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Description of Task 5.04 (according to DoA): 

 

Review of regulatory relevance of results from NANoREG and OECD WPMN Task leader: 

Klaus Steinhäuser, co-lead Phil Sayre: Min I&M, support designated Task Force  

The aim of the task is to carry out a review of selected and relevant results, protocols, and 

guidance documents, from NANoREG (data deliverables from WP2, WP3, WP4 and WP5), 

together with the OECD WPMN activities. Where appropriate, other FP 7 projects may be 

included. Results which are largely complete will be the focus of the review. However, those 

projects which have made some progress will also be at least noted so that any analysis of 

gaps would be performed with a full understanding of Program out-put. In NANoREG, 

scientific results were achieved on the basis of regulatory questions which have been 

formulated by the Member States through an advisory group to NANoREG, the National 

Coordinators. The results are therefore highly significant for the regulators. A similar process 

drove OECD project selection. Therefore using of regulatory questions from these two 

programmes is viewed as relevant for the review. The results of the review will be 

summarised in a joint document. This will be used by the participants of the three day 

scientific conference (Task 5.3) as a reference document. To achieve the planned results the 

following actions are needed: - Establish and adopt a Task Force who will be responsible for 

the review of data, taking account of independence, cost effectiveness and acceptability by 

the regulatory community. The task force will contain up to 8 international experts for the re-

view purpose, who will be contracted by the Coordinator Min I&M using in-house consulting 

contracts for a limited period and remit. - Make a general sorting of data into relevant themes 

such as grouping, read across, characterisation, toxicity, environmental fate, ecotoxicity, 

exposure, waiving, tiered framework etc. - Identify gaps in scientific approaches - Assign at 

least one member of the Task Force to each theme/topic - Programme leads from OECD 

and NanoReg will make a preliminary summary of all relevant data by topic/theme in a format 

that is appropriate for regulatory review and potential acceptance (including consideration of 

the validity of data, protocols, and guidance). - Derive summary conclusions and deliver in a 

format useful for the scientific conference and the white paper.  

Timetable for the development of the results / outcome review by the Task Force:  

a. April 2015 - compile list of candidates from within the NANoREG SAB, as well as from 

outside, who will then invited by the Task leader to join the review Task Force. May need 

explanatory discussions at the next NANoREG consortium meeting (Lisbon), followed by 

drawing up contractual arrangements with the experts etc. Con-sider issues including 

conflicts of interest, and appropriateness of panel expertise to address regulatory concerns, 

during panel selection process.  

b. May 2015 – Quantify how much data can be realistically delivered for review by the Task 

Force 

c. September 2015 – deliver overview of what data is available within NANoREG and WPMN 

in order to know what is relevant for the review according to the workplan developed for task 

force  

d. May 2016 – all relevant data are delivered to the task force; deliver first review of data  

e. August 2016 – first draft completed for internal review and feedback by WP leaders of 

NANoREG and OECD WPMN  

f. October 2016 - final document delivered  

g. November 2016 Task force demonstrates validity of protocols at Scientific conference 

organized by task 5.4. 
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Executive summary  

Both the EU and other OECD member states have understood the increasing need for 
dedicated research into the environmental, health and safety aspects of nano-materials. As a 
result, significant amounts of funding have been allocated in Europe by national governments 
as well as the Commission on an EU level, while the US has promoted EHS integration in its 
NNI programme since its inception. The EU and the US supported close to 100 research 
programmes and major projects over the past decade. While this has led to many advances 
in our understanding of the processes and interactions of nano-materials, often published in 
peer reviewed journals, the regulatory relevance of the results has not been examined. 

In order to remedy this shortcoming, the H2020 ProSafe project has commissioned a review 
of literature by nine international experts to determine which research results from the 
programmes in the preceding decade have regulatory relevance. This review was guided by 
a detailed set of regulatory questions which are critical to answer in order to have efficient 
and timely regulatory reviews of nanomaterials.  

This review identifies which test protocols, data sets, models, guidances, and assessment 
methods are most relevant to regulatory needs. Adoption of these regulatory-ready 
procedures could lead to an improved regulatory review process for nanomaterials, despite 
the complexities related to their physicochemical properties. These properties create concern 
as functionality plays as important a role as chemistry. Whereas the methods and tools for 
conventional chemicals are in principle suitable for manufactured nanomaterials (MN), the 
unique properties of nanomaterials require that harmonized methods and tools have to be 
adapted, as well as new ones developed. 

The scientific evidence compiled in this report clearly shows that reliable methods and 
approaches are already available for many parameters and endpoints, which are either 
validated to be used for regulatory decisions, or at least have been demonstrated repeatedly, 
and are promising for near-term regulatory use after further development and validation.  

This ProSafe study, reviewed approximately 1,000 published articles and research reports 
which were specifically selected and sorted into a database on their main topic, and reviewed 
by nine internationally recognized nanomaterial experts to prepare this analysis of those key 
findings. The two key criteria used for the evaluation of the documented research were 
reliability and relevance, as defined by the OECD. The nine areas of concern studied in this 
report are: (1) physicochemical characterisation, (2) exposures through the life cycle, (3) fate, 
persistence and bioaccumulation, (4) exposure modelling, (5) ecological effects and 
biokinetics, (6) human health effects and biokinetics in vivo, (7) human health effects and 
biokinetics in vitro, (8) (Q)SAR modelling of nanomaterials and (9) risk assessment. Each 
section has specific recommendations on the most appropriate protocols of regulatory 
relevance, while gap analyses revealed specific high priority areas for further regulatory 
relevant research. Since it is not possible to list all procedures and data sets in this summary 
a detailed list of all procedures and data sets that are ready for regulatory consideration and 
possibly use are identified in this document, and summarized in Chapter 6. In this chapter it 
is also attempted to prioritize future near- to medium-term regulatory research needs, based 
on whether the key questions posed in the attached annex. 

The characteristics of nanomaterials, as well as an assessment of their hazard and fate, 
depends not only on their chemical composition but also their physico-chemical properties 
such as size, shape, and surface chemistry. Many parameters can vary from nanoform to 
nanoform or even within the same nanoforms, depending on the medium they exist in.  

It is therefore essential to characterize nanomaterials thoroughly before performing effect or 
fate tests, and subsequently to follow significant changes of their characteristics throughout 
the life cycle. A selected list of approximately 16 physico-chemical characteristics has been 
linked with the most acceptable current protocols for their assessment. Furthermore, specific 
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physico-chemical properties (e.g. zeta potential) that represent the interplay between a NM’s 
surrounding environment and the NM itself may be determining for risk assessment, enabling 
with a single measurement the estimation of multiple fate and effects endpoints. Such 
functional assays, which mimic modes of action of nanomaterials such as surface affinity, 
ROS production, or dissolution rate should to be validated and standardized for their 
inclusion as screening tests in risk assessment frameworks. 

An overarching conclusion is that hazard, exposure, and risk assessment of nanomaterials 

can be extremely complex, time consuming, and as a result costly, and hampered with 

uncertainties. In any case it is not realistic to investigate every nanoform by applying all test 

methods. So effective benchmarking methods for the assessment of hazard and 

exposure/fate, tiered testing schemes, grouping frameworks, and modelling approaches all 

play important roles in the assessment of MNs.  

Ecotoxicity tests with pelagic organisms are most advanced, but the preparation of test 

dispersions is still a matter of debate. An example of a major advance in this area, which 

addresses key questions for conducting aquatic toxicity tests, is the newly developed OECD 

draft aquatic toxicity guidance by OECD. . Most nanomaterials are predicted to be released 

in freshwater aquatic systems. However, many nanomaterials may partition to sediments, or 

become deposited in soils, making testing of sediment and soil organisms also important for 

many MNs and uses. While the standard set of organisms for testing conventional chemicals 

is applicable for the current time under these scenarios, procedures on spiking soil and 

sediment have to be further developed and standardized.  

In the area of human health, health in vivo test protocols have advanced significantly, with 

OECD-driven draft test guidelines for subchronic and subacute testing now able to provide 

the most accurate information on the human health risks of nanomaterials. For in vitro health 

testing, seventeen specific recommendations are presented, related to how to conduct 

mammalian in vitro tests in order to make them more acceptable to both the scientific and 

regulatory communities. Specific in vitro protocols are reviewed which are applied to 

assessment of cytotoxicity, genotoxicity, and biokinetics. In addition, a number of short-term 

health in vivo and abiotic methods are also recommended for near-term use.  

Unifying dose metrics for health effects are also discussed, and a proposal made for 

combining the diverse findings of in vivo and in vitro tests to allow for more efficient 

estimation of the relative hazard potency of nanomaterials via the inhalation route.     

Advances have also been made in tiered measurement and assessment methods for 

exposure in the workplace, models to estimate worker exposures, and in understanding how 

personal protective equipment and engineering controls reduce workplace exposures (all 

specifically tailored to application to nanomaterials, versus conventional chemicals). . 

Numerous methods for estimating exposure to nanomaterials in the workplace are evaluated, 

and one exposure model for estimating worker exposures is viewed as appropriate for 

regulatory use. For estimating consumer exposure the determination of release from 

nanomaterial-bearing products is a crucial step. A set of such release-simulating methods 

has been developed and could be applied, following validation. A consumer exposure 

models specific to inhalation of nanomaterials has also been recently developed and appears 

to hold promise for regulatory application.  

Several methods to determine the environmental fate of nanomaterials are currently 

standardized by the OECD (e. g. dissolution rate, [homo-]agglomeration behaviour, retention 

in sewage sludge and bioaccumulation in fish by dietary uptake), and therefore 

understandings of  fate of MN will improve via use of these methods and the resulting data 

should be useful for environmental exposure modelling. Gaps do however exist in test 
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methods for environmental fate, such as methods to estimate heteroagglomeration or the 

tendency to transformations in the environment. .   

Environmental exposure modelling helps to predict how nanomaterials will be distributed in 

the technosphere and subsequently in the environment. Advanced models specific to 

nanomaterials are available and can be used for regulatory purposes. However, these 

models still suffer from lack of robust experimental data to allow validation of predictions 

and/or elimination of some of the unrealistic assumptions currently inherent in these models. 

Two models for material flow analysis and two environmental fate models were found 

promising for environmental fate predictions.  

(Q)SAR modelling for human health effects also shows promise, but it is still in an early 

phase, since sufficiently large robust and reliable datasets for the development and validation 

of broadly deployable models are not available Models based on the conduction energy band 

level Ec and on the dissolution of nanomaterials seem most promising and should be further 

developed and eventually applied. There is promise to also apply (Q)SAR modelling to 

additional endpoints such as ecotoxicity and fate, but these areas are less developed at this 

time. 

In order to facilitate risk assessment, many general, but few specific frameworks for risk 

assessment, tiered testing, and grouping have been developed. These general frameworks 

take into account the need to group the great variety of nanomaterials, and to identify the 

most hazardous for a more thorough assessment. However, these general frameworks still 

must be applied on a case-by-case basis in the context of each new nanomaterial. Thus, 

such frameworks may be more easily applied at the pre-commercial and pre-regulatory stage 

of development where selection of one nanomaterial from a group of candidates is being 

considered.  

More specific frameworks that have explicit triggers to move from tier to tier, and/or explicit 

methods to assess effects or fate components within each tier, may be more practical in the 

context of formal regulatory use since they provide a clear means to assess nanomaterials. 

However, they are fewer in number (as compared to general frameworks). Such specific 

frameworks may be exposure route specific, or specific to a given receptor, which increases 

the complexity in applying them. Finally, the tenets of these frameworks such as the specific 

triggers and methods need further independent evaluation and case study analysis before 

being fully implemented. Over a half dozen general and specific frameworks were identified 

that hold promise for immediate use and/or further near-term development.   

The key findings of this document, and associated research gaps have been considered in a 

joint OECD-ProSafe conference attended by 170 academic experts, regulators, policy 

makers, industry representatives, and designated delegates from the OECD member 

countries in November 2016. Critical comments and suggestions from conference delegates 

and participants are included in this final version of this report. This document forms the 

basis for a publication in a scientific journal. The recommendations of this report summarized 

in Chapter 6 are all of regulatory relevance, and should be taken into consideration by the 

OECD member states and especially the EU in its process to revise the annexes of REACH. 

Gaps, which have been identified during the review, should stimulate regulatory relevant 

research by the respective authorities in OECD member countries. 
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CHAPTER 1 

 Introduction 1.

Phil Sayre
1
 and Klaus Steinhäuser

2
 

It has been recognized that while the traditional risk assessment paradigm holds for 

nanomaterials, many of the test guidelines and guidance documents for assessment of 

physico-chemical properties, fate, exposure and effects used for conventional chemicals 

need to be modified when applied to nanomaterials (OECD, 2010a and 2011a). Other test 

guidelines and guidances – taking into account the differing characteristics of nanomaterials 

– may require more extensive modifications or replacements to address relevant regulatory 

endpoints. There is also a lack of adequate, reproducible data to validate risk assessment 

strategies for manufactured nanomaterials (MNs) and develop a science-based 

understanding of how to quantify and predict the potential risks of many nanomaterials. 

Experimental data for nanomaterials found in literature are often contradictory or 

inconclusive. This is due to particular problems such as those related to sample preparation, 

quantification, characterisation, dosimetry, MN interactions with test components, and 

stability of test solutions. Many publications and reports lack credibility since the 

nanomaterials being investigated are insufficiently characterised, and/or fluctuations in 

concentrations or changes in physicochemical properties occurring during the experiments 

are not taken into account, leading to unreliable data (Krug, 2014, Wagner, 2014). Often, the 

problems encountered stem from nanomaterial physico-chemical parameter considerations 

that were rarely if ever encountered in the testing of conventional chemicals. Nevertheless 

some older nanomaterial publications are still helpful, and their data can be used by applying 

new knowledge on dosimetry. A further complication is that the characteristics, fate and 

effects may change from one nanoform to another slight variation of the same nanoform, 

thus affecting evaluations throughout the life cycle of the nanomaterial. 

Since not every individual variation in the characteristics of a nanomaterial can be tested 

sufficiently for risk assessment, approaches for tiered testing schemes, read-across and 

grouping, as well as modelling approaches and in silico methods are urgently needed. The 

rapid development of nanotechnology makes it essential to develop risk assessment 

methods which are reliable, relevant, easy to perform, and cost-effective for regulatory 

purposes, in order to keep pace with rapid technological developments and guaranteeing, as 

much as possible, their safe use. 

The EU funded ProSafe project supports the aims of EU Member States in their EU and 

international efforts (OECD; http://www.oecd.org/science/nanosafety/, and EU-US CORs; 

http://us-eu.org/communities-of-research/) regarding risk assessment, management and 

governance focussing on regulatory oriented toxicology testing of nanomaterials, exposure 

monitoring, LCA, and disposal and treatment of waste nanomaterials. Safe by Design is a 

core concept in the project, together with the development of a White Paper which will be a 

long-term policy document that sets out alternative proposals for future legislation and will be 

presented to the Commission. 

This Joint Document is the culmination of a study within ProSafe to assess the regulatory 

relevance of the outcomes of several European projects and US programmes selected on 

the basis of their potential impact to defining future regulatory needs worldwide. In addition to 

European nanosafety-related research projects funded under the EU FP7 and H2020 

schemes, and falling under the NanoSafety Cluster (NSC), this study has also looked at the 

                                                           
1
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2
 Berlin, Germany 
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regulatory relevance of five major US programmes, one National German project, available 

results from the OECD, and the open literature. 

A Task Force of nine international experts was established to carry out this study, who 

looked firstly at the reliability, and secondly the regulatory relevance of the outcomes from 

the selected projects. The experts were supported by scientists with specialized expertise. 

The Joint Document addresses a detailed set of regulatory-related questions that were 

identified and summarised in an earlier ProSafe document referred to as the Roadmap 

(Annex 1). The Roadmap was developed taking into account regulatory questions that have 

arisen specifically for nanomaterials, as noted by OECD member countries in general, and 

the European Chemicals Agency (ECHA) in particular. Moreover, regulatory questions 

developed specifically as a core activity in the EU FP7 project NANoREG were also taken 

into account (NANoREG, 2016).  

Within the context of this review, the terms “relevance” and “reliability” have specific 

meanings, following the OECD definition (OECD, 2005): 

“Test method validation is a process based on scientifically sound principles by which the 

reliability and relevance of a particular test, approach, method, or process are established for 

a specific purpose. Reliability is defined as the extent of reproducibility of results from a test 

within and among laboratories over time, when performed using the same standardised 

protocol. The relevance of a test method describes the relationship between the test and the 

effect in the target species and whether the test method is meaningful and useful for a 

defined purpose, with the limitations identified. In brief, it is the extent to which the test 

method correctly measures or predicts the (biological) effect of interest, as appropriate. 

Regulatory need, usefulness and limitations of the test method are aspects of its relevance. 

New and updated test methods need to be both reliable and relevant, i.e., validated.” 

While the terms reliability and relevance are couched in terms of biological effects, they also 

apply to other endpoints (physicochemical, fate, etc.) as well as to in vitro protocols and non-

experimental tools and methods like modelling, QSAR, grouping etc. 

Assessing the documents, the members of the Task Force have looked not only at the 

scientific value of the published results – which in the case of publications in peer-reviewed 

journals is to be expected – but also have been evaluating their regulatory relevance, such 

as maturity of the method, endpoint of interest, affordability in regulatory context, and 

replacement of animal tests. The guidance for this evaluation was the Roadmap with 

questions developed on nine areas of concern, corresponding to the expertise of the nine 

experts. The Task Force members themselves added additional relevant publications from 

literature which helped to answer the questions of the Roadmap. 

This literature review highlights guidance documents, test protocols, exposure scenarios and 

other methods that due to their relevance and reliability can be applied to regulatory risk 

assessment of MNs. While the prime focus is identifying the tools most useful in a regulatory 

context, the relevant knowledge gaps for regulatory purposes have been also identified. Brief 

proposals have been outlined on how to address gaps in a regulatory context. Projects that 

are not yet finalized are at least noted when analysing knowledge gaps. 

The draft of this Joint Document has formed the basis of a three-day scientific conference in 

Paris hosted by the OECD from 29th November to 1st December 2016, reviewing also the 

current status of OECD work in this field. The conclusions of the conference have been used 

to update and where needed amend the draft.  
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Furthermore, this Joint Document will be included as an annex to the ProSafe White Paper, 

and contain specific proposals on what may be the best methods and data sets for regulatory 

use now, as well as areas where much targeted needs still exist. All of this is intended to 

further assist in consolidating and securing nanosafety risk assessment in the long term, and 

by extension, legislation and enforcement in the EU and other countries. These methods, 

data sets, and targeted needs could specifically be considered by the OECD in the context of 

both its nanosafety activities, and its test guideline programme. The results may also provide 

a focus for regulatory authorities of the EU and its member states as well as other OECD 

member countries in their activities to ensure safe use of nanomaterials. Finally, DG 

Research of the European Commission and other funding organisations, as well as industry, 

should consider the recommendations in this document. 

References: 

Krug H.F., 2014: Nanosafety Research – Are we on the Right Track?, Angew. Chem, Int. Ed., 2014, 
53, 12304-12319 
NANoREG, 2016: Deliverable 1.9 – NANoREG final report with answers to selected issues/questions 
OECD, 2005: Guidance Document on the Validation and International Acceptance of New or Updated 
Test Methods for Hazard Assessment. [ENV/JM/MONO(2005)14], 
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?doclanguage=en&cote=env/jm/mon
o(2005)14 
OECD, 2010a: Nanosafety at the OECD: The first five years, 
http://www.oecd.org/env/ehs/nanosafety/47104296.pdf 
OECD, 2011a: Six Years of OECD Work on the Safety of Manufactured Nanomaterials: Achievements 
and Future Opportunities  
http://www.oecd.org/env/ehs/nanosafety/Nano%20Brochure%20Sept%202012%20for%20Website%2
0%20(2).pdf 
Wagner S. et al, 2014: Spot the difference: Engineered and Natural Nanoparticles in the Environment 
– Release, Behaviour and Fate, Angew. Chem. Int. Ed. 2014, 53, 12398-12419 
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http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?doclanguage=en&cote=env/jm/mono(2005)14
http://www.oecd.org/env/ehs/nanosafety/47104296.pdf
http://www.oecd.org/env/ehs/nanosafety/Nano%20Brochure%20Sept%202012%20for%20Website%20%20(2).pdf
http://www.oecd.org/env/ehs/nanosafety/Nano%20Brochure%20Sept%202012%20for%20Website%20%20(2).pdf
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CHAPTER 2 

 Requirements of under Current Nanosafety 2.
Regulations in the EU and US, and the Role of the 
OECD 

Klaus Steinhäuser
3
 and Phil Sayre

4
 

2.1. European Union 

The manufacture, import and use of chemical substances in the EU, as well as for non-EU 

manufacturers selling their products inside the EU, are regulated by the REACH regulation 

(EC) 1907/2006, (EU, 2006). A registrant (manufacturer or importer) is obliged to deliver a 

dossier with information on the identity, hazards and uses of a substance to the European 

Chemicals Agency (ECHA), if he manufactures or imports 1 ton or more per year of that 

substance. The information requirements are linked to defined tonnage bands, becoming 

more extensive with higher tonnages. From 10 tons and more per year, a chemical safety 

assessment has to be conducted which estimates the extent to which humans and the 

environment could be exposed over the entire lifecycle, together with an estimate of the risks 

associated with the production and the uses of that substance. OECD test guidelines are 

used worldwide to determine hazard endpoints and other characteristics of a chemical 

substance in order to ensure mutual acceptance of the data. 

Manufactured nanomaterials (MNs) are covered by the REACH regulation since they are 

chemical substances. Currently there are no specific requirements or approaches for nano-

sized forms of a substance in the REACH regulation itself. Generally, the REACH regulation 

defines a chemical substance only by its chemical composition and not by other factors such 

as morphology or functionality. Those information are only required as descriptors for a 

chemical.  

For any special provisions to be agreed for nano-sized materials, the first step is to have an 

agreed definition of a nanomaterial. In 2011 the European Commission published a 

recommendation on the definition of a nanomaterial (EC, 2011), stating that materials in the 

size range 1 nm – 100 nm in at least one dimension should be regarded as nanomaterials. If 

50 % or more of nano-sized particles in number size distribution are contained in a product, 

this product is also defined as a nanomaterial. Alternatively the volume specific surface area 

(VSSA) may be used. This definition shall be applied (with adaptions, where necessary) in 

the legislation of the EU. The European Commission currently considers to modify its 

definition (EC, 2015). This includes inter alia the role of VSSA and clarifications on number 

size distribution and measurement methods to apply.  

