmental 

science & technology 46(15): 8181-8188. 

Wong, S. W., P. T. Leung, A. B. Djurisic and K. M. Leung (2010). "Toxicities of nano zinc oxide 

to five marine organisms: influences of aggregate size and ion solubility." Anal Bioanal Chem 

396(2): 609-618. 

Wongrakpanich, A., I. A. Mudunkotuwa, S. M. Geary, A. S. Morris, K. A. Mapuskar, D. R. Spitz, 

V. H. Grassian and A. K. Salem (2016). "Size-dependent cytotoxicity of copper oxide 

nanoparticles in lung epithelial cells." Environ Sci Nano 3(2): 365-374. 

Woodruff, R. S., Y. Li, J. Yan, M. Bishop, M. Y. Jones, F. Watanabe, A. S. Biris, P. Rice, T. Zhou 

and T. Chen (2012). "Genotoxicity evaluation of titanium dioxide nanoparticles using the Ames 

test and comet assay." Journal of Applied Toxicology 32(11): 934-943. 

Wu, B., C. Torres-Duarte, B. J. Cole and G. N. Cherr (2015). "Copper oxide and zinc oxide 

nanomaterials act as inhibitors of multidrug resistance transport in sea urchin embryos: their role 

as chemosensitizers." Environ Sci Technol 49(9): 5760-5770. 

Xia, T., R. F. Hamilton, J. C. Bonner, E. D. Crandall, A. Elder, F. Fazlollahi, T. A. Girtsman, K. 

Kim, S. Mitra, S. A. Ntim, G. Orr, M. Tagmount, A. J. Taylor, D. Telesca, A. Tolic, C. D. Vulpe, 

A. J. Walker, X. Wang, F. A. Witzmann, N. Q. Wu, Y. M. Xie, J. I. Zink, A. Nel and A. Holian 

(2013). "Interlaboratory evaluation of in vitro cytotoxicity and inflammatory responses to 



 

 

317 

engineered nanomaterials: the NIEHS Nano GO consortium." Environmental Health Perspectives 

121(6): 683-690. 

Xiong, D., T. Fang, L. Yu, X. Sima and W. Zhu (2011). "Effects of nano-scale TiO2, ZnO and 

their bulk counterparts on zebrafish: acute toxicity, oxidative stress and oxidative damage." 

Science of the Total Environment 409(8): 1444-1452. 

Yang J-B, Xu D-L (2002) Nonlinear information aggregation via evidential reasoning in 

multiattribute decision analysis under uncertainty. IEEE Trans Syst Man Cybern A Syst Hum 

32:376-393 doi:10.1109/TSMCA.2002.802809 

Yang, Y., P. Mao, C. I. Xu, S.-w. Chen, J.-h. Zhang and Z.-p. Wang (2011). "Distribution 

characteristics of nano-TiO2 aerosol in the workplace." Aerosol Air Qual Res 11: 466-472. 

Yu, K. N., T. J. Yoon, A. Minai-Tehrani, J. E. Kim, S. J. Park, M. S. Jeong, S. W. Ha, J. K. Lee, 

J. S. Kim and M. H. Cho (2013). "Zinc oxide nanoparticle induced autophagic cell death and 

mitochondrial damage via reactive oxygen species generation." Toxicol In Vitro 27(4): 1187-1195. 

Yung, M., C. Mouneyrac and K. Leung (2014). Ecotoxicity of zinc oxide nanoparticles in the 

marine environment. Encyclopedia of Nanotechnology. B. Bhushan. Netherlands, Springer: 1-17. 

Zhang, D., T. Hua, F. Xiao, C. Chen, R. M. Gersberg, Y. Liu, W. J. Ng and S. K. Tan (2014). 

"Uptake and accumulation of CuO nanoparticles and CdS/ZnS quantum dot nanoparticles by 

Schoenoplectus tabernaemontani in hydroponic mesocosms." Ecological Engineering 70: 114-

123. 

Zhang, Y., Y. R. Leu, R. J. Aitken and M. Riediker (2015). "Inventory of engineered nanoparticle-

containing consumer products available in the Singapore retail market and likelihood of release 

into the aquatic environment." International Journal of Environmental Research and Public Health 

12(8): 8717-8743. 

Zhang, Y., K. C. Nguyen, D. E. Lefebvre, P. S. Shwed, J. Crosthwait, G. S. Bondy and A. F. 

Tayabali (2014). "Critical experimental parameters related to the cytotoxicity of zinc oxide 

nanoparticles." Journal of Nanoparticle Research 16: 2440. 

Zhu, X., Y. Chang and Y. Chen (2010). "Toxicity and bioaccumulation of TiO2 nanoparticle 

aggregates in Daphnia magna." Chemosphere 78(3): 209-215. 

Zimmer, R., R. Hertel and G. F. Böl (2010). BfR-Delphi Study on Nanotechnology: Expert Survey 

of the Use of Nanomaterials in Food and Consumer Products, Federal Institute for Risk 

Assessment. 



 

 

318 

Zúñiga Rojas, R., X. Blamey Benavides, E. Mosquera and L. Ahumada Bolton (2013). "Estudio 

exploratorio de higiene industrial en ambientes de trabajo donde se producen o utilizan 

nanopartículas." Ciencia & trabajo 15(48): 124-130. 

Zuverza-Mena, N., I. A. Medina-Velo, A. C. Barrios, W. Tan, J. R. Peralta-Videa and J. L. Gardea-

Torresdey (2015). "Copper nanoparticles/compounds impact agronomic and physiological 

parameters in cilantro (Coriandrum sativum)." Environ Sci Processes Impacts 17(10): 1783-1793. 

 