The EU Commission published its Second Regulatory Review on Nanomaterials in 2012 at 

the request of the European Parliament and the Council (EC, 2012). Inter alia it was 

proposed not to change the core text of the REACH regulation, but possibly to amend the 

annexes, in order to enable a more specific assessment of MNs before the last registration 

deadline for phase-in substances in 2018. 

The Commission, charged with the exclusive right to initiate legislation, has not yet presented 

a legislative proposal for the amendment of the annexes. The DGs Environment and Growth 

only commissioned a so-called non-paper in 2014 setting out proposals on how the annexes 
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might be modified. This paper was revised slightly in 2016 (EC, 2016) but no clear timeline 

was given.  

REACH requires registrants to ensure the safe use of each substance (whatever its form). It 

is therefore obligatory to specifically mention nano-enabled applications in the registration 

dossiers. To this end, ECHA released an updated workplan 2016 – 2018 (ECHA, 2015). 

ECHA established several working groups, inter alia the NMWG (nanomaterial working 

group) and the GAARN (group assessing already registered nanomaterials) including experts 

of the member states. The NMWG is focused on scientific and technical issues regarding 

REACH implementation. Currently, several guidance documents on information requirements 

and chemical safety assessment have been released as individual documents or are being 

updated with appendices containing annotations and specifications for nanomaterials 

(ECHA, 2016a). ECHA in close cooperation with JRC and RIVM has also published a report  

in 2016 called “Usage of (eco)toxicological data for bridging data gaps between and grouping 

nanoforms of the same substance – Elements to consider” (ECHA, 2016b) aiming at 

clarifying rules for read-across and grouping of nanomaterials.  

Several nanomaterials have already been registered in the first and second registration 

period. However, according to the Second Regulatory Review of the Commission, many 

registrations of substances known to contain nanomaterial forms do not mention clearly 

which forms are covered by the data and how information relates to the nanoform itself (EC, 

2012). Currently 21 substances are registered as nanomaterials oras chemicals containing 

nanomaterial forms. Making use of article 43.1 and 46.1 of the REACH regulation ECHA 

requested additional information from registrants in some cases. However, the registrants 

have challenged these decisions before the Board of Appeal. Seven substance evaluations 

of nanomaterials are going to be carried out by the member states. For SiO2, and Ag ECHA 

has taken decisions but only for silver thee decision is already available (in the case of SiO2 

they are appealed) and five further substance evaluations (TiO2, carbon black, CeO2, ZnO 

and MWCNT) are scheduled for the next years. 

The classification, labelling and packaging of chemicals and mixtures is regulated by the CLP 

Regulation (EC) 1272/2008 (EU, 2008a) which implements the globally harmonized system 

(GHS). The CLP regulation requires manufacturers, importers and users to notify ECHA if 

their substances, in the forms placed on the market, meet the criteria for classification as 

hazardous, independent of their tonnage. This also applies to nanomaterials although as yet 

there are no nano-specific provisions in the CLP regulation. A UN working group is currently 

checking the applicability of GHS classification criteria to nanomaterials and is carrying out 

case studies. 

For the past seven years, the EU has revised a number of sectoral regulations and included 

similar nano-specific provisions in each of them. These are: 

 The Biocidal Products Regulation (EU) 528/2012 (EU, 2012) calls for approval of 

the active substances and the authorization of biocidal products. Nanomaterials 

are mentioned explicitly in the regulation; their assessment has to be carried out 

separately and they must be listed in the product’s labelling. Currently two 

biocides containing amorphous silica nanoforms are approved. Also 

nanomaterials as co-formulants (nano-composites, nano-encapsulates) have to 

be assessed when products are authorized. However, no guidance has been 

given so far as to which information is required for nano-sized ingredients, and 

how to carry out the risk assessment of nanomaterials. 

 Though at least 39 uses of manufactured nanomaterials as active substances, or 

co-formulants (e.g. as nano-encapsulates, synergists, targeted delivery or 
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safeners) are reported by EFSA (EFSA, 2014) the EU regulation on Plant 

Protection Products (EC) 1107/2009 does not yet include any nano-specific 

provisions (EU, 2009a). 

 The Cosmetic Products Regulation (EC) 1223/2009 was the first legal act of the 

EU mentioning nanomaterials as ingredients (EU, 2009b). There is also a 

labelling requirement and the need to provide detailed information on nano-sized 

ingredients. In 2012, the Scientific Committee on Consumer Safety (SCCS) 

published the „Guidance on the Safety Assessment of Nanomaterials in 

Cosmetics” where advice on risk assessment is given (SCCS, 2012). Since this 

regulation entered into force before the Commission communicated its definition 

recommendation, nanomaterials are defined differently in this specific legislation. 

The regulation contains a provision that the common EC definition will be 

adopted. 

 The regulation (EU) 1169/2011 on food information to consumers (EU, 2011a), 

requires that manufactured nanomaterial ingredients have to be labelled. This 

definition was appended to the Commission’s recommendation in 2013 (Reg. 

1363/2013). Nano-sized food additives according to regulations (EU) 1129/2011 

and (EU) 1130/2011 have to be assessed and approved as other food additives 

and are listed by the Commission. The corresponding regulation on feed additives 

does not contain any provisions on nanomaterials as yet. 

 The EU also regulates plastic materials and articles containing nanomaterials 

intended to come into contact with food in its regulation (EU) 10/2011 (EU, 

2011b). Without defining what nanomaterials are, it is stipulated that nano-sized 

ingredients shall be assessed case by case by the European Food Safety 

Authority (EFSA). EFSA published the “Guidance on the Risk Assessment of the 

Application of Nanoscience and Nanotechnologies in the Food and Feed Chain” 

(EFSA, 2011) providing guidance on how to conduct risk assessment of 

manufactured nanomaterials. The agency also commissioned a scientific report 

“Inventory of Nanotechnology Applications in the Agricultural, Feed and Food 

Sector (EFSA, 2014) with a nano-inventory listing 633 nano-applications with 55 

nanomaterials in this sector. 

 The newest sectoral legislation mentioning nanomaterials is the regulation (EU) 

2283/2015 on Novel Foods (EU, 2015). Food consisting of manufactured 

nanomaterials is regarded as novel food and must be authorized and will be listed 

in an EU wide union list. However, no particular provisions on data requirements 

for dossiers or guidance on risk assessment are given. This regulation includes a 

new definition of manufactured nanomaterials, which significantly differs from the 

Commission’s recommendation of 2011 but should be applied to all food 

legislation. It does not refer to the materials which contain more than 50 % 

nanoparticles by number size distribution but includes materials composed of 

discrete functional parts either internally or at the surface, many of which have 

one or more dimensions in the order of 100 nm or less. 

 The Commission started a revision of the legislation for medical devices in 2012, 

which is still ongoing. It is proposed that nanomaterials in medical devices shall 

be labelled.  

 The EU legislation on worker protection applies to nanomaterials, although it does 

not refer explicitly to these materials. Of particular relevance are the Framework 

Directive 89/391/EEC (EU, 1989) and the Chemical Agent Directive 98/24/EC 

(EU, 1998). The European Commission (EC, 2014) and the European Agency for 

https://osha.europa.eu/en/legislation/directives/the-osh-framework-directive/the-osh-framework-directive-introduction
https://osha.europa.eu/en/legislation/directives/the-osh-framework-directive/the-osh-framework-directive-introduction
https://osha.europa.eu/en/legislation/directives/exposure-to-chemical-agents-and-chemical-safety/


 

 
ProSafe Deliverable 5.08 

Page 16 of 367 

safety and health at Work (OSHA) (OSHA, 2013) have published guidances for 

workers. 

 The ecolabelling regulation (EC) 66/2010 does not contain general provisions on 

nanomaterials in products (EU, 2010b). However, since 2013, nanomaterials are 

mentioned in ecolabel criteria decisions of several product categories. 

 With regard to nanomedicines the European Medicines Agency (EMA) published 

scientific guidelines which will help developers of nanomedicines to apply for 

authorization (EMA, 2016). Nanomedicines are excluded from the recommended 

definition of the Commission and will not be considered furthering this Joint 

Document. 

 Finally, the EU’s environmental legislation (Water Framework Directive 

2000/60/EC (EU, 2000), Industry Emissions Directive 2010/75/EU (EU, 2010a) 

and Waste legislation 2008/98/EC (EU, 2008b) contain no special provisions for 

nanomaterials, neither in the legal texts nor in related secondary regulations. 

 

For additional details on how EU legislation and regulations apply to nanomaterials, please 

see Amenta et al., 2015. 

The wide range of provisions for nanomaterials in sectoral legislation of the EU, together with 

a lack of a uniform definition, means nanomaterials can be addressed in a way that it is 

tailored to specific application areas. Some common rules for data requirements, science-

based and practical tools for identification of hazards, determination of exposures, and 

assessment of risks would be useful to regulators and industry. REACH as the most general 

piece of legislation could provide these common rules, which can easily be adapted in 

sectoral legislation due to the specific nature of an application.  

2.2. USA 

It is useful to consider other regulatory systems outside the EU to compare their data needs 

to those of the EU. Such a comparison can provide further insights into how to satisfy 

common data needs for nanomaterial regulation in the EU, and can serve to anticipate any 

alternative or emerging data needs that may arise. For this purpose, only the US regulations 

that apply to the marketing of new commercial nanomaterials are considered here. There are 

other statutes applicable to manufactured nanomaterials in the US, as there are in the EU. 

These include environmental media-specific (water, air, soils and sediments) and population-

specific (workers, consumers, etc.) statutes and their regulations governing implementation. 

In the US system for new industrial chemicals regulated under the Toxic Substance Control 

Act (or TSCA), a new nanomaterial is individually regulated through submission of a 

Premanufacture Notification (PMN). This differs somewhat from the approach in the EU 

under the parallel REACH regulation, where a dossier is submitted on a chemical substance 

that may contain several nanomaterials. A nanomaterial is subject to regulation via a PMN 

submission, if it is not already on the TSCA Inventory of approved chemicals. There is no 

formal definition for a nanomaterial that would trigger a PMN submission (unlike in the EU), 

but the EPA generally considers nanomaterials to be in approximately the 1 to 100 nm size 

range which aligns with the way the European Commission defines the size of a 

nanomaterial. Nanomaterials that are not listed on the TSCA Inventory are subject to the 

same review as are all chemicals, but the review takes into account nanomaterial-specific 

characteristics and the possible resulting differences in hazard and exposure. Under TSCA, 

all categories of material description, hazard and exposure that are available (as well as 

internal company information and data that are not published) are requested (there is no 
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upfront list of hazard or exposure endpoints for which data must be supplied). The data and 

information requirements for a PMN submission can be found at 

https://www.epa.gov/reviewing-new-chemicals-under-toxic-substances-control-act-tsca, 

(EPA, 2016a). The initial risk screening may result in a request for additional hazard, 

exposure, and risk management information. TSCA regulatory decisions may involve risk 

management measures and/or reduced exposures to nanomaterials until additional data are 

provided and assessed. Despite these differences in approaches, similar hazard and 

exposure endpoint data are needed, as are required by REACH. However, the REACH data 

needs are specified in accordance with the potential tonnage of production, as an indicator of 

potential exposure. Additional information on the TSCA programme can be found in Sayre et 

al (2011). Over 160 nanomaterials have been reviewed under TSCA at this point in time (see 

EPA, 2016b). Some of the considerations that apply when considering nanomaterials, in 

particular carbon nanotubes, can be found in Godwin et al (2015). 

New pesticides are also registered individually in the US by EPA under the Federal 

Insecticide, Fungicide and Rodenticide Act (FIFRA) and several other associated statutes 

(EPA, 2016c). There are several types of registration options (see EPA, 2016d) and 

categories of pesticides related to their use such as pesticide active ingredients, 

antimicrobials, and pesticide inert ingredients (see EPA, 2016c). There is currently no 

regulatory definition applied to nanomaterials under US pesticide regulations. General 

guidance on pesticide data needs are specified (see EPA, 2016e). More specific guidance on 

how nano-pesticides are regulated can be seen in specific case studies that are publicly 

available. For example, an EPA decision document on silver nanoparticles intended for a 

pesticide active ingredient registration are available (EPA, 2015). In this case, the nanosilver 

particles are contained in a product commercially known as NanoSilva NSPW-L30SS, and 

are intended for use as a preservative in fabrics and plastics. The product is a suspension, 

containing silica-sulphur-nanosilver particulates where the nanosilver (average diameter of 

6.9 nm), is attached to amorphous silica core particles (average diameter of 390 nm) via a 

thiolate bond. A full description of the studies submitted and reviewed, the rationale for 

waiving certain studies, and a review of other data in the literature that is considered 

applicable, are all contained in the conditional registration decision document. Full 

registration is pending additional studies that are also listed.  

Several US Food and Drug Administration (FDA) laws and regulations that generally apply to 

the assessment of all products within FDA’s remit, including nanomaterial safety and 

efficacy, can be found online (FDA 2016a). In 2012, the FDA Commissioner offered initial 

published insights into how the Agency is regulating nanomaterials (Hamburg, 2012). Since 

then, FDA has expanded this guidance offering additional information (FDA, 2016b). As 

noted by FDA, the Agency “regulates a wide range of products, including foods, cosmetics, 

drugs, devices, veterinary products, and tobacco products some of which may utilize 

nanotechnology or contain nanomaterials.” The FDA has issued six specific guidance 

documents for nanotechnology and nanomaterials (see FDA, 2016c). These guidance 

documents cover nanomaterial definitions, and several product lines that may contain 

nanomaterials including foods, food contact materials, and animal feeds. Although FDA does 

not have a formal regulatory definition for a nanomaterial, the FDA 2014 final guidance on 

what constitutes such a material is useful, and is intended to help industry and others identify 

when they should consider potential implications for regulatory status, safety, effectiveness, 

or public health impact that may arise with the application of nanotechnology in FDA-

regulated products. The guidance applies only to manufactured nanomaterials, and notes 

that nanomaterial considerations apply when the manufactured material has at least one 

dimension in the range of approximately 1 – 100 nm, or if it exhibits properties or phenomena 

that are associated with its size (even if the material’s size is up to 1 um). At least one 

https://www.epa.gov/reviewing-new-chemicals-under-toxic-substances-control-act-tsca
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publication is available that illustrates FDA’s review process for a drug intended for human 

oral administration (Cruz et al., 2013). 

Several similarities exist between the EU and US regulatory systems. Exposure information 

for environmental and worker exposures are needed under US statutes such as TSCA and 

FIFRA that are either site specific (and supplied by industry) or models are applied (which 

also require reliable and relevant data to drive them). In both the US and the EU, if the 

chemical/material is well known, or has been recently the subject of research, case-specific 

exposure information will be available. Therefore, while there are some differences in the 

timing of data that are used in regulatory risk assessments, the data needs and the methods 

applied are often similar. The same similarities would also apply to non-EU and non-US 

countries. 

2.3. OECD 

In both the US and EU systems, OECD test guidelines are used to determine hazard 

endpoints and other characteristics of a chemical in order to ensure mutual acceptance of 

data. While there are many national and EU-wide regulations pertinent to nanomaterials, 

there is also a need for consensus-building so that data generated by a test guideline in one 

country can be considered for acceptance by other countries. Such arrangements allow the 

building of a complete data set on a chemical without repeating data generation in each 

country. The OECD provides such a venue for development of consensus-oriented test 

guidelines and guidance that would lead to internationally accepted data sets on chemicals. 

The OECD is the only multinational regulatory coordination body that has participation by 

national government regulatory representatives from most industrialized nations (35 

countries are currently members), and whose outcomes are accepted. The testing of 

chemicals is labour-intensive and expensive. Often the same chemicals are being tested and 

assessed in several countries. The OECD Council therefore adopted a Council decision in 

1981– on Mutual Acceptance of Data (MAD) -- stating that test data generated in any 

member country in accordance with OECD Test Guidelines and Principles of Good 

Laboratory Practice (GLP) shall be accepted in other member countries for assessment 

purposes and other uses relating to the protection of human health and the environment 

(OECD, 1981). Therefore, when it comes to nanomaterials, one of the main purposes of the 

OECD is to develop OECD Test Guidelines and Guidance Documents (see 

http://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm) 

when identified as a need by the national regulatory representatives who attend the OECD 

Working Party on Manufactured Nanomaterials (WPMN), which was established in 2006 (see 

http://www.oecd.org/env/ehs/nanosafety/).  For more additional information on this topic, as 

well as other specific nanomaterial-related activities of the OECD, please refer to Chapter 4 

of this Joint Document. 
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CHAPTER 3  

 General Considerations – Procedure to Generate this 3.
Review 

Phil Sayre
5
 and Klaus Steinhäuser

6
 

Nanosafety regulations, and the associated testing and assessment needs identified by 

regulators (both individually, and through consensus-building organizations for regulators 

such as the OECD) have led to the need for certain updated guidance, modelling 

approaches and test guidelines that are modified to address nanomaterial hazard, fate, and 

risk assessment/management endpoints. These regulatory needs have been gathered from 

the assessment of nanomaterials currently proposed for commercialization, and the 

development of associated regulatory frameworks under REACH and other legislation. At 

this time, there appear to be certain broad needs, including: reliable methods for 

characterizing nanomaterial physicochemical endpoints for as-manufactured nanomaterials, 

methods to test for inhalation effects on workers involved with the manufacture and 

processing of nanomaterials, and mammalian effects due to ingestion of nanomaterials; 

methods to determine the adverse effects on freshwater aquatic and terrestrial receptors; 

methods to determine the environmental fate of nanomaterials, data on concentrations of 

nanomaterials in the workplace and the environment; and methods to estimate the 

exposures to both human and environmental receptors due to the manufacture and use of 

nanomaterials. In addition, there are several issues that cut across two or more regulatory 

endpoints that prompt additional test guidelines and guidance, including: the minimum set of 

physicochemical endpoints which should be assessed in various environmental and 

biological media and their associated test methods, how to determine the reliability of data 

from nanomaterial test results so that the data can be used in a regulatory risk assessment, 

the development of modelling and in silico methods to predict fate and effects, the building of 

databases of reliable data, the need for more rapid assessment approaches which also 

address animal welfare concerns, and risk assessment and risk management methods both 

to integrate fate and effects outcomes and limit exposure. 

As a result of regulatory needs that have arisen during the review of current nanomaterials 

proposed for commercialization and their associated regulatory frameworks, a Roadmap was 

developed with nine sets of questions to determine which available data and methods are 

most promising for current use in the regulatory assessments of nanomaterials: (i) 

physicochemical characterization, (ii) exposure through the lifecycle, (iii) fate – persistence – 

bioaccumulation; (iv) modelling of environmental fate and exposure, (v) ecological effects 

and biokinetics, (vi) human health effects and biokinetics in vivo, (vii) human health effects 

and biokinetics in vitro, (viii) in silico strategies – (Q)SAR modelling, and (ix) risk assessment 

(see Annex 1).  For each area of concern, an expert was nominated. The experts constituted 

a Task Force that developed this regulatory review. The members of the Task Force were: 

 Anders Baun, assisted by Jerome Rose – Environmental fate, persistence, 

bioaccumulation 

 Enrico Burello – In silico strategies and (Q)SAR modelling 

 Teresa Fernandes, followed by Anders Baun who was assisted by Lars Skjolding 

– Ecological effects and biokinetics 

 Thomas Kuhlbusch, assisted by Susan Wijnhoven and Andrea Haase – Exposure 

through the lifecycle 
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 Gregory Lowry – Physicochemical characterization methods 

 Bernd Nowack – Modelling of environmental fate and exposure 

 Günter Oberdörster – Human health and biokinetics in vivo 

 Agnes Oomen – Risk assessment 

 Barbara Rothen-Rutishauser – Human health and biokinetics in vitro 

 

Phil Sayre and Klaus Steinhäuser coordinated the activity. James Baker supported the 

expert group as secretary. 

An overarching concern for all of these individual question sets was whether the protocols 

and resulting data are both relevant (addressing regulatory needs, using cost-effective and 

generally-accessible methods) and reliable (the method used for data development has been 

sufficiently validated). The experts were asked to address the following overarching 

questions in their evaluation of significant studies, reports, guidance documents and test 

protocols:  

 Is the (test) method or approach well described? This should include a clear 

statement on the scientific basis, purpose and need for the method/approach.  

 Is the method or approach reliable? Reliability is assessed e.g. by calculating 

intra- and inter-laboratory reproducibility and intra-laboratory repeatability. For 

non-experimental methods, reliability comprises the applicability to at least a 

group of nanomaterials and good correlation with experimental results. While the 

ultimate measure of reliability is defined by the OECD, it must be recognized that 

reproducibility and repeatability, based on testing with an adequate number of 

types of nanomaterials has not yet been done for many test protocols and 

methods. Furthermore, test methods for in vitro effects have not been adequately 

compared with in vivo results for the same nanomaterials. Similar conclusions can 

be reached for other modelling methods for nanomaterials.  

 Is the method or approach relevant?  Does the method correlate with an endpoint 

of regulatory interest, and is the method meaningful and useful for the regulatory 

purpose? Does the method correctly determine or predict an endpoint of interest? 

Relevance incorporates consideration of the accuracy (concordance) of a method. 

 Further generic questions that were considered including: What is the aim of the 

method under consideration? Does the method align with a current regulatory 

framework? When should the method be applied (e.g. early in the innovation 

chain, before market approval, after market introduction and use, etc.)? What 

would be the added value of the method for risk assessment? 

 

The experts selected to address the question sets above were chosen based primarily on 

their scientific expertise in the areas addressed by the question sets, and their abilities to 

interact with those experts in overlapping areas of interest and other principle participants in 

the ProSafe process. Additional considerations were their familiarity with nanomaterial 

regulatory issues, and a clear avoidance of conflict of interest concerns to the extent feasible 

regarding their involvement in EU research programmes. 
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CHAPTER 4 

 EU, US, and OECD Programmes Sampled for this 4.
Regulatory Review 

Klaus Steinhäuser
7
 and Phil Sayre

8
 

Research programmes were selected for specific review by the Task Force based on a high 

degree of correspondence of the programmes’ focus areas with the scope of the ProSafe 

review and the relevance of these focus areas to regulatory needs. The relevance of the 

research conducted was specifically considered, as enshrined in the ProSafe Roadmap 

regulatory questions (see Annex 1). Programmes with sufficient research results already 

published in peer-reviewed journals were selected. As a second priority, technical reports or 

standard operating procedures (SOPs) were included, if they reliably describe outcomes with 

clear regulatory relevance, but have not yet been published in a journal. Finally, it was 

acknowledged that many other research findings in peer-reviewed journals, and documents 

from regulatory authorities, were pertinent to answering Roadmap questions, and where 

possible the Task Force also considered these documents. 

There were several EU and/or member state programmes whose research objectives and 

results were considered particularly relevant to regulatory needs: 

In its 7th Framework Programme (FP7) the EU identified research on the safety of 

nanomaterials as a key area. Within the so-called NanoSafetyCluster (NSC) 

(www.nanosafetycluster.eu) 50 research projects have been linked, with the aim of extending 

the knowledge on characteristics, exposure, and potential hazards of nanomaterials which 

can reduce concerns about risks which threaten the innovative and economic potential of 

manufactured nanomaterials. The cluster is divided into working groups around specific 

topics, which are sharing their scientific knowledge within the NSC and are discussing the 

outcomes and central aspects of nanosafety research. 

Most projects of the 7th Framework Programme are already finished. Only 9 projects are still 

ongoing. Several projects were selected which focus on the development of methods 

appropriate for regulatory purposes. These projects are briefly described in this chapter. 

EU nanosafety research does not end with the FP7 projects. The ongoing H2020 framework 

programme supports several relevant nanosafety projects (e.g. NanoReg2, NanoFASE). 

These projects have just started and no results are available yet for evaluation. Only their 

objectives could be considered in this review. 

ProSafe – also an H2020 project – is closely linked with NANoREG (www.nanoreg.eu) one 

of the largest projects in the NSC. NANoREG is coordinated by Tom van Teunenbroek 

(Ministry of Environment and Infrastructure, NL) and runs from March 2013 to February 

2017. There are more than 68 partners including South Korea and Brazil, in the consortium. 

Its main objectives include: 

a) Providing legislators with a set of tools for risk assessment as well as decision making 

instruments for the short to medium term, by gathering data and performing pilot risk 

assessment studies, including exposure monitoring and control, for a selected number of 

nanomaterials used in commercial products; 
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b) As a long term aim, developing new testing strategies adapted to a significant number of 

nanomaterials where many factors can affect their environmental and health impact; 

c) Working to establish a close collaboration between regulators and industry with regard to 

the knowledge required for appropriate risk management, thereby creating the basis for 

common approaches, mutually acceptable datasets and risk management practices. 

NANoREG delivers answers to questions posed by EU regulators on nanosafety by linking 

them to a scientific evaluation of data and test methods. It was mainly focused on the impact 

of manufactured nanomaterials (MNs) on human health. Physicochemical methods were 

examined and further developed, exposure to workers and consumers was determined, and 

in vivo and in vitro methods were applied to gain insights into potential risks. One main focus 

was to develop a tool box and tiered testing schemes for a targeted risk assessment of 

manufactured nanomaterials. The project examined in depth some of the Test Guidelines of 

the OECD. The project linked regulatory authorities, industry and science and provided a 

continuous feedback to European and national regulatory authorities, and has established 

liaisons with OECD WPMN as well as other countries like USA, Canada, South Korea and 

Australia thereby promoting a global standardization of methods and approaches. The 

NANoREG project is followed by the H2020 NanoReg2 project (www.nanoreg2.eu) 

coordinated by Emeric Frejafon (INERIS, FR) and runs from September 2015 – August 2018. 

Two main objectives of this project are to further develop regulatory orientated grouping 

methods, and to demonstrate the industrial testing of Safe by Design principles. There are no 

results available yet. 

The aim of MARINA (www.marina-fp7.eu) (Coordinator: Lang Tran, IOM, UK, November 

2011 – October 2015) was to develop and validate risk management methods for 

manufactured nanomaterials. While there are standard procedures for the identification, 

exposure-, hazard- and risk assessment for conventional chemicals, these procedures need 

to be modified or adapted to address the particular properties of nanomaterials. MARINA 

developed, harmonised and validated several methods which may be suitable for the 

assessment of nanomaterials by industry and regulators. Several peer-reviewed publications, 

including an integrating risk assessment strategy, represent the outcome of this project. The 

outcomes are documented in numerous publications on characterisation methods, 

environmental fate, material flow analysis and in vitro toxicity of manufactured nanomaterials. 

NanoValid (www.nanovalid.eu) (Coordinator: Rudolf Reuther, NordMiljö, SE, November 

2011 – October 2015) was primarily set up to develop more accurate and validated methods 

based on comprehensive inter-laboratory comparison studies. The main objective was to 

establish new reference methods and certified reference materials, including methods for 

characterization, detection/quantification, dispersion control and labelling, as well as hazard 

identification, exposure and risk assessment. The project provided relevant input to ongoing 

activities of EU committees, OECD, CEN and ISO as well as industrial measurement 

strategies. The applicability of the test protocols developed and tested was assessed by 

different case studies. Test protocols, guidance documents and training manuals have been 

widely disseminated. The project has produced several peer-reviewed publications on 

occupational and environmental exposure as well as on aquatic and terrestrial toxicity and 

bioaccumulation. 

The project NanoFATE (www.nanofate.eu) (Coordinator: Claus Svendsen, NERC, UK, April 

2010 – March 2014) delivered a systematic study of the environmental fate and toxicity of 

selected MNs. Three metal (oxide) nanomaterials (CeO2, ZnO and Ag) were investigated 

thoroughly. The research was centred on particle chemistry and fate, ecotoxicology and 

bioavailability, environmental risk assessment, and communication. The results have been 

presented in numerous publications on the release, environmental fate, ecotoxicology, and 

http://www.nanoreg2.eu/
http://(www.nanovalid.eu)/
http://(www.nanofate.eu/
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risk assessment combining these three aspects of manufactured nanomaterials. The 

NanoFASE project (www.nanofase.eu) (Coordinator: Claus Svendsen, NERC, UK, running 

from September 2015 – August 2019,) is a continuation of NanoFATE, aiming at the 

prediction of environmental distribution, concentration and form (speciation) of manufactured 

nanomaterials. There are no results available yet.  

The project EnvNano (www.envnano.env.dtu.dk) (Coordinator: Anders Baun, DTU, DK, 

December 2011 – November 2015) was also focused on environmental risks of MNs. It was 

aimed at studying the particle-specific properties that govern the ecotoxicological effects of 

manufactured nanoparticles. While many research projects inherently assume that the 

methodologies developed for chemicals can be adapted so as to be applicable for 

nanomaterials, EnvNano had a different approach: A prerequisite for the applicability of many 

of these methodologies is that the chemicals are soluble in water, implying that the 

environmental fate and behaviour can be predicted from the partition coefficients. This 

project had as a starting point that the behaviour of nanoparticles in suspension is 

fundamentally dissimilar from that of chemicals in solution. Several publications on 

ecotoxicology and fate document the results of this project. 

Nanogenotox (www.nanogenotox.eu) (Coordinator Natalie Thieriet, ANSES, FR, July 2009 

– June 2012) was one of the first EU projects (in the FP6 programme) regarding potential 

hazards of MNs and aimed to develop standardized methods for characterisation and 

determination of in vitro and in vivo genotoxicity. Several genotoxicity test methods were 

applied, modified for use with MNs and a round robin test was carried out. Furthermore, the 

correlation of in vivo and in vitro methods was investigated and the toxicokinetic behaviour of 

MNs was also studied.  

SUN (SUstainable Nanotechnologies), (www.sun-fp7.eu) is an ongoing major FP7 project 

(October 2013 – March 2017), co-ordinated by Danail Hristozov and Antonio Marcomini; Uni 

Ca’Foscari of Venice, IT. SUN is based on the idea that industry can avoid future liabilities 

associated with nanotechnologies if their environmental, health and safety (EHS) risks are 

assessed from a lifecycle perspective. The project was designed to walk down the road from 

scientific implications to industrial applications, while at the same time inform regulatory 

oversight. It is focused on developing novel tools and guidelines for risk assessment not only 

of pristine nanomaterials, but also of fragments released from products and aged under 

realistic environmental conditions. The release work has relevance not only in estimating 

environmental exposure by means of the innovative material flow models developed in the 

project, but also in assessing exposure in occupational and consumer settings. In this 

respect SUN has significantly progressed in developing a versatile, tiered, REACH-based 

framework and a toolbox for workers’ and consumers’ inhalation and ingestion exposure 

assessment. In order to generate hazard data for human health risk analysis, SUN 

developed a novel Short Term Oral Study protocol. Moreover, SUN developed rapid tools to 

analyse long-term effects of nanomaterials on important ecosystem services such as the 

biological functioning of Sewage Treatment Plant. The data generated from applying these 

tools were used in probabilistic human health and ecological risk assessment models. These 

models and the newly developed Technological Alternatives and Risk Management 

Measures inventory were used as components of a Decision Support System for 

sustainability assessment of nanoproducts. Aiming to evaluate nano-EHS risks along the 

lifecycle, this project is also centred on the development of tools and guidelines for 

sustainable manufacturing by industry.  

NanoDefine (www.nanodefine.eu) (Coordinator: Hans Marvin, RIKILT; NL; November 2013 - 

October 2017) identifies, develops, and optimizes methods to classify nanomaterials 

according to the recommendation of the European Commission (2011/696/EU). Based on a 

http://www.envnano.env.dtu.dk/
http://(www.nanogenotox.eu)/
http://(www.sun-fp7.eu)/
http://(www.nanodefine.eu)/
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comprehensive evaluation of existing methodologies and a rigorous intra-laboratory and 

inter-laboratory comparison of their performances, NanoDefine develops and validates 

methods that are robust, readily implementable, cost-effective, and capable to measure size 

distribution, particularly in the range of 1–100 nm, on particles that have arbitrary shapes, are 

composed of  a wide range of materials, bear different types of coatings, and are dispersed 

in various complex media that make up commercial products. The project will establish an 

integrated tiered approach that yields the classification of a nanomaterial through (i) 

screening by rapid methods (tier 1), and (ii) confirmation by in depth methods (tier 2). The 

project is currently half-way; and several scientific papers have been published. Additional 

papers will be produced as the project progresses. 

QualityNano (www.qualitynano.eu) (Coordinator: Kenneth Dawson, Uni Dublin, IRL, 

February 2011 – July 2015) has developed novel analytical approaches and tools to enhance 

understanding of health and safety issues in nanotechnology. Characterisation tools for 

nanoparticles in situ in biological, environmental or consumer settings have been developed, 

and optimal modes of presentation of nanoparticles to cells, tissues, organisms and whole 

animals for quantitative reproducibility have been tested. A further objective was to assess a 

set of in vitro tests capable of replacing animal testing. Various round robin tests on 

physicochemical and in vitro methods have been conducted. The results will be published in 

a special issue of a peer-reviewed journal. 

The main objective of the NanoPUZZLES project (www.nanopuzzles.eu) (Coordinator: 

Tomasz Puzyn, Uni Gdansk, PL, January 2013 – December 2015) was to develop a package 

of computational algorithms for the comprehensive modelling of the relationships between 

the structure, properties, molecular interactions and toxicity of selected classes of 

manufactured nanoparticles. The package will (i) serve as a proof of concept that the risk 

related to MNs can be comprehensively assessed with the use of computational techniques 

and (ii) define a basis for the development of additional modelling techniques for a larger 

variety of nanoparticles. The project has focused on two groups of compounds: Metal oxides 

and carbon nanoparticles. Application of the methods developed will help to predict toxicity 

and the behaviour of novel nanoparticles based on their structure and/or physicochemical 

properties, without the necessity of performing extensive empirical testing. 

The main objective of the NanoTOES project (nanotoes.sbg.ac.at) (Coordinator: Paul 

Schlinkert, Uni Salzburg, AT, November 2010 – October 2014) was to provide tools for the 

training of experts in nanosafety. In this context a suite of mainly in vitro methods has been 

developed, validated and published. 

The NanoMILE project (nanomile.eu-vri.eu) (Coordinator: Eugenia Valsami-Jones, Uni 

Birmingham, UK, March 2013 – February 2017) intends to establish a fundamental 

understanding of the mechanisms of nanomaterial interactions with living systems and the 

environment. The project identifies critical properties (physico-chemical descriptors) that 

confer the ability to induce harm in biological systems, and assesses the impact of 

environmental ageing (in air or water) on these properties and the resulting toxicity of the 

materials. The overarching objective of NanoMILE is thus to formulate an intelligent and 

powerful paradigm for the mode(s) of interaction between manufactured nanomaterials and 

organisms or the environment to allow the development of a single framework for the 

classification of nanomaterial safety and the creation of a universally applicable framework 

for nanosafety. Using a high throughput screening process, a streamlined testing and 

selection platform will be developed and applied. Besides studies on effects on human health 

the research is focused on the development of an in silico nano platform, and on the 

investigation of nanoparticle behaviour in aquatic systems. 

http://(www.qualitynano.eu)/
http://(www.nanopuzzles.eu)/
http://nanotoes.sbg.ac.at/
http://nanomile.eu-vri.eu/
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The NANOSOLUTIONS project (nanosolutionsfp7.com) (Coordinator: Kai Savolainen, FIOH, 

FI, April 2013 – March 2017) was created to develop a safety classification for manufactured 

nanomaterials based on an understanding of their interactions with living organisms at 

molecular, cellular and organism levels. Methods of system biology and OMICS techniques 

are used to identify and describe those characteristics of MNs that determine their biological 

hazard potential. The adverse effects may be mediated by alterations in gene expression 

and translation, but may also involve epigenetic transformation of genetic functions. Special 

emphasis is given to the interaction of the nanoparticles with proteins (protein corona). Any 

positive or negative biological effect of MNs in organisms may be dynamically modulated by 

the bio-molecule corona rather than the nanomaterial on its own. The overarching objective 

of this research is to provide a means to develop a “Nanomaterial Safety Classifier” based on 

their material characteristics. This will give scientists the ability to predict these harmful 

effects rather than simply describe them once they have occurred. 

The following three projects are daughter projects of SIINN (Safe Implementation of 

Innovative Nanoscience and Nanotechnology) (www.siinn.eu).SIINN was coordinated by 

Rainer Hagenbeck, Jülich, DE (August 2011 – July 2015) and promoted the safe and rapid 

transfer of European research results in nanoscience and nanotechnology (N&N) into 

industrial applications. 

 The project NANOHETER (www.nanoheter.cerege.fr) (Coordinator: Jerome 

Labille, CEREGE, FR; April 2013 – March 2016) dealt with the fate of 

manufactured nanomaterials in surface water. It concluded that the interaction of 

MNs with the mineral and organic suspended matter occurring in surface water 

will be the governing factor of fate. The aims were to identify the preferential 

carriers and to study the induced heteroaggregation and/or sedimentation 

mechanisms by mechanistic, holistic and model approaches. Finally, a probability 

ranking of the potential scenarios that can be used to model the fate in natural 

aqueous systems has been delivered. 

 Several studies indicate that particle surface area and the potential to form 

reactive oxygen species (ROS) are promising indicators to predict the toxic 

potency of manufactured nanomaterials. nanOxiMet (www.nanoximet.eu) 

(Coordinator: Thomas Kuhlbusch, IUTA, DE; June 2013 – May 2016) was based 

on an in depth analysis of the physicochemical characteristics of selected MNs. 

Several cell-free assays as well as in vitro experiments have been carried out. 

The determination of the ROS generating capacity may be a valid criterion for 

grouping of MNs but it was also shown that a combination of methods has to be 

used. 

 The NanoToxClass project (www.nanotoxclass.eu) (Coordinator: Andrea Haase, 

BfR, DE; December 2015 – November 2018) will focus on grouping according to 

toxicity and biological effects in humans and mammals. Criteria shall be 

established using approaches such as transcriptomics, proteomics and 

metabolomics in vitro and in vivo. The research will unravel modes of action of 

MNs, concomitantly develop new grouping strategies and contribute to the 

establishment of in vivo/in vitro correlations and hence support new integrated 

testing strategies.  

 

One project funded by the German Ministry for Education and Research (BMBF) was 

included in the selection of relevant programmes. NanoGEM (www.nanogem.de) 

(Coordinator: Thomas Kuhlbusch, IUTA, DE; August 2010 – October 2013), sought answers 

to the following questions: 

http://nanosolutionsfp7.com/
http://www.siinn.eu/
http://(www.nanoheter.cerege.fr)/
http://(www.nanoximet.eu)/
http://(www.nanotoxclass.eu)/
http://(www.nanogem.de)/
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a) Will nanoparticles embedded in e.g. plastic materials be released and which 

circumstances may enhance their release? 

b) How do the dimensions, structure and surface properties of nanoparticles influence their 

uptake into the human body? Which properties and processes affect their distribution in 

humans, or their excretion? 

c) Is the handling of nanomaterials and nanoparticles hazardous for employees and 

consumers? How can possible risks be assessed? 

This project systematically investigated the internal and the external exposure to MNs, their 

toxicity, and the biokinetics of selected nano-objects of industrial relevance, in order to 

assess the possible risks posed by nanomaterials. 

In addition to the European projects summarised above, five US programmes were selected 

for detailed review on the basis of their work programmes. These were found to be directly 

relevant to the regulatory questions posed by the ProSafe project: 

The National Institute for Occupational Safety and Health (NIOSH) is the leading US 

federal agency conducting research and providing guidance on the occupational safety and 

health implications and applications of nanotechnology (see 

https://www.cdc.gov/niosh/topics/nanotech/nanotechnology-research-center.html for 

research programme topics, and for current publications, please see  

https://www.cdc.gov/niosh/pubs/ Coordinator: Chuck Geraci). Concerning nanomaterials, 

NIOSH has identified ten critical topic areas to guide in addressing knowledge gaps, 

developing strategies, and providing recommendations. These areas include: human health 

effects and internal dose assessment, risk assessment including estimation of acceptable 

occupational exposure limits (OEL) via the inhalation route, exposure measurement in the 

workplace air, adequacy of personal protective equipment and engineering controls, 

epidemiological studies related to nanomaterial effects on workers, and measurement 

methods to determine airborne nanomaterial concentrations in workplace air.  

The National Institute of Environmental Health Sciences (NIEHS) research programme, 

under the US Department of Health and Human Services, focusses on health effects beyond 

those seen in the workplace (for research programme topics, please see 

http://www.niehs.nih.gov/research/supported/exposure/nanohealth/ and, 

http://www.niehs.nih.gov/research/resources/nanotechnology/index.cfm for current 

publications; Coordinator: Sri Nadadur). NIEHS has two programmes that evaluate the 

potential health effects of nanomaterials. The NIEHS Center for Nanotechnology Health 

Implications Research (NCNHIR) Consortium (2010 – 2016) has demonstrated a clear 

relationship between the physical and chemical properties of a small library of MNs and their 

toxicity at molecular, cellular, and whole organism levels. From 2010 to 2016, this 

interdisciplinary programme included Cooperative Centers, individual grantees, and 

contractual agreements that facilitated coordinated characterization efforts among grantees 

who each worked with a set of defined MNs at their respective labs. A new programme, the 

Nanomaterials Health Implications Research (NHIR) Consortium, which links the physical 

and chemical properties of high priority manufactured nanomaterials (MNs) to biological 

responses was formed in 2016. NHIR aims to expand understanding of the interactions 

between MN and biological systems. This consortium also examined multiple routes of 

exposure that represent real world scenarios. NHIR focused on MNs produced in high 

quantities and commonly used in consumer products and also will examine newly developed 

materials.  

The Center for Environmental Implications of Nanomaterials (CEINT) is funded jointly by 

the US EPA and the US National Science Foundation (please see http://ceint.duke.edu; 

https://www.cdc.gov/niosh/topics/nanotech/nanotechnology-research-center.html
https://www.cdc.gov/niosh/pubs/
http://www.niehs.nih.gov/research/supported/exposure/nanohealth/
http://www.niehs.nih.gov/research/resources/nanotechnology/index.cfm
http://ceint.duke.edu/
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Coordinator: Mark Wiesner; research has been ongoing since 2009). CEINT has research 

expertise in the following five areas: (a) environmental toxicology and ecosystem biology, (b) 

nanomaterial transport, transformation, and fate in the environment, (c) biogeochemistry of 

manufactured and natural nanomaterials, and incidental airborne particulates, 

(d) nanomaterial chemistry and fabrication and, (e) environmental risk assessment and 

modelling. Research is conducted under three interconnected themes: environmental 

exposure (transport and transformations in laboratory systems); cellular and organismal 

responses; environmental organisms’ cellular and organismal responses; and ecosystem-

level responses to nanomaterials. In parallel to these three research themes, CEINT has 

produced a number of standardized protocols for research and regulatory assessment of 

nanomaterials.  

The U.S. Army Corps of Engineer’s Engineering Research and Development Center 

(ERDC) is interested in assessing the environmental risks of nanomaterials and advanced 

materials that may be used in Department of Defense applications (please see 

https://nano.el.erdc.dren.mil; ERDC research has been ongoing since 2009; Coordinator: 

Alan Kennedy). Nanomaterial-enabled products such as energetics, obscurants and 

construction materials need to meet Army safety standards, as well as regulatory compliance 

specifications in the US and abroad. The ERDC is starting a new research focus area on the 

environmental sustainability of Advanced and Additive Materials, including nanomaterials, to 

develop standardized risk assessment and management frameworks such as NanoGRID 

(Nanomaterial Guidance for Risk Informed Deployment) and protocols that will allow 

manufacturers to comply with regulatory and safety standards, while supplying advanced 

military products to better enable Army operations. The programme offers cutting-edge life 

cycle thinking capabilities in material characterization, benchtop nano-release testing, 

modelling (NanoTrackingModel), fate and transport assessment, toxicity analysis, and risk 

assessment. For example, ERDC has conducted research to support OECD test guideline 

and guidance development for nanomaterial ecological risk assessment. 

Arizona State University Fulton Schools of Engineering (ASU), and the LCnano 

research programme (please see https://engineering.asu.edu/lcnano/ and 

http://faculty.engineering.asu.edu/pwesterhoff/publications-by-topic/. Research has been 

ongoing since 2009; Coordinator: Paul Westerhoff).  Nanomaterial detection and exposure 

was an initial focus of ASU, including research on nanomaterial exposure resulting from 

nano-enabled consumer products, detection of nanomaterials in complex matrices, and the 

fate of nanomaterials in sewage treatment processes. The newer LCnano programme was 

funded by the US EPA, beginning in 2014. LCnano has an overarching goal aimed at 

understanding NM property-exposure and property-hazard relationships from a life cycle 

perspective, and development of predictive models for assessing risks across the life cycle 

from NMs that will improve design of safe nano-enabled products and processes. To inform 

risk managers, LCnano employs high throughput functional assays to quantify material 

attributes that serve as proxies for short- and long-term risk (material exposure, hazard, 

reactivity, and distribution). To inform designers of nano-enabled products about balances 

between performance and risk, LCnano is evaluating four specific nano-enabled product 

lines to develop material property-exposure and property-hazard relationships for identifying 

and subsequently minimizing risks, helping ensure sustainable design of future nano-enabled 

products.  

In addition to the five programmes summarised above, research is also supported by many 

OECD member countries outside the US and the EU. OECD nanomaterial research is 

conducted through the OECD Working Party on Manufactured Nanomaterials (WPMN) and 

the OECD Test Guidelines programme (WNT). OECD research is focused on the 

https://nano.el.erdc.dren.mil/
https://engineering.asu.edu/lcnano/
http://faculty.engineering.asu.edu/pwesterhoff/publications-by-topic/
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development of regulatory test guidelines, guidance, and other tools to support the regulatory 

safety needs of member countries: 

The Organization for Economic Cooperation and Development (OECD) (please see 

http://www.oecd.org/science/nanosafety/; research has been ongoing since 2006, via 

Member Country partners; Coordinator: Peter Kearns). Using as starting point the 

assumption that the approaches for testing and assessing conventional chemicals are in 

general appropriate for assessing the safety of nanomaterials, the OECD has focused on 

those specific aspects of nanomaterials which require either the adaption of existing test 

methods, or development of new, specific testing methods for assessing human health and 

environmental safety. This includes test guidelines and guidance on assessing effects on 

human and environmental receptors, estimating exposure (both fate and transport), how to 

use results on physico-chemical endpoints in exposure assessment, and mitigation 

measures to reduce exposure to safe levels. Member countries tested 11 selected 

nanomaterials using these test guidelines and guidance in order to determine whether OECD 

test guidelines and guidance for conventional chemicals are applicable to nanomaterials. 

Approximately 59 endpoints were addressed for each nanomaterial corresponding to the 

following categories: 1) nanomaterial information/identification; 2) physicochemical properties 

and material characterisation; 3) environmental fate; 4) toxicological and eco-toxicological 

effects; 5) environmental toxicology; 6) mammalian toxicology; and 7) material safety. The 

resulting dossiers of data for the selected nanomaterials can be found at 

http://www.oecd.org/chemicalsafety/nanosafety/testing-programme-manufactured-

nanomaterials.htm. Nanomaterial test guidelines and guidance with specific adjustments for 

nanomaterial properties can be found at the OECD test guidelines and guidance website 

http://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm. For 

example, the “Guidance on Sample Preparation and Dosimetry for the Safety Testing of 

Manufactured Nanomaterials” was the first nanomaterial-specific guidance document 

published by the OECD in 2012 (OECD, 2012). More recent test guidelines that incorporate 

nanomaterials include a 2016 draft 90-day inhalation toxicity Test Guideline for rodents that 

incorporates new nanomaterial testing needs (OECD, 2016).  Others are still under 

development. A recent summary of much of the work on the OECD testing of nanomaterials, 

and the development of new nanomaterial test guidelines and guidance can be found in 

Rasmussen K., et al., 2016. The OECD WPMN hosted several expert meetings on various 

areas of concern, presenting the state of the art. For a listing of these conference 

proceedings and additional OECD publications on nanomaterial safety related to the OECD 

Working Party on Manufactured Nanomaterials, please see the following: 

http://www.oecd.org/env/ehs/nanosafety/publications-series-safety-manufactured-

nanomaterials.htm. 
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Chapter 5.1 

5.1 Physicochemical Characterisation 

Gregory V. Lowry
9
 

with contributions from Thomas Kuhlbusch
10

 

5.1.1 Introduction and Scope 

The unique properties of manufactured nanomaterials give rise to their extraordinary 

behaviours. Those same properties can also lead to unanticipated effects on the 

environment and human health. The recommended definition of a nanomaterial (EU, 2011) is 

based on one of those properties (size). Therefore, safe design, implementation, and 

regulation of manufactured nanomaterials (MNs) rely on the ability to accurately and reliably 

measure those properties. 

In this chapter we focus on manufactured (engineered) nanomaterials.  We assess the 

reliability of the available tools, methods, and protocols to characterize those materials when 

produced as powders, or when dispersed into an aqueous and/or biological medium relevant 

to environmental fate and toxicity testing. This chapter does not address characterization of 

nanomaterials that have been incorporated into products (e.g. plastics or wood) as this poses 

additional challenges that must ultimately be addressed but are beyond the scope of the 

present work. The aim is to provide the reader with some idea of the community consensus 

on the appropriate tools and approaches available to measure the properties or 

nanomaterials that are deemed to be most relevant to their health and safety regulations, 

and where available, to discuss the reliability of those approaches to deliver accurate and 

reproducible results. Where appropriate, it provides commentary on the relevance for such 

measurements in a regulatory context. 

5.1.2 Need for Standardized, Reproducible, and Meaningful Measurements of 

Nanomaterial Properties  

There are two primary drivers for developing standardized and reliable methods to determine 

nanomaterial properties. The first driver is the need to determine if a given material is indeed 

a nanomaterial according to the recommended EU definition. Namely, in order to qualify as a 

nanomaterial at least 50% of the constituent particles by number must be less than 100nm in 

one dimension, or the volume specific surface area (VSSA) must be greater than 60 m2/cm3. 

This requires reliable and accurate measurement of particle size distribution and/or 

measurements of the specific surface area of the material. 

The second driver is the need to facilitate read-across and to anticipate possible fate and 

adverse effects for manufactured nanomaterials. Read-across requires the ability to correlate 

the relevant physico-chemical properties of a nanomaterial with specific fate and toxicity 

behaviour such that the behaviours of new nanomaterials can be predicted from 

measurements of their properties. Ultimately, this will utilize structure-activity models as 

discussed later in this document (see chapter 5.8). The scientific basis for these correlations 

and models can only be made with data collected using standardized approaches and 

reporting requirements such that measurements are comparable. 

  

                                                           
9Carnegie Mellon University, Pittsburgh, USA 
10
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5.1.3 Priority Nanomaterial Properties to Measure, and how they are Defined 

There is a growing consensus on the set of properties of a nanomaterial that may be most 

relevant for determining its environmental fate and (eco)toxicity. The most recent ECHA 

guidance indicates that size distribution, shape, and chemical composition represent the 

absolute minimum in characterization required to define a nanomaterial (ECHA, 2016).  

Other guidance documents commonly include additional nanomaterial properties that are 

needed to define toxicity potential and to predict environmental behaviours. 

A proposal by ECHA/RIVM/JRC indicates the selected properties that must be measured in 

order to predict toxicity, ecotoxicity and fate, and are shown in Figure 5.1.1. 

 

Figure 5.1.1:  
Physicochemical properties relevant for grouping and read-across (according to ECHA, RIVM, JRC, 
2016) 

While this is a relevant list of properties, an additional selection must be made to distinguish 

between intrinsic particle properties (medium independent), and extrinsic particle properties 

(medium dependent) (Hendren et al., 2015). This list of properties goes well beyond those 

needed strictly for the EU regulatory definition of what constitutes a nanomaterial. The 

specific properties that the ProSafe review will address in this report are provided in Table 

5.1.1. They are specifically separated into “intrinsic” and “extrinsic” properties for clarity. Note 

that these groups of properties align naturally with the ECHA categories of physicochemical 

properties shown in Figure 5.1.1 above. 

These properties were selected based on the expert judgement of the ProSafe panel of 

experts. Each of the properties above is either used to define a nanomaterial, or was 

deemed to be critical in assessing their fate and toxicity. For example, the intrinsic property 

of number average particle size distribution is needed to define a nanomaterial. The extrinsic 

properties like zeta potential can affect aggregation potential and toxicity, and dissolution rate 

can affect both toxicity and fate and persistence in the environment. The “reactive” properties 

are important determinants of toxicity. Additional rational for selecting these properties is 

provided in each section describing them and the standard tests available to measure them. 

It is important to note that the distinction between intrinsic and extrinsic properties is primarily 

to highlight the fact that many “properties” cannot even be measured independently of the 
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system in which they are contained, e.g. zeta potential only exists when particles are in 

contact with a solution with ions. The distinctions can at times be blurred. For example, the 

particle size distribution may change over time as particles dissolve, and this dissolution rate 

will likely be system dependent. However, the size distribution of the particles can be 

measured independently of the solution and therefore are an intrinsic property. 

Hydrophobicity of a NP can be influenced by solution conditions, but the designed 

hydrophobicity of the NMs can be determined and therefore we include hydrophobicity under 

the intrinsic properties. Some parameters were discussed, and not specifically included in 

Table 5.1.1: for example, the formation of a specific protein corona (as determined by 

medium components) can affect a toxicity outcome in an in vitro study, for example. 

However, the methods for measuring protein coronas and interpreting their effects on 

toxicity, fate, and other parameters seem to be less relevant for regulatory aspects (see 

Chapter 5.7). 

Table 5.1.1:  
Physicochemical properties on which the ProSafe review will be focused 

Intrinsic Particle properties 
(most relevant to regulatory 
definitions of a  
“nanomaterial”) 

Extrinsic Particle Properties (medium-, and time-
dependent) 

“What they are” “Where they go, and their 
persistence” 

“What they do” 

 Properties and Processes “Reactivity” 

Particle size distribution 
(number average) 

Dissolution rate (in 
environment, and in 
physiological fluids) 

ROS production and 
photoreactivity2 

Particle shape  
(e.g. aspect ratio) 

Biodurability1 
/Biodissolution in vivo and 
in vitro3 

 

Crystalline phase(s) Density (including effects of 
milieu) 

 

Hydrophobicity/wettability Surface affinity  

Chemical composition 
(impurities, surface 
chemistry) 

Dustiness (depends on 
moisture) 

 

Rigidity Zeta potential   

Redox potential / band gap Agglomeration 
/Hydrodynamic diameter 
(dispersion stability) 

 

Specific surface area   
1. See OECD, 2016 
2. See Sanders et al, 2012 and Ma et al., 2012 
3. Note that in vivo dissolution is described in Chapter 5.6 

In addition to the measurements of specific properties, the concept of a “functional assay” is 

discussed. Functional assays are specific tests conducted in a selected medium of interest to 

measure extrinsic nanomaterial properties. They focus on measuring selected, environment-

specific extrinsic properties (e.g. dissolution rate, agglomeration potential, ROS production) 

and are designed to provide either rate information for environmental fate and toxicity models 

or to determine if a material displays a specific property, e.g. a yes/no decision on whether a 

material is photoreactive or not. Where appropriate, links between the OECD test guidelines 

developed for these properties and proposed functional assays are highlighted. 

It is important to note that measurements of many of the properties of nanomaterials are very 

often affected by time. The history of the particle, the particle concentration, and the time at 
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which the measurement is made can greatly affect the measured properties. This is 

especially true for properties in the “what they do” or “where they go” categories. For 

example, the agglomeration rate of a NP is highly influenced by the dispersion protocol, 

particle concentration, and by the time of the measurement after dispersion (see OECD draft 

test guideline on agglomeration behaviour, (OECD, 2016)). Sometimes differences of 

seconds or minutes before a measurement is made can influence the result. These 

differences can be minimized by SOPs and carefully defined protocols, but variability of 

results for many tests will be high for particles that are changing on relatively short time 

scales. Efforts towards read-across and regulation will need to consider this variability 

carefully as it will be difficult to avoid between laboratories. 

In addition to rigorous protocols and standardization of methods, there needs to be a 

significant improvement in the reporting of the data and associated meta-data. Including 

detailed meta-data (and raw data if appropriate) for measurements will facilitate read-across 

efforts by enabling comparisons of data collected precisely in the same manner, including 

temporal information where appropriate, e.g. in agglomeration studies reporting the time of 

measurement after sonication down to the level of seconds may be necessary. Standard 

media are also required for comparing measurements of different particle types or between 

laboratories. This is especially true for the extrinsic properties listed in Table 5.1.1, which is 

most of them. 

5.1.4 Progress towards Achieving Reliability, Reproducibility, and Relevance 

for Nanomaterial Properties 

Intrinsic properties: 

5.1.4.1 Particle Size Distribution (PSD) 

A nanomaterial as defined by the EU Commission is one that consists of 50% or more of 

particles (by number) having a size between 1 nm-100 nm. This is based on constituent 

particle size. This section briefly presents the methods available that can be used reliably to 

assess whether or not a material could be classified as a nanomaterial according to this part 

of the EC definition. 

What method(s) are sufficiently reliable and relevant (i. e., not too costly and do not involve 
proprietary methods/instruments; can be done by a contract laboratory at a “reasonable 
cost”)  

There are a number of methods available to determine the size distribution of a population of 

particles in a material. These include counting methods (TEM/SEM, sp-ICP MS, DMA), 

ensemble methods (e.g. DLS, NTA, X-ray scattering), and fractionating methods (e.g. 

centrifugation or FFF prior to detection) (Hodoroaba and Lielke, NanoDefine Technical 

Report D3.1). Importantly, many of the available methods to determine size and size 

distribution rely on different physical measurements or detection methods to infer particle 

sizes in the population. All ensemble methods require data processing and averaging to 

obtain a PSD. This data processing requires assumptions about the particles and can lead to 

artefacts in the obtained PSD. Except for simple nanomaterials such as uncoated spherical 

SiO2 or AuNPs, different methods to measure size will generally yield different results, often 

with high variance between methods (Babick et al., 2016; Baalousha and Lead, 2012). This 

has significant implications for regulation. For example, microscopy methods yield something 

close to the physical size of a NP (area equivalent diameter or Feret diameter), whereas 

dynamic light scattering, NTA, and centrifugation all yield a hydrodynamic diameter. 

However, each of these methods relies on different detection methods.  So, the definition of 

a nanomaterial should specify the nature of the size that defines that NP, i.e. is size defined 
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by the core’s constituent particle size only (as determined by microscopy methods), or is it 

the core-organic shell combination which may be better defined by the hydrodynamic 

diameter? 

It is probably best to define a nanomaterial based on the size of the physical core’s 

constituent particle size, or aggregated particle size. Even though a nanomaterial size may 

change over time, e.g. through dissolution, this is a readily measurable property of the 

nanomaterial. For low solubility nanomaterials, the constituent particle size is also 

independent of the medium in which it is dispersed. This can include both core and core-

inorganic shell materials. The use of hydrodynamic diameter to define a nanomaterial can be 

more problematic because it is medium and shape dependent e.g. ionic composition and 

ionic strength, and many factors such as aggregation, and shape can also influence the 

conversion of the diffusion coefficient to core particle size.  

The current definition of a nanomaterial requires that the primary particle sizes be measured. 
This is a serious challenge for all ensemble methods because they cannot readily distinguish 
between a larger particle and an aggregate of smaller particles. This really narrows the field 
of measurement techniques that can provide a good measure of primary particle size 
distribution in aggregated materials. If the definition is modified to become the aggregate size 
of the material, ensemble methods become more tractable. 

Given the focus on primary particle size, only microscopy methods can potentially offer 

reliable estimates of particle size distribution of an MN sample (Mast et al., 2015). TEM with 

automated image analysis to remove operator bias is currently the best choice of sizing 

method (described by Temmerman et al., 2014. Overall, intra-lab uncertainty in the particle 

size distribution measured by TEM is ~3% for very simple near-spherical and near-

monodisperse particles (Temmerman et al., 2014)). The errors from electron microscopy 

(EM) measurements on simple reference materials (e.g. ERM-FD100) are also shown to be 

quite low (<5%) (NanoReg D2.10). Some additional TEM methods are being investigated to 

de-convolve aggregates into a PSD for the primary particles (Temmerman et al, 2014), but 

the aggregate structures used in these methods are still quite simple. More complicated 

fractal structures are more difficult to discern. NANoREG deliverable 2.10 found relatively 

good agreement between labs for PSD on several reference materials (<~10% errors).  EM 

methods were less reliable (~20% relative deviations for a number of “real” nanomaterials; 

and up to 100% relative deviation for the other half) for more complex samples (Babick et al., 

2016).NanoValid has established a SOP for EM methods for determining PSD (Rades and 

Hodoroaba, 2016). This SOP is justifiably vague in the sample preparation for optimal 

samples, and in the thresholding procedure to automate particle counting. These elements 

will be somewhat sample specific and cannot be over-specified. 

Other potential methods to determine NP size are not yet capable of (and may never be) 

providing accurate and reproducible measurement of size distributions for a broad range of 

material types. Most importantly, these additional methods cannot readily distinguish 

aggregates from larger individual particles. DLS has multiple problems with data 

interpretation, is not reliable for polydisperse samples and oddly shaped structures (Gallego-

Urrea et al., 2014), the presence of larger particles in the distribution mask smaller ones, 

there is a lower size cut-off of ~ 5nm, and number averaging of the scattering intensity is 

biased by larger particles in polydisperse samples. Differential mobility analysis (DMA) is a 

well-established method for measuring PSD for aerosolized particles, but this method also 

cannot distinguish aggregates from primary particles. 

It is important to note that there are a large number of other viable methods for measuring 

PSD, each with its own optimal size range for measurement (Babick et al., 2016). These 

methods are still useful in the nano-EHS research area. These methods can provide 
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reproducible PSDs when properly applied on a relatively monodisperse suspension of 

particles. However, most are still severely challenged by polydisperse samples.   

A few newer, yet to be validated methods, show promise for determining PSD for nano-EHS 

purposes. The atomic force microscope (AFM) method proposed by Baalousha et al., (2014) 

is potentially promising for MNs that do not readily aggregate. This method deposits NMs 

onto an AFM substrate (atomically smooth surface) by electrostatic attraction. Then AFM is 

used to determine the particle size distribution (a counting method). AFM will not be able to 

distinguish between single NPs and aggregates of NPs. Automation after sample preparation 

is feasible. This method was developed using only AuNPs and is currently not validated 

against other methods. A second method that appears promising for particle sizing is SP-

ICP-MS.  This method has been shown to yield accurate (<3%) particle size measurements 

for 50nm Au NPs and 80nm AgNPs in water (Gallego et al., 2014).  However, the method 

has largely been developed with Au and AgNPs which are some of the easiest to detect 

using this method because background Au concentrations are essentially zero. sp-ICP-MS 

has a lower size cut-off for many relevant nanomaterials (e.g. TiO2, CuO, Fe-oxides) that is 

too large to meet the needs of the definition of a nanomaterial. However, improved 

background subtraction of signal from dissolved ions and more rapid detection events will 

further enhance the lower end of the NPs size range that can be measured (Cornelis and 

Hasselov 2014; Tuoriniemi et al 2015). The method has not been validated yet. 

Which are the key limitations of the method? 

Most particle sizing methods have largely been tested and calibrated using ideal spherical 

particles of gold, SiO2, or polystyrene.  Although automated EM methods have been applied 

to TiO2 and carbon black (Temmerman et al, 2014, NANoREG D2.10) assessment of 

agglomerates has been limited to TiO2 agglomerates containing just a few primary particles 

per aggregate. SP-ICP-MS methods cannot distinguish aggregates from larger NPs. The 

utility of these methods may therefore be limited to powders consisting of relatively ideal non-

aggregated spherical particles with high atomic number. Materials with high aspect ratio or 

made from electron beam-sensitive elements will be much more difficult to measure 

accurately.  

Another limitation of the EM method (and all methods) is that sample preparation can affect 

measured size distribution (Guiot and Spalla 2013; Temmerman, et al. 2012; Bihari, et al. 

2008). New methods have been proposed to deposit MNs onto TEM grids uniformly for 

analysis after centrifugation to concentrate the NMs from solution (Prasad et al., 2015).  It is 

unclear whether or not the attachment methods, e.g. use of poly-L-lysine (+ charged) to 

collect negative charged NPs onto the TEM grid or AFM grid, lead to sample bias by 

selecting specific particles from a population of particles. 

Dispersion protocols are absolutely necessary for achieving consistent results and 

comparability across laboratories. The absence of protocols makes the coefficient of 

variance (CV) go very high, many 10’s of % (Hole et al., 2013; Babick et al., 2016). But even 

with stringent protocols, kinetic issues still lead to different behaviours. For example, the 

concentration of the suspension during dispersion was found to be the most important 

determinant affecting variability of PSD measured by centrifugation (Tantra et al., 2014). The 

concentration affects the aggregation rate in the suspension, which is manifesting in the 

measured PSD. There is unlikely to be a “one-size-fits-all” protocol to apply to all NMs, so 

rather than specifying a single dispersion protocol, it may be prudent to adopt standardized 

protocols that are useful for common sample types, and then ensure that ALL metadata 

associated with that protocol are reported along with the measurement values. 
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Another important limitation is that EM is relatively expensive and only a very small fraction 

(micrograms or less) of the material can be observed with the EM. Significant measurement 

errors may come from sample preparation and sub-sampling, especially for counting 

methods such as TEM and SEM. This is a result of using the number–averaged size 

distribution and difficulty in consistent subsampling of the particle populations (Babick et al, 

2016). High aspect ratio materials pose significant challenges to all sizing methods (Gallego 

et al. 2014). A tiered approach to measurement has been proposed by Babick et al. (2016), 

where the easy to apply methods such as DLS are applied to materials to screen for those 

that require additional confirmatory analyses by EM methods. Such a tiered approach is 

likely the best alternative for testing to minimize resource requirements. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

In general, EM methods are reliable. However, they are not considered high throughput. 

They require a significant amount of sample preparation to be successful, and this is the slow 

step in the measurement process. There are automated methods to count particles, but 

these need to be further validated with more complex samples. Robust methods for 

thresholding to identify particles are still required. The ensemble methods are much more 

suited for automation. However, for the reasons discussed above these are not good 

candidates to determine particle size distributions without significant artefacts from 

agglomeration or other factors affecting the property being measured to infer PSD. 

Additional Commentary: One potential alternative method for determining if a material is 

“Nano” could be to measure a property of that material that only manifests itself if the 

material is less than 100 nm (or more typically less than 10 nm for metals and metal oxides). 

For example, some materials adsorb substrate differently at the nanoscale than for bulk 

materials, some have optical properties that only manifest at the nanoscale, and many will 

have a shift in their isoelectric point (pHiep) when in the nano-size range (Wang et al., in 

press). If the material in question has this property, then it must contain some fraction of 

nano-sized materials. The amount of the nano-sized material on a mass basis (inherently 

easier to measure) should be proportional to the property being measured. Testing materials 

for their properties relevant for fate or an effect (e.g. dissolution rate or ROS production) may 

also be a suitable metric for risk (see functional assays section later in this chapter). 

5.1.4.2 Surface Area  

Nanomaterials are unique in part because of their high surface to volume ratio (Auffan et al., 

2009). Therefore, surface area is expected to correlate with reactivity and important 

endpoints of toxicity and fate. Surface area will therefore affect key processes that are 

surface mediated, e.g. dissolution rate, ROS production, photoreactivity. Moreover, a second 

part of the JRC definition of a nanomaterial relates to the volume specific surface area 

(VSSA). “A material should be considered [a nanomaterial] where the specific surface area 

by volume of the material is greater than 60 m2/cm3.” This surface area is the expected value 

for a non-porous spherical particle with a diameter of 100 nm.   

The use of gas adsorption to determine the surface area of powdered materials (e.g. N2-

BET) is a well-established method. The experimental approach and analysis methods are 

robust, although interpretation of sorption and desorption isotherms generally relies on 

assumptions about pore geometry that may or may not be accurate. Reproducibility of the 

measurement is generally good. Inter-laboratory comparisons indicate that reproducibility is 

within ~10% (NANoREG D2.11). This can likely be reduced further using a simple protocol 

for sample preparation (degassing) and data analysis. 
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The proposed VSSA method (surface area in m2/g normalized by the density of the material) 

can be robust for monomodal particles with a defined shape. However, the potential for false 

positives (i.e. indication for a nanomaterial even when it is not based on the definition) or 

false negatives (under-protective) increases when particles are polydisperse in size, are 

internally porous, or have organic coatings that can lead to artefacts. For monomodal particle 

systems, the method appears to be robust with respect to false negatives, i.e. it can be used 

to identify materials that are not considered to be nanomaterials. While the VSSA cannot be 

used alone to conclusively identify a material as a nanomaterial, it remains an important 

property to measure and report given that nanomaterial reactivity is often correlated with its 

surface area.  

Note that there are no reliable methods to measure the surface area of nanoparticles in an 

aqueous suspension. For example, Acorn Area, from XiGo Nanotools used NMR to measure 

the wettable surface area of nanoparticles in suspension. However, it requires high 

concentrations of NPs to provide sufficient surface area for the measurement. This method 

may offer an ability to determine the surface area in suspension, perhaps even the reactive 

(wettable) surface area and other surface properties related to reactivity, but this method has 

not been widely used in nano-EHS research and has not been validated. Potentiometric 

titration is also a method that can be used to determine “reactive’ surface area, e.g. for SiO2 

(Sears, 1956).  Reactive surface area may ultimately be a better indicator of risk than total 

surface area. 

Limitations: The N2-BET surface area measured is not necessarily representative of the 

biologically active surface area or the reactive surface area that are of most interest. 

However, it serves as a reasonable (and measurable) proxy for those parameters. 

Aggregation of the particles can affect the measured surface area if the aggregation blocks 

have access to internal pore spaces. Key limitations of the method include aggregation, 

shape (i.e. non-spherical materials), polydispersity, and coating. Importantly, the VSSA 

approach is not valid for polydisperse particle systems, and it is model dependent, primarily 

due to the way that the particle surface area is weighted (number vs. volume). A good 

summary of the approaches and limitations of the VSSA method for determining a 

nanomaterial are provided in NANoREG D2.11 (NANoREG D2.11). 

5.1.4.3 Particle Shape 

The shape of a nanomaterial can affect its physicochemical properties, environmental fate, 

and toxicity. Importantly, the aspect ratio of a particle is a well-known parameter affecting 

nano-bio interactions and toxicity potential (Qiu et al., 2010; Donaldson et al., 2011). Fibres 

are currently suspected to be carcinogens by a specific mode of action (MOA). The fibres 

have to be long, rigid and biodurable for this MOA to be able to penetrate the cell wall and 

then possibly causing cancer. ECHA recently suggested that particle shape be reported as 

part of the minimum reporting requirements for manufactured nanomaterials (Appendix 4: 

Recommendations for nanomaterials applicable to the Guidance on Registration, ECHA May 

2016, 

https://echa.europa.eu/documents/10162/22334052/appendix_reg_nano_draft_for_peg_en.p

df). There are a large number of potential descriptors of nanomaterial shape, and ontologies 

are being developed to capture this information in a systematic way (e.g. conical, cylindrical, 

rod, spherical, ellipsoidal, polyhedral shapes are suggested, (National Center for Biomedical 

Ontology; 

http://bioportal.bioontology.org/ontologies/NPO?p=classes&conceptid=npo%3ANPO_852). 

Automated shape analysis of particles in the micron to 100’s of micron size ranges are 

routine using image analysis as part of commercially available instruments (e.g. Malvern 

Morphology). While similar measurements on particles in the nanoscale size range are not 

http://bioportal.bioontology.org/ontologies/NPO?p=classes&conceptid=npo%3ANPO_852
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yet routine, NANoREGD2.10 provides guidance and templates to make shape analysis for 

NMs from EM images (NANoREG D2.10). 

What method(s) (by reference to a published paper) are sufficiently reliable and should be 
validated further?  

Electron microscopy is the most widely applied tool for providing a qualitative indication of 

nanoparticle shape. Automated image analysis tools (e.g. Image J) are available to count 

particles and determine their shape. Other image analysis protocols are being developed and 

appear promising (Temmerman et al., 2014). No other tools are available for reliable 

measurement of nanomaterial shape. 

Which are the key limitations of the method? 

One key limitation of the method is that microscopy provides a 2-dimensional projection of a 

three dimensional object. Therefore, it is difficult to determine the true 3-dimensional shape 

of the objects with microscopy. 

Another limitation is that the method relies on the ability to disperse the samples and place 

them on a sample grid that is optimal for microscopy and image analysis. This can be 

particle-specific, making the automation of sample preparation challenging. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

Microscopy methods do not typically lend themselves to automation. Sample preparation is 

the key to successful microscopy and this is often sample-specific. Image automation is more 

feasible. However, work is still needed to create algorithms that can reliably determine 3-D 

shape from 2-D images. 

5.1.4.4 Crystalline Phase(s)  

A material, especially metal and metal oxide NPs, is in part defined by its crystal structure. 

For example, TiO2 can exist in the three different polymorphs, rutile, anatase, and brookite. 

Each has different properties that can affect its hazard potential, e.g. photoreactivity can 

increase toxicity. Fortunately, crystal structure for many (crystalline) nanomaterials is easy 

and inexpensive to obtain. 

What method(s) are sufficiently reliable and relevant (i.e., not too costly and do not involve 
proprietary methods/instruments; can be done by a contract laboratory at a “reasonable 
cost”; and answers a regulatory endpoint of interest)?  

Powder X-ray diffraction (XRD) is the most commonly used method to determine crystalline 

phase, as well as other properties such as distance between sheets in layered material, 

relevant to a nanomaterial’s properties and behaviour. Electron diffraction, usually collected 

during TEM analysis, can also provide positive identification of crystal structure. Diffraction 

patterns obtained on selected NPs are analysed to determine the phase(s) present in the 

material. XRD provides an average value over many particles, whereas electron diffraction 

provides this information on individual particles or aggregates. A Scherrer analysis of the 

XRD patterns can also provide some indication of the crystalline scattering domain size of 

the particles.  For metals and metal oxide nanoparticles, the scattering domain size is 

roughly equivalent to the particle size. However, for polycrystalline nanomaterials, the 

scattering domain size and the particle size are not equivalent. Used in conjunction with 

TEM, a Scherrer analysis can be used to determine if the nanomaterials are polycrystalline 

or not.  

Which are the key limitations of the method? 
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One limitation of X-ray and electron diffraction methods is that it only works on crystalline or 

polycrystalline materials. XRD is of limited use for poorly ordered or amorphous materials. It 

also sets limitations on the particle sizes that it can analyse reliably. For nanoparticles at the 

lower end of the size range, <10nm, or for more amorphous samples, electron diffraction 

(and SAXS) can work better than XRD. However, these latter techniques are far less 

automated than powder XRD. 

Another limitation is sensitivity. XRD using a common laboratory instrument and X-ray source 

cannot reliably identify or quantify phases present in low quantities (~<1 wt%). This may 

preclude its use in identifying crystalline materials that are present as thin surface coatings 

on some materials. 

A limitation of electron diffraction methods lies in the ability to focus the electron beam on a 

single location for analysis. If the beam spot size is too large, the diffraction pattern is for the 

entire area being probed, and can become more difficult to analyse. Crystal orientation also 

affects the diffraction pattern when it is collected on a single particle, whereas powder XRD 

provides an average over all crystal orientations. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

Yes, collection and analysis of powder XRD patters can be easily automated. However, 

sample preparation is still required. 

5.1.4.5 Hydrophobicity/Wettability 

The hydrophobicity of a nanoparticle can affect its dispersability in water, toxicity (Moyano et 

al. 2012), and attachment to environmental surfaces (Song et al., 2011; Xiao et al., 2012). 

Despite the importance of this property on endpoints of interest to regulators, there had been 

limited work aimed at measuring this nanomaterial property reliably. It should be noted that 

NM hydrophobicity can change upon interaction with other constituents in water, e.g. ions, 

pH, organic matter, etc. In this regard, hydrophobicity is system dependent. The magnitude 

of the influence of the constituents present in water on NP hydrophobicity are not reported.   

What method(s) are sufficiently reliable and relevant (i.e., not too costly and do not involve 
proprietary methods/instruments; can be done by a contract laboratory at a “reasonable 
cost”; and answers a regulatory endpoint of interest)?  

There are several methods proposed to determine the hydrophobicity of a NP. These include 

(a) Interactions with a probe molecule, e.g. dye like Rose Bengal or naphthalene (Xiao and 

Wiesner, 2012), (b) Measurement of partitioning of the NPs into octanol, Kow (Westerhoff and 

Nowack, 2012), (c) Contact angle measurements made on a layer of NPs attached to a 

surface (Xiao and Wiesner, 2012), and (d) Hydrophobic Interaction Chromatography (HIC) 

(Jones et al., 2014). While none of these methods provides a rigorous measure of the 

hydrophobicity of NPs, they may provide a relative measure of hydrophobicity between 

particle types. Other methods for assessing particle wettability include film flotation 

(Fuerstenau, et al., 1991) and the Washburn capillary rise method (Gale et al., 2010).   

Measurement of hydrophobicity based on interactions with a probe molecule. Xiao and 

Wiesner compared the ability of all of these methods (except HIC) to assess the 

reproducibility of the measurement and to determine if the measured hydrophobicity was 

consistent with expectations based on NP composition. Measures of NP hydrophobicity were 

ranked by the adsorption of Rose Bengal dye or Nile Blue dye using the Freundlich isotherm 

parameter as a metric of ranking. There were differences in the Freundlich exponent for each 

fit, but the reasons for these differences were not explained. As a relative ranking scheme for 

hydrophobicity, the proposed dye adsorption method appears to be reproducible for the 
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surface modified carbon, metal and metal oxide NPs used in the study. Moreover, these 

measurements were consistent with contact angle measurements (described next). 

However, there is a lack of a fundamental physicochemical relationship between the 

measured Freundlich parameters and the hydrophobicity of the nanoparticle (which has units 

of force per length). 

Contact angle measurements. In contrast to the adsorption of molecules to a NP surface, 

contact angle measurement is a well-established method to measure the hydrophobicity of a 

surface. The relationship between the contact angle and surface tension has a strong 

theoretical foundation, and in principle allows for direct calculations of the interfacial tension 

(and hence hydrophobicity) of the NP.  Established methods exist for measurement of 

contact angles (e.g. sessile drop method), and this was used to measure hydrophobicity of 

several coated carbon, metal, and metal oxide NPs (Xiao and Wiesner, 2012). To achieve 

this, the NPs are deposited in a film on a filter paper using vacuum filtration. Despite the 

general agreement of the order of hydrophobicity for the contact angle method with the 

adsorption method, the contact angle on a layer of adsorbed particles is not expected to be 

the same as the contact angle on the particle itself because of roughness effects. The 

contact angle will depend very much on the number of particles per unit area as roughness 

tends to make hydrophobic surfaces have larger contact angles than they would have in a 

purely planar form. The wettability of the underlying surface can also impact the contact 

angle measurement, depending on the surface coverage. 

Partitioning between Octanol and Water and hydrophobic interaction chromatography 

(HIC). Neither of these methods appears feasible for accurately and reproducibly measuring 

the hydrophobicity of a nanomaterial. For Kow, it may be difficult to achieve an equilibrium 

concentration of the nanomaterial in each phase for measurement. HIC will likely suffer from 

artefacts from aggregation as it relies on flow through a porous medium. However, in 

principle, conditions may be found where the nanoparticles are stable against aggregation 

and the concentrations used are small enough such that the only interactions affecting 

particle deposition in the column are from hydrophobic interactions. Reversing the process, 

i. e. loading a column with NPs and passing a probe molecule through that column may 

provide a more tractable approach. However, this method is simply a column version of a 

test measuring the sorption of a probe molecule onto the NPs. Significant effort is required to 

demonstrate that either of these methods can be robust and reproducible, but they should be 

pursued if hydrophobicity is identified as an important nanoparticle characteristic defining its 

fate and toxicity. 

Which are the key limitations of the method? 

The main limitation of the adsorption method is that it only provides a “relative” measure of 

hydrophobicity. Moreover, if there are interactions of the dye with the NP that are not due to 

hydrophobic interactions, (e.g. if the dye can form a chemical bond with the NP surface of the 

coatings on that surface), it will interfere with the test. Therefore, careful selection of the dyes 

is necessary. A limitation of the contact angle measurement is that not all NPs will be 

amenable to forming a relative smooth surface layer required for the measurement. They will 

likely need several preparation methods created for application to all NP types. Importantly, 

significant artefacts are expected to arise from surface roughness of areas of incomplete 

formation of the surface layer. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

Currently, there is a limited amount of data regarding the reliability of the method for use 

across a broad range of NP types. The influence of key parameters like ionic strength, ionic 
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composition, and pH may affect the hydrophobicity of the NPs, especially if the coatings are 

polyelectrolytes. Thus, the measured relative hydrophobicity is dependent on the medium 

and can also be considered as an extrinisic property. The adsorption method probably can 

be automated and made to be high throughput. However, this will provide only a relative 

measure of hydrophobicity and benchmarks will be needed for comparison. 

5.1.4.6 Particle Chemical Composition (impurities, surface chemistry) 

The chemical identity of a nanomaterial in part defines its properties. Of particular importance 

is the surface chemical composition of the NM, and the location of the impurities, e.g. on the 

surface vs. inside the particle. The latter can affect the properties of the materials and 

prevent accurate comparisons with other materials having the same overall chemical 

composition. Similar to proteins, the spatial distribution of elements within the nanomaterial 

(structure) are also highly important for its properties. Thus, techniques to determine the 

chemical identity of a NM must provide both chemical elements as well as the spatial 

distribution of those elements within the particle. This is a difficult task, especially at the 

single particle scale. 

Bulk chemical composition of a metal or metal-oxide nanomaterial can be straightforward for 

many materials using well-established methods for sample preparation and digestion (e.g. 

EPA method 3052) and analysis (e.g. EPA Method 6020). This is especially true if the 

material is a “simple” nanomaterial with uniform chemical composition. However, many of 

these established techniques require sample destruction, and therefore provide an “average” 

composition of the material, i.e. no spatial distribution information. This is problematic for 

materials of core-shell structure that require some spatial resolution of the analysis to 

determine the chemical identify of the structures of the nanomaterial. 

What method(s) are sufficiently reliable and relevant (i.e., not too costly and do not involve 
proprietary methods/instruments; can be done by a contract laboratory at a “reasonable 
cost”; and answers a regulatory endpoint of interest)?  

Overall, there are no “simple” analytical methods that can positively identify and quantify the 

complete structure of a nanomaterial, i.e. core-shell-coating with reasonable certainty. Such 

analysis requires a suite of expensive equipment and sophisticated analysis (NANoREG 

document: D2.4). However, there are combinations of methods that can provide general 

chemical composition, some indication of the presence/absence of an organic coating or 

inorganic coating, the presence of significant impurities in a structure. Many of the required 

analytical approaches are highly specialized and must be tailored specifically for the type of 

material being tested, thus hampering efforts to standardize characterization approaches. 

Techniques to determine chemical composition are typically supplemented with additional 

information such as X-ray diffraction data revealing the crystalline phases present in the 

materials. This provides a baseline for expectations of the elemental composition of the 

material. 

NANoREG D2.4 provides good guidance on the methods that can be used to characterize 

organic coatings on NMs, inorganic coatings on NMs, and surface functional groups on 

carbons. The proposed approaches are sound. However, the guidance appears to consider 

the NMs as unknowns rather than as materials that are manufactured intentionally, with 

relatively well-known composition and chemistry such that the analyses can be selected to 

verify this identity. The discussion of methods here presumes that the particle properties are 

already relatively well known, i.e. the manufacturer knows fairly well the particle composition 

and structure. 

Determination of inorganic impurities. There are many instances where nanomaterials 

may have inorganic impurities that can impacts its properties, especially toxicity. NanoValid 
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has proposed an ICP-MS method for quantifying the presence of such impurities on 

nanomaterials. This involves digestion of the samples and elemental analysis by ICP-MS. 

There are procedures for microwave digestion of carbonaceous materials.  All of the 

proposed methods are accepted EPA standard methods and these analyses should be 

highly reproducible. 

Limitations. The only limitation of this technique is that some elements cannot be analysed 

by ICP-MS, interferences may occur when multiple elements are present, and the method is 

destructive; so no spatial information can be determined, i.e. there is no indication if the 

impurity is on the particle surface or inside the particle, or present as separate phases in the 

bulk material analysed. 

Determination of organic surface coatings. The presence or absence of an organic 

surface coating on a nanomaterial is fairly easy to assess using thermogravimetric analysis 

(TGA) as proposed by NANoREG D2.4. Additional information about the chemical identity of 

those materials is possible with the coupling of mass spectrometry to the TGA. However, this 

then becomes highly specialized equipment that makes the analysis more complicated and 

requires specialized training for the analysis. It also reduces the potential to automate the 

process for high throughput. A second approach tested was the extraction of coatings that 

are more loosely adhered to the particles. This can be advantageous in that it lends itself to 

further analysis by GC-MS or other standard chemical methods. However, this approach 

would probably have to be tailored to each coating type given that polymers and 

polyelectrolytes used on many NMs have different solubility in organic solvents, and they will 

have different attachment chemistry, thereby making standardization difficult. For organic 

coatings with a known chemical structure, IR and Raman spectroscopy may also be used to 

confirm its presence of absence from the chemical fingerprint for that organic coating, or 

potentially by observing absorption at specific wavelengths expected for functional groups on 

those coatings. Quantitative assessment would be more challenging. 

This TGA approach is reliable, and useful on all types of organic coatings, thereby allowing 

for measurement of organic impurities across a wide range of particle and coating types. 

Limitations: Thermal methods alone are limited to determining the presence/absence of 

organic coatings and the adhered mass. Due to baseline drift in the mass measurement, the 

measurement error can be of the order of a few % for a 2-4 mg sample analysed. Therefore, 

nanomaterials with a very low mass of organic coating may be difficult to detect. TGA alone 

does not provide any direct chemical information. The thermal desorption profiles may 

provide qualitative indication that the stated material is probably present based on the 

decomposition temperature (range) recorded. Other methods used to determine the chemical 

identity of coatings are highly specialized and do not yet lend themselves to low-cost high 

throughput analysis. 

Inorganic coatings. The presence of an inorganic coating on a nanomaterial is typically 

determined using electron microscopy combined with X-ray (energy-dispersive X-ray 

spectroscopy, EDX) or electron energy loss spectroscopy (EELS) measurements. These 

techniques provide a positive chemical identification as well the spatial distribution in the 

nanomaterial. An SOP for the determination of inorganic coatings on MNMs is provided in 

NANoREG D2.4. However, these methods are highly specialized and do not lend themselves 

yet to automation. 

Conversely, X-ray fluorescence spectroscopy (XRF) measurements can be used to identify 

the number of elemental components of a NM. XRF is straightforward to measure and to 

interpret. However, it requires appropriate standards and the material matrix can affect the 

fluorescence emission from the sample, thereby altering the elemental ratios measured. XRF 
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analysis provides an average chemical composition and does not provide any spatial 

distribution of the elements, therefore one cannot positively identify the material as core-shell 

without more specialized additional measurements (usually TEM or X-ray photoelectron 

spectroscopy (XPS)/Auger Electron Spectroscopy (Rades et al, 2013)). However, the 

presence of different elements by XRF, along with some indication from the manufacturer 

about the material and how it was made, can be used as multiple lines of evidence for the 

presence of a core-shell structure.   

Limitations. Conclusively identifying the chemical nature and extent of the shell structure of a 

nanomaterial requires highly specialized equipment, and trained operators. These 

techniques do not yet lend themselves to low cost high throughput strategies. Simple 

measurements like XRF are easy to apply, but do not provide spatial information needed to 

confirm the core-shell structure. That would have to come with additional analyses (e.g. 

TEM) and knowledge of the material synthesis process. Very thin (atomic) layers of inorganic 

coatings on MNs will be difficult to analyse given the small mass present in the sample. 

Highly sensitive surface techniques including XPS will be needed to determine the elements 

present on the particle surface. 

Which are the key limitations of the method? 

The technical guideline and associated SOPs determined in NANoREG D2.4 have not been 

subject to inter-laboratory comparisons or full internal validation. However, it employs 

standard analytical methods that historically have reasonable reproducibility. One caveat is 

that most of the methods analyse a very small subset of the total particle population. As 

such, heterogeneity within that particle population will lead to different conclusions about the 

shell structure, so multiple samples will need to be analysed which increases the cost of 

analysis. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

None of these methods, except perhaps TGA, currently lend themselves to low cost high 

throughput screening capabilities. 

Additional Commentary: The accurate characterization of a complex nanomaterial structure 

(e.g. core-shell-organic coating) is very difficult and generally requires the combination of 

multiple techniques, highly skilled technicians, and interpretation of the data. Multiple lines of 

evidence are typically needed to verify any given structure. The ability to do this quickly and 

cost-effectively in any way other than qualitatively, e.g. presence/absence of organic coating, 

or presence of impurities somewhere in the structure, seems to be very far off. 

5.1.4.7 Density (including effects of milieu) 

The density of a nanomaterial can affect its behaviour in solution. For individual particles in 

the nano-size range moving under Brownian motion, the effect of density on the diffusion rate 

and behaviour is negligible. However, when NPs agglomerate to larger particles that 

ultimately sediment from solution, the effective density will determine its sedimentation rate. 

This in turn affects the fate in the environment, and perhaps more importantly the effective 

dose that a cell culture may receive in vitro (Deloid et al 2014). Therefore, understanding 

effective density of agglomerates is necessary to properly interpret and compare in vitro 

toxicity studies. Similarly, in air the effective density will determine the fate of nanoparticle 

agglomerates (see Chapters 5.6 and 5.7). Despite this, there is little guidance on how to 

measure the effective density of agglomerates in solution or in air. 

Gas pycnometry can reliably measure the volume of a material in powder form. This volume 

is then used to calculate the particle density from the measured mass of that sample. 



 

 
ProSafe Deliverable 5.08 

Page 46 of 367 

However, this technique requires a lot of sample for standard instruments. It is more difficult 

to accurately measure the sedimentation rate of nanoparticle aggregates in water. A 

centrifugation method to determine the effective density of nanoparticle aggregates has been 

proposed by Deloid et al., 2014. The effective density of stable agglomerates determined 

using this method compared favourably with those determined by analytical ultracentrifuge. 

The measurement was reproducible over several time points in a 24h period, suggesting that 

it may be robust. No interlaboratory comparisons have been performed, and only a limited 

number of metal oxide NPs have been evaluated. Nevertheless, this method deserves 

attention as a potentially reliable, viable, inexpensive method to measure NP effective 

density in water.  
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5.1.4.8 Rigidity 

Rigidity is a specific particle property that only applies to fibres. Here we do not only refer to 

the fibre definition of the WHO (1997) but to all particles with aspect ratios (length to 

diameter) of at least 3:1, and lengths shorter than 5 µm and a diameter below 200 nm. 

Studies have shown that the mode of action (MOA) of fibres is in part based on their rigidity 

(Nagai et al. 2011) and that each single fibre can cause a mutagenic effect, potentially 

leading to cancer. The high potency and MOA of fibres make limit values based on fibre 

number concentration necessary.  

Only a few methods to assess fibre rigidity are currently known (e.g. Poncharal et al., 1999; 

Löffler et al., 2011; Tanur et al., 2013). While standards for fibres larger than 200 nm are 

established, specific methods for carbon nanotubes and other nano-scaled fibres have to be 

further elaborated and validated. General measurement strategies have been developed: 

Rasmussen et al. (2015), and Heunisch and Bachmann (2016); figure 5.1.2 depicts these 

two methods. The left side shows a method to determine the Young’s modulus of a fibre as 

described by e.g. Löffler et al. (2011). In this case a fibre is fixed at two ends, placed in a 

magnetic field and an electric current of 200 Hz is applied leading the fibre to bend. A second 

approach measures the fibres ability to bend under force applied using an atomic force 

microscope (AFM) tip. The bending modulus is calculated directly from the slope of the force 

curve, the geometrical parameters of the tube’s diameter and the suspended length (Tanur et 

al., 2013). 

 

 

Figure 5.1.2: 
The left schematic depicts the basics of the methods to determine the Young’s modulus as a measure 
for fibre rigidity, the right schematic shows the basic approach using an AFM to determine the rigidity 
of a fibre. (In both cases rigidity is expressed in GPa). 

5.1.4.9 Redox Potential/Band Gap 

The redox potential has been proposed as an important nanomaterial property to consider 

nanomaterials’ toxicity and fate. While the redox potential of elements is a well-defined 

thermodynamic property, the redox potential for a nanomaterial is less so. Sometimes it is 

referred to as the standard reduction potential (relative to the standard hydrogen electrode) 

for the metals that make up the material, e.g. Fe2+ compared to Fe3+ or Ce3+ compared to 

Ce4+. Probably more appropriately, it should refer to the band energy (or band gap) of a 

nanoparticle, which has been shown to correlate in some cases with toxicity (Burello and 

Worth, 2010, - see Chapter 5.8). This toxicity occurs when the band energy of the particle is 

in the same region as the redox potentials observed in biological functions. One can 
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measure or model the band gap energy of a nanomaterial. However, the band energy of a 

nanoparticle is highly influenced by its size, charge, the presence of any adsorbed layer, and 

its dissolution properties (Scanlon et al., 2015). Therefore, band energy is both an intrinsic 

and an extrinsic property. 

There are no validated protocols yet for measuring the band gap energy of a nanomaterial. 

However, this can be estimated relatively easily with UV-vis-NIR absorption measurements 

of the dry powder of the material, or less easily but more accurately with other methods (e.g. 

probe force microscopy, Zhang and Chen, 2013 or soft X-ray methods, Gilbert et al., 2006). 

This yields an intrinsic value of the band gap for the as-produced material. There are no 

validated methods for measuring the band gap of a nanomaterial suspended in solution, e.g. 

physiological buffers, where the medium itself may modify the band gap. 

Extrinsic, medium dependent properties: 

5.1.4.10 Zeta Potential 

The sign and magnitude of charge on a nanomaterial can greatly affect its fate, behaviour 

and toxicity in environmental and biological systems. This charge is derived from the particle 

surface and sometimes it’s organic coating, and is typically reported as a zeta-potential. 

Zeta-potential is relatively easy to determine, and regulatory agencies and scientists have 

recommended it as an essential nanomaterial characterization for scientific and regulatory 

purposes (Petit and Lead, 2013), e.g. US EPA (TSCA) proposed rule for nanomaterials (US 

EPA 2015) and International Organization for Standardization (ISO) (ISO 2012). Fortunately, 

a variety of methods and models are available to determine the zeta potential of a 

nanoparticle in both aqueous and non-aqueous media. Given the long history of this 

measurement, the methods are relatively robust. Moreover, there is a large body of literature 

regarding the models used to calculate zeta potential from measurements of electrophoresis, 

electro-osmosis, or electro-acoustics, as well as insights into the factors influencing the 

calculated zeta potential (Delgado et al., 2007; Lowry et al., 2016). 

What method(s) (by reference to a published paper) are sufficiently reliable and should be 
validated further?  
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Measurements of electrophoretic mobility or electroacoustic mobility of NPs dispersed in an 

aqueous suspension can be used to calculate the zeta potential. It is important to note that 

the zeta potential is a modelled value rather than a direct measurement. This leads to 

potential problems with interpretation and comparison of values between laboratories as 

discussed in more detail under limitations. The most commonly used method for determining 

zeta potential is from measurements of electrophoretic mobility that are converted to zeta 

potential using Henry’s equation and the Schmolukowski approximation. The calculated 

(modelled) value of zeta potential for particles that behave as “hard” particles, i.e. particles 
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without a macromolecular coating whose charge is derived from the particle surface, are 

generally robust (within ±2 mV or ∼10% accuracy, whichever is greater) (Lowry et al., 2016). 

The measurement parameters that influence the value of the zeta potential, namely pH, ionic 

strength, and ionic composition are well understood for particles that act as hard particles. 

Particle concentration can also affect the zeta-potential measurement for very low particle 

concentrations due to interferences from other charged particles in suspension (Tantra et al., 

2010). Thus, for simple uncoated particles that can be dispersed in a conductive aqueous 

medium, measurements of electrophoretic mobility and conversion to zeta potential are 
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Functional assays (FAs) 

The complex and highly system-dependent behaviour of MNs in environmental and 

biological systems (e.g. transformations, agglomeration, dissolution) currently, in most 

cases, prevents the development and application of mechanistic models for determining 

their fate and toxicity (Dale et al., 2015). Therefore many fate and toxicity models are 

empirical in nature. The empirical parameters for those models are often extrinsic 

properties of a nanomaterial as determined in a specific system. These processes must be 

captured accurately in fate and biological effects models in order to predict and manage 

risks. In other cases, it may be sufficient to determine if the property of a nanomaterial is 

manifesting in a selected system, e.g. photoreactivity. In this case, a simple measurement 

can be made to determine if an MN is photoreactive or not in a selected system under 

conditions of interest. One recently proposed approach for parameterizing these models is 

the use of “functional assays” (Hendren et al., 2015). Functional assays can be used to  

(i) characterize the behaviour of nanomaterials, (ii) help to estimate the exposure potential 

and fate of NMs including providing paramters for modelling those behaviours, (iii) predict 

the potential toxicity of NMs, e.g. inflammation, (iv) aid in the development of QSARs to 

predict NM behaviours, and (v) be simple first-tier screening assays for risk assessment 

frameworks.  These assays are designed to measure an extrinsic rate (e.g. dissolution) or 

property (e.g. photoreactivity or dustiness) that may affect fate, exposure, or hazard. 

These tests are not mechanistic in nature. Rather, they are intended to provide the desired 

property as it would manifest itself in a complex system such as a wastewater treatment 

plant.Functional assays can be designed to be broad enough to address both fate and 

toxicity predictivity with a single measure (for example, biodurablity as defined by OECD in 

its draft guidance, and emerging methods to estimate surface affinity). 

As such, a functional assay requires a standardized approach, including representative 

reference systems (media) to serve as benchmarks for comparison between studies and 

between materials to enable read-across. Ideally, FAs will be simple and reliable enough 

to be used in regulatory and industrial settings, without the need for highly specialized 

equipment and expertise. Reference systems may include freshwater, seawater, soil, 

sweat, urine, etc. Many such reference systems already exist. Such an approach can be 

used to identify the more important extrinsic properties of a nanomaterial to consider in 

fate and effects modelling. It can help the regulatory community make decisions about the 

safety of MN without waiting for a complete mechanistic understanding of MN processes in 

complex systems. 

There are many “functional assays” that may be considered. A list of potentially important 

functional assays is provided in Table 5.1.2. 

Table 5.1.2. 
“Functional Assays” that are being used or developed in Nano EHS research. 

Dissolution Rate Surface affinity ROS generation potential 

Agglomeration Rate Biodurability Zeta potential 

Dustiness Photoreactivity  
 

sufficiently robust for regulatory purposes. However, as discussed below, the utility of a 

single measurement of zeta potential is limited, and trends in zeta potential with changes in 

solution condition or time are more informative measures of particle behaviour. 

In contrast to “hard” particles, determination of the zeta potential for “soft” particles is less 

straightforward to interpret. “Soft” particles are essentially hard particles that are coated with 

a polymer or polyelectrolyte (Ohshima, 2009) or protein. This class of nanoparticle is 

commonly encountered because the coatings are needed to provide specific functionality to 
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the particle. Protein “corona” formation on NPs is also commonly observed (Cedervall et al. 

2007). The presence of the polymer or polyelectrolyte layer on the particle complicates the 

relationship between the measured electrophoretic mobility, surface charge, and zeta 

potential, and requires more complicated numerical models, e.g. MPEK model (Hill et al., 

2003) to determine zeta potential (Lowry et al., 2016). As such, the reported zeta potential for 

soft particles should be considered an “apparent” zeta potential. Therefore, for regulatory 

purposes and for comparison of results between studies, a single measure of electrophoretic 

mobility (zeta potential) for a macromolecule-coated NP will likely have limited utility. 

Which are the key limitations of the method? 

There are a number of practical issues that affect measurement, and that may prevent the 

ability to measure the zeta potential for a nanomaterial. These include aggregation and 

settling (decreasing signal to noise), inability to make measurements at ionic strengths 

typical for physiological buffers, and electrode blackening when organic coatings such as 

proteins are present. 

Another limitation lies in the interpretation of an “apparent” zeta potential reported for NPs 

with macromolecular coatings. The interpretation of the meaning of zeta potential is nebulous 

given the complicated interactions between the coatings and the surrounding fluid that may 

affect its electrophoretic mobility and hence it’s modelled value of zeta potential. Importantly, 

the zeta potential will be model dependent, and the relationship of that value with the particle 

property of surface charge, is the subject of theory and different assumptions made about the 

particle. 

The most important limitation of the method is that it is currently not being reported with the 

necessary metadata to support its use in a regulatory context, or to provide any useful 

information for read-across. Generalized protocols exist for the measurement of zeta 

potential (e.g. ISO 13099-1, -2, -3 and ASTM E2865-12). However, these protocols are very 

general and do not provide specific guidance on reporting. Draft guidelines released by the 

OECD for zeta potential measurements do not appear to stipulate pH or ionic strength in 

measurement or in reporting. Since these variables are crucial determinants of zeta potential, 

their absence in methods and reporting for zeta potential will make any effort to use 

measured values of zeta potential for read-across impossible. Some recent guidance is 

available that outlines how to report zeta potential and the required meta-data to make those 

measurements more comparable across material types (Lowry et al., 2016). 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

The measurement method, i.e. electrophoretic mobility of a NP suspension, is very easy to 

make, robust, and can be automated relatively easily. Interpreting the electrophoretic mobility 

data and calculating a zeta potential is straightforward and robust for “hard” particles. The 

calculation of a zeta potential from electrophoretic mobility of “soft” particles is less 

straightforward. Overall, a single reported value of zeta potential on a nanoparticle in a single 

well-defined medium is not useful because it represents a single measurement of a system-

dependent variable. Reporting the pH of the isoelectric point is more indicative of the 

materials property because it is not dependent on pH or ionic strength. However, it can be 

affected by specific sorption of ions so a change in the pH of the isoelectric points (pHiep) in a 

selected medium indicates that the particle’s surface has been modified compared to another 

condition. Monitoring changes in zeta potential with changing solution conditions (e.g. pH, 

ionic strength, or ionic composition) or over time is therefore a much better diagnostic tool to 

understand how the NP properties are changing over time in the medium of interest relative 
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to standard conditions or to other studies using the same materials in a different well-defined 

medium. 
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5.1.4.11 Dustiness 

Dustiness is the ability of powder particles to become airborne when falling through air. This 

may happen during bag filling or similar processes and is simulated in standardised tests 

using a rotating drum or continuous drop methods (EN 15051, 2 + 3, 2013). The results of 

the ‘dustiness’ test are given in absolute terms like airborne percent of total powder mass 

that is alveolar-depositable. In one sense, this is an intrinsic property of the material because 

it depends in part on intrinsic particle properties (e.g. Hamaker constant). However, the result 

of the measurement is system dependent, e.g. it depends on the relative humidity at the time 

of measurement, so in this regard it is an extrinsic property. Because of this, the 

measurement has to be conducted under controlled humidity and preconditioning of the 

powder. This is a good example of a functional assay used to determine the system-

dependent properties of a nanomaterial. The assay can be measured under conditions of an 

exposure scenario to assess risk under that specific scenario, or it can be measured under a 

standard set of conditions for comparison to other materials. The values obtained from 

dustiness tests can also be used as a descriptor for release processes closely linked to 

particle emission. Methods to assess dustiness are discussed in more detail in Chapter 5.2 

of this document. 

5.1.4.12 Solubility/Dissolution Rate (in environment or in physiological fluids) 

The rate of release of ions from of a manufactured nanomaterial can greatly influence its 

environmental fate, persistence, and toxicity potential. Solubility refers to the concentration of 

free ions in solution that are in equilibrium with the nanomaterial phase present. This is highly 

relevant for closed systems, e.g. toxicity testing assays where such an equilibrium may well 

be established. An open system, e.g. a soil or sediment or inside an organism, can remove 

ions as they are formed, or potentially contain molecules such as organic matter that may 

complex the metal ions. This will prevent the system from attaining equilibrium. In such a 

system, the dissolution rate is the more relevant parameter as this can be compared to the 

rates of processes that are removing the ions to give an indication of the potential for build-

up of ions in the system. It is important not to confuse solubility with dissolution rate, or to 

use them interchangeably as has been done frequently in the literature to date (Tantra et al., 

2015). 

The dissolution rate is a system-dependent parameter (e.g. in biological fluids, in water, in 

soil). It depends on the pH, ligands present, flow conditions, etc. Therefore, the dissolution 

rate must be measured in that system to provide a relevant rate or solubility. A functional 

assay can be created to provide a standard protocol for measuring dissolution rates in a 

range of media types. It is likely that different assays will have to be developed for 

measurement in water vs. soils vs. physiological fluids, but once the protocols are in place 

one can measure dissolution rate in any water or soil of interest using that method. The 

OECD is developing a dissolution test guideline for this purpose as discussed later in this 

report. Further annotations on dissolution rate, see chapter 5.3). Current methods for 

assessment of nanomaterial dissolution in mammalian biological fluids would be useful for 

determination of lung burden half-live times and other biokinetic parameters. Further 

development of these acellular test systems (including the selection of representative 

simulating fluids) is necessary in order to determine their predictability for in vivo conditions. 

5.1.4.13 Biodurability and Biodissolution 

Biodurability has been defined in a draft OECD guidance document (OECD, 2016) as the 

tendency to resist dissolution and biotransformation within biological and environmental 

media, which in turn may lead to bioaccumulation of NMs. The OECD draft report reviews in 

vitro and in vivo methods for determining biodurability in varied biological fluids for health 
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effects, and also briefly discusses dissolution in synthetic waters relevant to environmental 

fate. Thus, this definition of biodurability essentially measures the dissolution rate of 

nanomaterials in all types of media. The definition of biodurability used in the OECD draft 

guidance is therefore much broader than the use of the term in the general scientific 

literature: biodurability refers to the ability of a material to resist changes in a biological 

system such as those in in vivo or in vitro systems. The use of the term biodurability to 

include the ability of a nanomaterial to persist in environmental media such as freshwater is 

not as common; such uses should await further clarification and developments in the OECD 

draft report. In this document we use the term biodurability only for the dissolution in in vivo 

and in vitro systems.  

Biodissolution indicates the dissolution of a nanomaterial in vivo. However, as discussed in 

detail in Chapter 5.6 on in vivo health effects, none of these methods have been validated for 

either in vivo or in vitro dissolution estimation yet. As to dissolution (of metal and metal oxide 

NMs) and biotransformation (of carbonaceous NMs) in environmental freshwater systems, 

these topics (including a draft OECD guideline for dissolution of NMs) are discussed above 

and in Chapter 5.3 on environmental fate. 

5.1.4.14 Agglomeration /Hydrodynamic Diameter (dispersion stability)  

Agglomeration (and aggregation) of nanomaterials is commonly observed in fate and toxicity 

studies due to the inherent thermodynamic instability of nanoparticle (colloidal) suspensions.  

Here we define agglomeration as the process of contact and adhesion whereby dispersed 

particles are held together by weak physical interactions ultimately leading to phase 

separation by the formation of precipitates of larger than colloidal size (agglomerates) 

(IUPAC, 1997). Aggregation is understood as strong interaction and is predominantly not 

reversible. Because a clear differentiation is not often made between agglomeration and 

aggregation, they are used synonymously in this document. 

Agglomeration behaviour affects the hydrodynamic diameter of the particles, dispersion 

stability against settling, reactivity, and dissolution rate (OECD Draft test guideline 

“Agglomeration Behaviour of Nanomaterials in Different Aquatic Media” 2016). As such, it 

needs to be accounted for reliable toxicity studies and fate studies in order to interpret data 

and compare findings across studies. The agglomeration behaviour, as determined by the 

draft OECD protocol, may provide some indication of a material’s stability against 

aggregation in the medium in which it is tested. However, it is unclear whether or not this test 

informs environmental fate and ecotoxicity given that heteroaggregation with other natural 

colloids rather than homoaggregation will likely determine environmental fate (Dale et al., 

2015; Praetorius et al., 2014). 

Here (and in the OECD draft guidelines) we consider only homoagglomeration, i.e. 

aggregation of a nanoparticle with itself to “form a collection of weakly bound particles where 

the resulting surface area is similar to the sum of surface areas of initial individual particles” 

(ISO TS27687 2008) as opposed to agglomeration with other types of particles in a system 

(heteroaggregation). The latter is highly relevant in natural waters but is discussed in Chapter 

5.3. 

A functional assay can be developed to measure the agglomeration rate. This rate is 

dependent on both the particle properties, e.g. size and charge and coating type, and on the 

properties of the medium, e. g. pH, ionic strength, composition, particle concentration, 

particle density, mixing rate, etc. so by definition it is an extrinsic property requiring a 

functional assay approach. The assay would include standardization of the method for mixing 

and measuring, but would allow for the use of any aqueous medium of interest. Reporting or 

agglomeration rate would also have to include meta-data on the solution properties and the 
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particle properties must be comparable to other similar tests. It is unclear what the units of 

agglomeration behaviour would be, but it could be an agglomeration rate, or a sedimentation 

velocity, or simply a fraction of materials remaining suspended after a specified time. 

What method(s) (by reference to a published paper) are sufficiently reliable and should be 
validated further?  

A draft OECD Test guideline has been created to help standardize measurements of 

homoagglomeration behaviour (OECD Draft test guideline “Agglomeration Behaviour of 

Nanomaterials in Different Aquatic Media”; 2016. In these tests, NMs are suspended in an 

aqueous medium with a defined composition, and the settling of particle over time is 

monitored using UV-vis. In addition, the particles that remain suspended at a specific depth 

below the water-air interface are collected and quantified using ICP-MS to determine the 

suspended fraction at the end of a specified time. This methodology uses relatively simple 

and existing analytical tools in its analysis. It can be used as a simple screening assay, e.g. 

fraction remaining after 6 hours, or to assess the relative rates of aggregation by tracking the 

particles suspended in solution over time. Several key conclusions can be made from this 

draft TG. 

 If the conditions of the testing are well controlled (solution conditions, time, and 

dispersion protocols) the draft OECD test guideline can provide reasonably 

reliable indications of agglomeration behaviour, i.e. with reasonable accuracy and 

reproducibility between labs. Inter-laboratory standard deviations of the reported 

mass of a TiO2 (NM 105) and Ag (NM300K) NP remaining suspended after 

6 hours ranged from 15 to 35%. 

 The testing results should not be overinterpreted beyond those provided in the 

guidance, i.e. it yields a simple classification of unstable (<10% remaining after 

6 h), stable, >90% remaining suspended after 6h, or condition dependent 

(everything in between). Given the standard deviation of the measurements, it is 

unclear how well these classifications can be assessed, i.e. difference between 

stable or unstable, and condition dependent. 

 To be relevant for regulation, the test must be conducted in a medium and under 

conditions relevant to the regulatory situation being assessed. However, the 

testing protocol in this TG easily lends itself to using other media and/or 

conditions as required for a functional assay. One exception to this is that the UV 

methods (and potentially the ICP-MS methods) are not likely to be applicable to 

heteroagglomeration behaviour due to potential interference from natural colloids. 

 

A second method to monitor homoagglomeration behaviour of nanomaterials is the use of 

time-resolved dynamic light scattering (e.g. Nur et al., 2015; Louie et al, 2015). This is a well-

established method for assessing the stability ratio (inverse of the attachment efficiency) of a 

colloidal dispersion. It is calculated from measures of the aggregation rate determined by 

increase in the hydrodynamic diameter with time early in the aggregation process relative to 

the (homo)aggregation rate measured for the particle when there is no barrier to attachment. 

The advantage of this method over monitoring dispersion stability by UV-vis is that it provides 

a direct measure of the attachment efficiency that can be used in models, whereas 

monitoring dispersion stability results in a broad classification of stable, unstable, or condition 

dependent stability. Also, it has been used for decades in colloid science research, is rooted 

in fundamental theory, and is relatively easy to apply. Additional testing and validation would 

have to be performed on this approach to ensure that it provides reliable measurements 

across groups, and to determine the range of particle stability for which this approach is 
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valid.  Importantly, this method is also only viable for measuring homoaggregation. It cannot 

be used reliably to measure heteroaggregation.  
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Which are the key limitations of the method? 

The methods are only useful for particles with density greater than water. Particles with a 

strong affinity for the air-water interface will also not settle reliably. Losses of particle mass 

due to dissolution or attachment to the vessel walls will also affect the test. De-agglomeration 

of NPs is not well characterized (Loosli et al., 2015). 

For time-resolved DLS, there has been no serious effort to determine the reproducibility of 

this method for a range of NM types and between laboratories, or to standardize the 

procedures. However, the significant body of work that utilizes this approach, and 

fundamental colloid science principles, provide the insights needed to create a standard 

process that is highly reproducible for homoaggregation. Many similar considerations given 

in the OECD test guideline also apply to time-resolved DLS. It cannot be used to monitor 

heteroaggregation. 

An important limitation of both of these methods is their inability to work for 

heteroaggregation behaviour. Heteroaggregation is an important process affecting NM 

environmental fate and is being incorporated into fate models (Quik et al., 2014; Labille et al 

2015), but standard reproducible tests to measure heteroaggregation are not available, 

although some have been proposed (Barton et al., 2015). For further discussion of 

agglomeration see Chapter 5.3. 

Is the method sufficiently reliable and relevant such that it has been, or can be, simplified for 
use in high throughput or high content systems?  

For a small set of materials, (TiO2 and AgNPs), an inter-laboratory comparison suggests that 

with well controlled experimental conditions, multiple laboratories can measure 

agglomeration and categorize NMs according to their tendency to agglomerate or not under 

several relevant test conditions. Additional nanomaterials should be included in these 

validation studies, and a variety of additional testing media (e.g. physiological buffers) should 

also be provided to better understand how medium properties (e.g. ionic strength) affect the 

reproducibility of the measurements. The same sample handling methods given in the draft 

OECD guideline could be applied to time-resolved DLS methods. There is a greater potential 

for automation of methods using ICP-MS and UV-vis measurements given that autosamplers 

for these instruments already exist. However, time-resolved DLS could also be automated 

with some investment.  

5.1.4.15 Surface Affinity 

The surface affinity determines the propensity of an MN to attach to another surface. This 

can be another particle of the same material (homoaggregation), to another suspended 

particle type (heteroaggregation), or to a stationary surface such as soil (deposition). It can 

also affect the overall distribution of a nanomaterial in the environment, e.g. distribution 

between algae, colloids, and other environmental surfaces and a nanoparticle’s reactivity 

(Hendren et al., 2015). Therefore, surface affinity is the fundamental property that controls 

hetero- and homoaggregation and deposition. However, it is also a highly system-dependent 

property. It is a function of both the particle properties and the medium properties, e.g. van 

der Waals forces, electrical double-layer interactions, steric interactions, and particle/surface 

hydrophobicity. It is affected by anything that changes the nanoparticle surface, e.g. the 

adsorption of natural organic matter (NOM) or proteins and the conditions of solution 

chemistry such as pH and ionic strength, making it highly system-dependent. The value of 

the affinity coefficient α is unity when there are no barriers to particle deposition and 

attachment is favoured, and less than one when significant barriers to attachment exist (e.g. 

steric repulsions).  While DLVO (Derjaguin, Landau, Verwey, Overbeek) theory is well-

established and able to explain many of the trends observed for nanomaterial attachment to 
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surfaces, its ability to predict behaviours, especially in highly complex systems with poorly 

defined components, is limited. This is why a direct measurement of the affinity coefficient  

can be useful. Coupled with the system hydrodynamics, it can be used to model 

homoaggregation and heteroaggregation (Thérézien et al., 2014) and transport in a porous 

medium. Appropriately defined standardized test strategies can also be used to assess the 

relative affinity of NMs with the surfaces of interest, and behaviours of new materials can be 

compared to benchmark materials as a screening assay for aggregation, heteroaggregation, 

or deposition. 

Because surface affinity is highly system dependent (extrinsic), a standardized test is needed 

to measure surface affinity in different systems, e.g. wastewater, surface water, etc. (Barton 

et al., 2015). Methods to measure deposition in a porous medium (e.g. retention factors) are 

being developed. An appropriate choice of representative surfaces and porous media will 

also need to be selected (e.g. clay surfaces, quartz, cell membranes, algae). Ideally, a test 

protocol will enable testing using all types of representative surfaces in the same assay.  

Theoretically, an affinity coefficient measured in a batch system can be used to predict 

deposition on a porous medium, but the relationship between batch and column testing for 

attachment coefficients is under investigation. Currently, there is no validated “functional 

assay” for surface affinity. Tests for surface affinity in aqueous media, and potentially in 

unsaturated media such as soil will need to be developed. There will have to be an 

agreement on the types of assays and standard surfaces to use as benchmarks.  Making 

them simple, reliable, and reproducible will be essential to their adoption by the nano-EHS 

research community. 

5.1.4.16 ROS Generation Potential and Photoreactivity 

Generation of reactive oxygen species by nanomaterials, and the subsequent toxicity 

response (inflammation, genotoxicity, etc.) is a well-established toxicity mechanism (Nel et 

al., 2006). Many nanomaterials are designed to produce reactive oxygen species (e.g. 

hydroxyl radicals or superoxides). It is also well established that nanomaterials can induce 

cells to produce reactive oxygen species, i.e. promote an oxidative stress response by the 

cells (Long et al., 2006). Both can be used to indicate toxicity potential of a nanomaterial. 

Methods to reliably predict the potential of a nanomaterial to either produce ROS, or to 

induce cellular ROS production would be beneficial for toxicity potential ranking: 

A number of acellular measurement methods have been developed to measure the potential 

for a nanomaterial to generate ROS in the medium that it is suspended in, e.g. the ferric-

reducing ability of serum (FRAS) assay and the electron spin resonance (ESR) spectroscopy 

with different spin traps (He et al (2014). Measurements of the loss of dyes or ROS 

quenchers such a furfuryl alcohol or tert-butanol from solution in batch experiments can also 

be used to measure the ROS production rates for nanomaterials suspended in the medium 

of interest (Pickering and Wiesner, 2005). 

The production of ROS by cells exposed to nanomaterials can lead to cellular responses 

such as mitochondrial respiration and immune cell activation that lead to ROS-mediated 

damage. In this case, the ROS is produced by the cells. Given that this is a well-established 

toxicity mechanism, there are established methods for measuring intracellular ROS 

production, e.g. the Mitosox™ assay which measures mitochondrial superoxide formation. 

However, the impact of the presence of the nanomaterial on the reliability of these assays is 

not fully addressed, and the magnitude of the effects will likely be nanomaterial specific. 

These acellular and in vitro measurements of ROS production are generally reliable and 

reproducible, and can likely be automated for high throughput analysis. However, the in vitro 



 

 
ProSafe Deliverable 5.08 

Page 60 of 367 

assays may be affected by the presence of the nanomaterials. A recent overview on acellular 

and cellular detection methods has been published and a tiered assessment approach for 

ROS generation potential was suggested (Riebeling et al 2016). The tiered approach first 

employs acellular test methods, namely the ferric-reducing ability of serum (FRAS) assay 

and the electron spin resonance (ESR) spectroscopy with different spin traps. In a second 

step, cellular assays using dyes like fluorescent dichlorofluorescein (DCF) can be 

considered, accompanied by an assessment of protein carbonylation. The correlation 

between acellular assays and intracellular assays remains to be validated. For example, Pal 

et al 2014 showed that the FRAS assay correlated well with intracellular measures of ROS, 

but the DCF assay did not (Pal et al., 2014). EU projects like nanOxiMet 

(www.nanOxiMet.eu) clearly show that different assays represent different ways of ROS 

generation potency and that a complementary combination of acellular assays should be 

used as first tier. Examples currently seen as promising complementary assays are the ESR-

method (electron spin resonance spectroscopy) using the two spin traps DMPO and CPH (B. 

Hellack, personal communication, He et al., 2014) or DTT and DCFH (Sauvainet al., 

2012).Further data evaluation as e.g. done in nanOxiMet and a few well planned additional 

studies are needed to determine the best combination to use and to give more insight in the 

relationship between ROS generation potential and toxicity. Validated methods do not yet 

exist but validation should be started based on current knowledge. In Chapter 5.6 the role of 

ROS generation tests in toxicology is further discussed. 

Photoreactivty is a specific mechanism by which NMs can produce ROS. The importance of 

photoreactivity of materials on their toxicity potential is well established. For example, 

photoreactive chemicals that are applied dermally can present undue risks. Tests for 

photosafety of pharmaceuticals already exist, (e.g. the European Agency for the Evaluation 

of Medical Products (EMA), Committee for Proprietary Medical Products, Guidance on 

Photosafety Testing). Photoreactivity also plays a role in aquatic toxicology. For instance 

some TiO2 nanomaterials can enhance the production of hydroxyl radicals under the 

influence of sunlight (see Chapter 5.5). Knowing whether or not a nanomaterial is 

photoreactive is a system of interest can be a useful screening tool for risk assessment. The 

photoreactivity is typically determined by measuring either the ROS production or 

degradation of a probe compound under simulated sunlight. For example, ISO 10678:2010 

entitled “Fine ceramics (advanced ceramics, advanced technical ceramics) -- Determination 

of photocatalytic activity of surfaces in an aqueous medium by degradation of methylene 

blue” may provide a basis for a standard assay of photoactivity for NMs. However, no such 

standard seems to currently exist. 
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Chapter 5.2 

5.2 Exposures through the Life Cycle 

Thomas Kuhlbusch
11

, Susan Wijnhoven
12

 and Andrea Haase
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5.2.1 Introduction 

This chapter “Exposures through the life cycle” covers recent developments in nanomaterial 

exposure research which can be relevant in regulatory issues. This chapter focuses on 

worker exposure and consumer exposure. Exposure of the general population via the 

environment, as well as environmental exposure of the whole biota, is linked to this chapter 

via the release processes and material flows stemming from the production and use phase. 

Exposure assessments rely on a basic knowledge of the measurement methods and 

strategies which deliver the basic data by which exposure can be directly determined. Other 

approaches are based on exposure scenarios or release processes. Modelling tools for 

occupational and consumer exposure are based on knowledge of release and emission. 

These specific models are becoming more and more available, and will also form part of this 

chapter. 

Exposures that could probably cause health concerns in the workplace (where nanomaterials 
are produced, and/or incorporated into commercial products such as consumer goods) were 
the starting point of experimental research, exposure measurements and assessment at the 
end of the last and beginning of this century (Maynard et al. 2004, Kuhlbusch et al. 2004). 
The basic questions in the first years until ca. 2008 were: 

 How can we identify nanomaterials in air? 

 How can we quantify nanomaterials in air? 

 How can we differentiate manufactured from natural or incidentally generated 

nano-sized materials? 

These questions were first investigated at workplaces for the reasons that (a) the kind of 

nanomaterial to identify and quantify was clearly defined, (b) the concentrations were the 

highest to be expected and hence likely of highest relevance and (c) well defined conditions 

were available facilitating the use of experimental measurement set-ups. 

From 2005 onwards there has been increased interest and therefore research into consumer 

exposures. The main focus was to be able to understand exposure and the possible effects 

of nanomaterials for consumers, and thus to deflect possible public concern. To achieve this, 

it was important to build on knowledge gained from workplaces, especially with regard to 

measurement methods. Several issues of concern which were relevant for consumer and 

environmental exposure were identified, related to exposure measurements and assessment 

beyond measurement methods. 

Consumers can be potentially exposed to nanomaterials in products during different phases 

of the product lifecycle. Assessment of consumer exposure to MN is complex, primarily 

because important information is often lacking. 

a. Information on the presence of MN in consumer products is scarce and often 

confidential. There is no EU wide legal obligation for the registration of MN in all 

                                                           
11

 Federal Institute for Occupational Safety and Health, Dortmund, Germany 
12

 National Institute of Public Health & the Environment (RIVM), Bilthoven NL 
13

 Federal Institute for Risk Assessment, Berlin, Germany 

 



 

 
ProSafe Deliverable 5.08 

Page 66 of 367 

consumer products (only in some member states a nanomaterial register exists; food 

and cosmetic regulations only know a labelling requirement). Measurement methods, 

important for the detection of MN in consumer products, are still under development.  

b. MN can be present in products in various forms, and transformation of MN occurs in 

consumer products and during the life cycle of the MN. MN can occur in free form (for 

instance in powder/liquid/spray etc.) but also embedded in a solid matrix such as 

plastics, tires, and coatings. Degradation of the solid matrix during the use phase can 

lead to the release of nanomaterials or larger fragments, which may disintegrate to 

nanomaterials in a later stage. Release assessment, the detachment of a fragment of 

a larger entity such as a consumer product during use, gives more information about 

the release of nanomaterials from solid products and includes the release 

mechanism, the form of the released entity, probability of release, and lifecycle 

simulation. This information is essential for a realistic (consumer) exposure 

assessment.  

MN can also be additives in food or food contact materials, leading to oral or dermal 

exposures of consumers (see section 3.1). 

Exposure via the environment is still the least developed area related to exposure 

measurements and assessment. The reasons are simple but clearly show the current 

limitations in our knowledge. The first problem is the identification of the nanomaterials in the 

environments. In complex matrices like natural waters, particle agglomerates in ambient air, 

or soil it is unclear how a manufactured nanomaterial can clearly be identified and quantified. 

Measurement methods for these complex matrices with multiple influencing factors are the 

most demanding of all types. Any measurement methods and strategies for assessing 

environmental exposure will need careful evaluation before they can be used in regulatory 

settings.  

In any case, criteria for the evaluation of methods and results are the basis for a review. 

Basic questions to evaluate the available methods and literature data were identified for this 

review process: 

 Does the method address occupational, consumer, and/or environmental 

exposure? 

 Is the interpretation of the data (sufficiently) scientifically based? 

 Are the data sufficiently robust, reliable, and relevant to use in applications such 

as predictive modelling for one, or a group of similar MNs? 

 What is the applicability domain of the method? Does the method address a 

particular nanomaterial that has potentially high exposures to workers, consumers 

or the environment? 

 What is the limit of detection and the limit of quantification of the method, and how 

does this compare to the hazard concern levels for the MN under study? 

 Can the method differentiate between primary particles and agglomerates? Can 

the method also detect particles with low diameters (e.g. below 40 nm)?  

 Which metric is used to characterize exposure? Can the exposure data reported 

be related to effect data from (eco)toxicity tests? 

 Is the method sufficiently reliable and relevant as it is, or can it be simplified e.g. 

for use in high throughput or high content systems? 

 Are the research generated data on measured concentrations of MNs in 

environmental, consumer and workplace locations sufficiently reliable and 
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relevant to use in applications such as specific regulatory risk assessments, 

and/or broader predictive modelling? 

 

Some of these questions are generic for the issues related to exposure measurements and 

assessments and have to be answered generally, while others only apply for measurements 

or test methods.  

The brief view back through time on the developments in exposure assessment which 

introduces this chapter, sets the background for the review of research developments of 

possible regulatory use. The approaches discussed and presented here are either based on 

actual exposure (related) measurements, modelling or investigations and simulations of 

release processes used in combination with modelling tools to derive exposure estimates. 

Simulation of release processes can also be used for ranking of likeliness of release for e.g. 

the purpose of safer-by-design. 

The following section will summarize the results from a selected literature review to point out 

the most recent developments in view of measurement and assessment methods as well as 

strategies for “Exposures through the Life Cycle”.  

5.2.2 Workplace Exposure 

Measurement and assessment methods 

Workplace exposure includes those areas where nanomaterials are produced, handled and 

processed but also those where nano-enabled products are used by professionals. A list of 

workplaces with regulatory background is e.g. given by ECHA (ECHA, 2012). For this review 

all workplace-related exposures to “as-manufactured” nanomaterials, and resulting releases 

from sites of production or incorporation into matrices like air or liquids are of interest. 

Exposure scenarios e.g. in REACH registrations typically contain information on the following 

points: the procedures involved during synthesis, use or disposal of the MNs; the associated 

operational conditions of use; the risk management measures and waste treatment 

techniques which are necessary for safe use; and information about the exposure estimation 

and the models used for this purpose. 

The inhalation exposure route is currently seen as the main route of concern in particular for 

workers. Therefore, measurement techniques and strategies are most advanced for airborne 

nano-objects. The OECD suggests a tiered approach to measure and assess exposures to 

airborne emissions in workplaces (OECD, 2015g). Methods to determine exposure include 

measurements as well as models to estimate exposures.  

Estimation models that apply to nanomaterial exposures in the workplace, such as 

Stoffenmanager nano (TNO, 2012) are available.  

Several measurement and modelling methods needed for an exposure assessment in 

workplaces are currently available e.g. at ISO (e.g. ISO/TR 27628, see also table 5.2.1) and 

the OECD. OECD test guidelines are quite extensive and comprise the areas of physical and 

chemical characterisation, environmental behaviour, environmental effects, exposure 

assessment and effects on human health (http://www.oecd.org/science/nanosafety/). 

Some OECD test guidelines and guidance documents for physicochemical properties, 

degradation, and accumulation (OECD, 2015a) address exposure endpoints. Where 

appropriate, these test guidelines and guidance should be used. Currently, some of these 

guidelines and guidance documents are updated and adapted for application for 

nanomaterials (see Chapters 5.1 and 5.3). 



 

 
ProSafe Deliverable 5.08 

Page 68 of 367 

When specifically reviewing the literature on workplace exposure, some general overarching 

trends and issues currently being worked on were identified, which will be described and 

evaluated according the questions of the Roadmap (Annex 1): 
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Table 5.2.1:  
Examples of relevant ISO and CEN standards and guidance 

DIN EN 16897: 
2015 

Workplace exposure – Characterization of ultrafine aerosols/nano-aerosols – 
Determination of number concentration using condensation particle counters; 

DIN EN 16966: 
2016 

Workplace exposure – Metrics to be used for the measurements of exposure to 
inhaled nanoparticles (nano-objects and nanostructured materials) such as 
mass concentration, number concentration and surface area concentration;  

DIN CEN ISO/ TS 
12025: 2012 

Nanomaterials – Quantification of nano-object release from powders by 
generation of aerosols; 

ISO DTS 12901: 
2010 

Nanotechnologies – Guide to safe handling and disposal of manufactured 
nanomaterials – Part 1: Guide to safe handling and disposal of manufactured 
nanomaterials; 

ISO TR 12885 Nanotechnologies - Health and safety practices in occupational settings 
relevant to nanotechnologies; 

DIN EN ISO 
28439: 
2011 

Workplace atmospheres – Characterization of ultrafine aerosols/nano-
aerosols – Determination of the size distribution and number concentration 
using differential electrical mobility analysing systems; 

ISO/TR 27628: 
2007 

Workplace atmospheres – Ultrafine, nanoparticle and nano-structured aerosols 
– Inhalation exposure characterization and assessment; 

CEN WI 137054: 
ongoing 

Workplace exposure – Guidance document of assessment of dermal exposure 
to nano-objects and their aggregates and agglomerates. 

 

a) Exposure routes of concern 

Basic routes of concern at workplaces are inhalation, oral and dermal exposure. Few studies 

dealing with toxicological effects from oral and dermal exposures, uptake and possible 

effects of nanomaterials were carried out. For most nanomaterials (excluding e.g. some 

specific quantum dots) no detectable dermal penetration could be found (e.g. Sadrieh et al 

2010, Watkinson et al 2013). Oral uptake of nanomaterials in the workplace and subsequent 

transport into the body via the gastrointestinal tract has been shown, but exposure and effect 

levels were mostly low (for further details on oral and dermal exposure - see section 5.2.3.1). 

Current toxicological research focuses on inhalation. This route is also seen as the most 

important for workplaces. Most measurement methods, strategies and exposure assessment 

therefore focus on airborne nanomaterials (see Chapter 5.6). 

b) Tiered approaches 

When starting airborne exposure measurements and assessment in the workplace it very 

soon became clear that full measurement based assessments are too labour-intensive, 

expensive and hinder any innovative material and product development. Hence so-called 

tiered exposure assessment approaches were developed with the aim of allowing safe 

production and handling of nanomaterials (OECD 2015g, ISO 2012, Brouwer et al. 2016). 

c) Measurement methods and strategies 

Measurement methods and strategies in this section are solely discussed from the point of 

view of exposure assessment at workplaces and not as part of material characterisation per 

se. 

Due to the focus given to airborne exposure in the workplace, only those methods of 

relevance for airborne exposure are explained and discussed here. It can be concluded that 

measurement methods for the assessment of dermal and oral exposure are less developed 

compared to those for airborne nanomaterials. 
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d) Release processes 

Release processes are the prerequisite of any exposure. If no nanomaterials are released, 

there will be no emission and hence no exposure. Therefore, assessment methods based on 

release processes can be widely used, e.g. for specific workplaces, for nanomaterial 

handling and processing, for product use, for recycling, aging and weathering. It may also be 

of great use for safe-by-design developments. Release processes will not be dealt with in 

detail in this section on workplace exposure. Only a brief overview on recent publications 

with focus on workplace exposure will be given. For a detailed discussion see section 

5.2.3.2. 

Exposure related measurements of nanomaterials (including agglomerates and 

aggregates) have so far been conducted solely in exploratory research related projects (e.g. 

Kuhlbusch et al. 2011, Gomez et al. 2016; Kaminski et al. 2015; Plitzko et al. 2013, 

Pietroiusti & Magrini 2014). Workplace exposure measurements of e.g. the alveolar particle 

size fraction are usually based on personal measurements. Early workplace measurements 

to nanoparticles and their agglomerates were based solely on stationary measurements 

while recent developments enable personal exposure measurements in breathing zones 

(e.g. Asbach et al., 2016, Azong-Wara et al 2013).  

Several recent publications including ECHA (2015b), OECD (2014e, 2016), Linsinger et al. 

(JRC 2012) present overviews of measurement methods indicating their strength and 

applicability for different tasks (Table 5.2.2). Several research papers also give information 

on the data quality, comparability and reproducibility of the different measurement methods 

(e.g. Asbach et al. 2012; Kaminski et al. 2013; Zimmermann et al. 2014) so that an overview 

of measurement methods and their applicability is available. 

Table 5.2.2:  
A brief list of measurement methods for airborne particles, their applicable particle size range and 
measured metric 

Method Abbreviation of 
available 
instruments 

Applicable size 
range 

Metric measured Reference  

Electrical mobility SMPS, DMPS, 
FMPS 

1-1000 nm NC, PSD Asbach et al., 
2012 

Cascade impactor ELPI 1 nm – 10 µm NC, PSD, MSD Leskinen et al. 
2012 

Diffusion charging NSAM, 
nanoChek, 
nanoTracer, 
minidisC 

20 nm -  400 nm LDSA, NC Kaminski et al. 
2013 

Light scattering  OPS, OPC 200 nm – 20 µm NC, PSD Black et al. 1996 

Laser Light 
Scattering 

 50 nm – 1 mm NC, PSD Black et al. 1996 

Condensation  CPC 1-1000 nm NC Mordas et al. 
2005 

Electron 
microscopy 

TEM, SEM 0,1 nm – 1 mm NC, PSD e.g. ISO TS 
11888: 2011 

NC Number concentration; PSD Particle size distribution; MSD Mass size distribution; LDSA Lung 
deposited surface area; SMPS Scanning mobility particle sizer; DMPS Differential mobility particle 
sizer; FMPS Fast mobility particle sizer; ELPI Electrical low pressure impactor; NSAM Nano surface 
aerosol monitor; OPS/C Optical particle sizer/counter; CPC Condensation particle counter; TEM/SEM 
Tunnelling/Scanning electron microscope 

The data quality as well as the data interpretation is quite variable and results are often not 

comparable to each other due to e.g. the use of different methods, metrics and particle size 
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ranges. Nevertheless, measurement strategies and methods have been employed in the 

research, in combination with a concise data interpretation, showing that data can be 

obtained fulfilling the requirements on reliability and relevance for human exposure 

assessment in the framework of regulatory risk assessment (e. g. Kaminski et al. 2013; 

Asbach et al. 2012; Zimmermann et al. 2014; Asbach et al 2016).Instrument comparability in 

the field was found to be in the range of 50% for online particle number and surface area 

measurement devices if the same particle size ranges were investigated. Overall there are 

very few investigations on measurement device comparability, reproducibility, or 

comparisons of measurement strategies14 (Table 5.2.3). Those showed a general 

comparability but no clear statements on the robustness of results can be made before larger 

round robin tests were conducted. 

Table 5.2.3:  
Brief overview on comparison results for nanoparticle monitors 

Instruments Relative comparability Setting Source 

SMPS vs. NSAM (Lung 
deposited surface area) 

± 20% Laboratory, different 
materials 

Leskinen et al. 
2012 

SMPS, FMPS, CPC, ELPI 
(number concentration) 

± 40% dito Leskinen et al. 
2012 

SMPS, FMPS, ELPI 
(diameter) 

± 30% dito Leskinen et al. 
2012 

CPC (number 
concentration) 

± 5% Laboratory, NaCl, 
DEHS, soot particle 

Asbach et al. 
2012 

CPC, various other (number 
concentrations) 

± 30%, but can be also 
600% for specific cases 

dito Asbach et al. 
2012 

SMPS, FMPS (diameter) ± 25% dito Asbach et al. 
2012 

SMPS, various monitor 
(LDSA) 

± 30% only if particle size 
< 300 nm 

dito Asbach et al. 
2012 

SMPS, FMPS (diameter) ± 25% Laboratory, NaCl, 
DEHS, soot particle 

Kaminski et al. 
2013 

SMPS, FMPS (number 
concentration) 

± 35% dito Kaminski et al. 
2013 

EEPS, FMPS, SMPS ± 40% up to 80% at high 
concentrations 

Laboratory and field, 
soot particle 

Zimmermann et 
al. 2014 

SMPS-scanning mobility particle sizer, FMPS-fast mobility particle sizer, EEPS-engine exhaust 
particle sizer, CPC-condensation particle counter, ELPI-electrical low pressure impactor 

Different measurement methods can be identified as suitable, depending on the 

measurement targets. Areal measurements to identify possible hotspots of exposure, points 

of particle sources or general monitoring can best be measured by mobile online monitors 

such as those based on diffusive particle charging and electrical detection. The latter types of 

instruments are quite robust, easy to handle and deliver reliable data. They normally 

determine LDSA and NC concentrations. The drawback is that these devices can only be 

applied for particles in the size range from ca. 20-400 nm. The accuracy of instruments 

based on diffusive particle charging and electrical detection is lower for particle number 

concentrations than those of CPCs. The latter are mostly used in experimental set-ups and 

stationary workplace measurements. The reproducibility of CPC is generally better than 

those of other devices. It can determine particle size ranges from 1 nm up to 1000 nm. 

The first devices for portable particle size monitoring are currently under development 

(Nanodevice, 2013) but their availability is currently limited. Standard SMPS or, for fast 

                                                           
14

 Measurement methods relate to a measurement device while measurement strategies include the 
way devices are employed in the field and how data have to be treated to obtain results. 
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changing particle number concentrations and size distributions, an FMPS, are the best suited 

stationary measurement devices for these metrics.  

The major shortcomings for measuring devices and their applicability are currently given with 

respect to systematic guidance for all different types of nanomaterials, how they can be most 

effectively determined, the given lower detection limits for the measurement methods and 

strategies for which alternatives exist. 

 Measurement methods to assess exposure are available; 

 Comparison measurements reveal an agreement of measurement devices in the 

range of 30-50%; 

 Several measurement strategies have been suggested and employed but their 

robustness has not been tested yet. 

 

The question of particle metrics to be used for exposure measurements is still a point of 

debate and research. It was never given any prominence in regulatory related guidance (e. g. 

NIOSH 2011, Announcement 527). The metrics discussed are particle number (PN), surface 

area, volume and mass concentrations. Several reasons can be given as to why mass 

concentration is currently still in the focus of regulation. Mass concentration is “conservative”, 

that is, it does not change from release, emission to exposure neglecting deposition, 

dissolution, and other removal processes. This is not the case for the other metrics: Particle 

lung deposited surface area (LDSA) and number concentration (PN) may change during 

transport, masking the direct link from source to exposure. Secondly, all chemical regulations 

are currently based on mass concentrations and extending this concept with the same metric 

is “easier” to implement than to introduce a new metric. The main reasons for using other 

metrics in exposure assessments are 1) possibly higher correlations with some specific 

health endpoints (surface, number and volume concentration) and 2) higher detection 

sensitivity (number concentration) compared to the low mass concentration of nanomaterials, 

and 3) easiness of measurement and availability of devices for online personal exposure 

measurements (number and surface area measurements). Especially the latter is of high 

importance in the regulatory context. Easy to handle, affordable and reliable measurement 

devices are an essential for the implementation and hence for safety in the workplace. 

Several studies on different particle metrics (mass, number and lung deposited surface area) 

and health effects have been conducted under experimental conditions as well as using 

epidemiological assessments, but no robust significant improvements have been shown so 

far for PN or LDSA. 

One special case for particle metrics for exposure assessments that of measuring airborne 

fibre concentrations. The mode of action of fibres is based on their rigidity (Nagai et al. 2011) 

and that each single fibre can cause a mutagenic effect which subsequently may possibly 

lead to cancer. The high potency and mode of action of fibres make fibre number 

concentration-based limit values necessary. A second essential property of fibres making 

them act like asbestos is that the fibres have to be rigid or stiff. Currently, those fibres which 

are entangled or twisted are considered as not being rigid, while those with a straight 

structure may have the potency to act like asbestos. Only very few, not readily available or 

feasible methods to assess fibre rigidity are known (Poncharal et al. 1999, Löffler et al 2011 

– see Chapter 5.1). While standards for fibres larger than 200 nm have been established, 

specific methods for CNT and other nano-scaled fibres must still be developed. General 

measurement strategies have been developed by Rasmussen et al. (2015) or Heunisch and 

Bachmann (2016). 
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 Mass concentrations are currently mainly used in workplace and regulatory risk 

assessment, even though a significant amount of workplace measurements have 

been using particle number or surface area concentration; 

 The reasons are mainly due to existing regulatory structures based on mass 

concentration, the conservativeness of the metric, and the absence of improved 

correlations between exposure and effect for other metrics; 

 Measurement methods and strategies for nanofibres are based on number 

concentration and are less developed than those of nanoscale particles at 

workplaces. 

One of the major challenges in (occupational) exposure assessment in the regulatory 

framework is how to differentiate between natural, incidentally generated nanoscale particles 

and the relevant manufactured nanomaterials. Concerning measurement methods, several 

new developments have been made with regard to quasi online particle size dependent 

composition measurements (R’mili et al. 2011). One example is the aerosol mass 

spectrometer, which can also detect higher elements and metals, and hence is becoming of 

greater interest for nanomaterial exposure assessment (Nilsson et al 2015). This device is 

currently not sufficiently developed to be of direct use for regulatory purposes but indicates 

one way in which some of the issues can be tackled in future. Other online reading monitors 

do not allow a differentiation. One method more often employed for this purpose is offline 

single particle analysis by electron microscopy for morphology and chemical composition 

(Kuhlbusch et al. 2011; Laborda et al. 2016). However, this method is very labour intensive 

and expensive, and for this reason should only be applied when other methods fail. 

 Routine differentiation of manufactured from other nanoscale particles is still 

labour intensive but unavoidable when choosing the most effective abatement 

measures.  

Another important prerequisite for conducting reliable and robust exposure assessments is 

the availability of well-developed guidance documents and standard operation procedures 

(SOPs). Measurements and evaluation of these standards and SOPs have to be conducted 

to finally allow the determination of the reliability and reproducibility of the assessment 

strategies. This has so far been done only in very few cases like in the SIINN ERA-Net 

project NanoIndEx (Asbach et al. 2016), the BMBF project nanoGEM (Asbach et al. 2012b) 

and by NIOSH for the Nanomaterial Exposure Assessment Technique (Eastlake et al 2016). 

 First SOPs of measurement methods and strategies for workplace exposure 

assessments are available but their robustness still has to be thoroughly 

evaluated. 

Tiered approaches: When looking into the details of exposure measurements, strategies 

and assessments it quickly becomes apparent that a full assessment for each workplace 

handling nanomaterials will not be possible. As a result, several methods were developed, 

published and some of them also tested during the last ten years. Reviews and updates are 

given in OECD (2015g), Eastlake et al. (2016) and Brouwer et al. (2016). 

The general steps in the tiered approach, taking the combined OECD tiered approach 

(2015g, see figure 5.2.1) as an example, is divided into 3 major steps: a) information 

gathering, b) basic exposure assessment and c) expert exposure assessment. The three 

steps are briefly described here. 
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Figure 5.2.1:  
Tiered approach according to OECD (2015g) 

Tier 1: This tier is mainly based on “paper work” that is, information gathering to decide if 

nanomaterials are actually used; if yes, how are they handled and is there a likeliness of 

release and subsequent exposure. Tier 1 is one step where a framework of release 

(Kuhlbusch and Kaminski 2014; MARINA Deliverable 5.1 2014 – see section 5.2.3.3) can be 

used. The framework to be worked on should be based on harmonised test methods and a 

data pool giving information on during which processes (e.g. mechanical, chemical and 

thermal processes) release occurs, and what type of nanomaterial is used in which quantity. 

Thus, a combination of information from the framework of release combined with specific 

workplace scenarios can be used as a first tier to assess if a relevant exposure may occur. 

Tier 2: If Tier 1 indicates a possibly relevant exposure, then measurements should be 

conducted at that workplace using direct reading handheld monitors to detect if elevated 

particle concentrations (number or lung deposited surface area concentrations) are present. 

These measurements can be made using different monitoring strategies, e.g. using spatial or 

temporal variations in concentrations to be able to assess nano-objects and their 

agglomerates above a given general background concentration. This technique can also be 

used in combination with longer term monitoring in the case of mainly sporadic exposures. 

Tier 3: This tier, which is the most labour-intensive and expensive tier, is only necessary 

when the first two tiers indicate a possibly significant exposure of concern, or if particles of 

very high concern (e.g. carbon nanotubes) are being worked with. This tier has to be set-up 

according to the specific needs of the workplace and the material handled. This 

differentiation is needed to be able to clearly identify and quantify the nanomaterial of 
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concern next to any background values. Some methods like online aerosol mass 

spectrometer may be useful for metal oxides, while CNT or carbon black need different 

methods and measurement strategies (e.g. Rasmussen et al. 2015). 

The approaches used in tier 2 and 3 often use temporal and/or areal changes in particle 

concentrations to identify hot spot sources and source strengths. The main differences in the 

tiers are the data quality and the strict ability to differentiate background from manufactured 

nanomaterials. Guidance on data quality and data evaluation are e.g. given by Brouwer et al. 

(2016) and Asbach et al. (2016).  

Overall, the tiered approach as suggested in the OECD Document (2015g) can be viewed as 

a robust framework while the actual guidance and SOPs detailing how to act according to the 

tiered approach have still to be worked on. 

 Harmonised, tiered approaches are available. A common approach should be 

further developed in the international context. 

 Guidance and SOP for the tiered approach should be (further) developed and 

published. 

 Initial SOPs of measurement methods and strategies for workplace exposure 

assessments are available but their robustness still has to be tested and 

confirmed.  

Exposure trigger values: When using a tiered approach, triggers are needed to define 

when a higher tier has to be followed. These kins of values must still be defined or developed 

(see also Brouwer et al. 2016). Nevertheless, general exposure assessment values for all 

types of MN independent of their source have been suggested for cases where no specific 

toxicity is to be assumed (e.g. values suggested by Announcement 527) and can be used in 

this tiered approach. The drawback here is that current values discussed by NIOSH, BAuA 

and other regulating bodies are based on mass concentration and are not compatible to the 

easy to use and sensitive devices measuring particle number concentrations (PN) or lung 

deposited surface areas (LDSA). In those cases, when a differentiation is needed, such as 

specific MNs exhibiting particular toxicity like CNTs or exceedance of the exposure values, 

approaches and measurement strategies have been introduced into the regulatory 

framework by ISO-TS 12901 and OECD (2015g). 

 Trigger values for the tiered approach should be developed, and general values, 

either limit or assessment values, should be agreed upon to be able to decide 

that workplaces are safe. Values for different metrics should be developed. 

 

Release of nano-objects and nanomaterials into the gas or liquid phase is essential for 

exposure to occur. Hence, it is one information to be gathered in tier 1 of the 

abovementioned tiered approach. Several test units were constructed to study releases from 

processes such as drilling, sawing, sanding, and cutting (Kuhlbusch and Kaminski 2014, 

Froggettet al. 2014, Ding et al. 2016a, see also section 5.2.3.2). These test methods allow 

and facilitate exposure assessments as well as good planning of operational safety 

measures. The release data can also be used in combination with modelling tools (see 

section 5.2.3.4). 

 The status of various release test methods in view of harmonisation and 

standardisation is diverse. A core set should be developed and then 

consecutively further extended. 
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One of the most advanced release and material characterisation test methods is that of 

dustiness (see Figure 5.2.2). Dustiness can be seen as an extrinsic property which 

characterizes a nanomaterial (see Chapter 5.1). The aim of such test methods is to predict 

the amount of release of fine particles during handling of the powders such as bag filling. The 

test was originally developed for coarser particles but has recently been adapted for 

nanoparticle release testing (EN 15051).  

 

 
Figure 5.2.2:  
Schematic continuous drop dustiness testing device: 1. Sample container, 2. Dispensing unit, 3. Drop 
pipe, 4. Sampling location SMPS, 5. Sampling location CPC, 6, Main stream pump, 7. elutriation air 
pipe, 8. Collection container for dropped material, 9. ULPA filter pack (adopted from Dalman and 
Mons, 2011). 

Several test methods have to be distinguished when discussing dustiness tests and the 

release of nanomaterials from powders. The continuous drop method according to EN 15051 

(Figure 5.2.2) that is similar to the rotating drum method (also EN 15051) simulates weak 

forces leading to powder disintegration and release of airborne particles. These forces acting 

on the agglomerated nanoparticles are called drag forces. In the case of EN 15051 these 

drag forces are related to the particle dropping/sedimentation speed (Ding et al. 2015). In 

some workplace exposure scenarios, the forces applied to agglomerated nano-powders are 

stronger than the drag forces, e.g. when there is a leakage during production, or active 

mixing of nano-powders with other materials, or in extruders. Further refinements have been 

made and reported by Stahlmecke et al. (2009) and by Ding et al. (2016b) considering the 

stronger drag also called shear forces by forcing the aerosol through a nozzle, thus 

increasing the force acting on the agglomerates and then determining the extent of de-

agglomeration. Ding et al. (2016b) could demonstrate that de-agglomeration is directly 

dependent on the forces applied to the agglomerates. Both low force methods (e.g. 

according to EN 15051) and higher force ‘nozzle’ methods have been shown to be sensitive 

to humidity (Ding et al. 2016b) which is currently not considered in the published standard 

methods. A comparison of different de-agglomeration test units showed that further 

development to achieve better agreements are still needed (Ding et al. 2016). 
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 Dustiness and de-agglomeration tests are available. The former is standardised 

but a revision including humidity effects may be needed, while the latter have 

been experimentally evaluated but lack standardisation. 

 
For the control of exposure to chemicals control banding tools help in estimating workplace 

exposure. Even though control banding and modelling tools to estimate workplace exposure 

are improving, comparability between the different tools is not always given (Bekker et al. 

2016; Liguori et al. 2016). Additionally, evaluation procedures and real test values are 

needed in order to evaluate the robustness of the tools (Liguori et al. 2016). In general 

control banding tools are currently not seen to be robust enough to be used for formal 

regulatory purposes with nanomaterials. 

Exposure reduction measures 

A recent study by Schubauer-Bergan et al. (2015) showed that in industrial settings, the 

implementation of engineering controls and personal protective equipment (PPE) was often 

reversed. According to current legal requirements, PPE should only be used after all 

affordable engineering and organisational control measures have been set up. An exception 

is where these measures cannot be taken for organisational or technical reasons. The study 

showed a) a high usage of protective measures at all industries surveyed, and also at the 

investigated sites but b) the same frequency of occurrence of use of PPE compared to 

engineering control measures.  

Effective technical measures are often being applied. When handling nanomaterials and 

nano-powders, ventilation is increased in combination with the use of hoods (Lo et al. 2015). 

These technical measures often work very well, since airborne nano-scaled particles behave 

similar to gases. Investigations of hoods (Lo et al. 2015) also showed a high degree of 

protection versus airborne exposure. Interestingly, as with larger particles, handling with 

powders with opened hoods allows a small portion of the particles to escape from the hood 

leading to exposure. This is a cause for concern, especially when handling materials with 

high toxicological potency.  

When using PPE the obvious question is if they are really protective, and how well and how 

easy they are to use. Generally, a loose fitting facial mask will not give sufficient protection 

against airborne nanomaterials (Rengasamy and Eimer, 2012). This example shows that not 

only the equipment performance itself is important, but also how it is actually used. Particle 

filtration is highly efficient for large particles due to impaction and for nano-scaled particles 

due to diffusional deposition. Lowest filtration efficiencies are mostly to be expected for the 

size range from 100-400 nm. Other important PPEs are clothes and gloves (NanoSAFE 

2008; Kim et al. 2007; Rengasamy et al. 2008) 

Glove tests sometimes show bad reproducibility (Vinches et al. 2016) which can even 

change from one lot to the other. One of the reasons for this can be micro fissures. 

Penetration through gloves is more likely for handling liquids. Penetration efficiencies in 

these cases were always lower than 5% and mostly lower than the detection limit. Certainly, 

appropriate gloves with regard to the handling of nanomaterials have been used. The same 

is valid for clothes. Penetration efficiencies can vary significantly depending on the type of 

clothes and the type of nanomaterial being used. 

The performance of filters, gloves and clothes have been correctly investigated and can be 

properly assessed for normal use. This also applies for the penetration factor. Depending on 

filter types, penetration factors lower than 0.01% can generally be achieved. Loose-fitting 

powered air purifying respirators show a protection efficiency of even 10-6 (Koivisto et al. 

2015). 
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 Both, technical and PPE measures have been shown to be efficient if appropriate 

equipment is selected and properly handled. Beside general rules with regard to 

ventilation and proper general PPE better guidance is needed when specific 

equipment has to be used. 
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5.2.3 Consumer Exposure 

5.2.3.1 General Considerations with respect to Consumer Exposure 

Assessment 

a) Data availability and quality 

In general only very few reliable data exist on the use of nanomaterials in different consumer 

products. Therefore, inventories like Woodrow Wilson are often used to get an overview on 

which type of nanomaterials are used in which type of product 

(http://www.nanotechproject.org/cpi/). However, information in this repository is neither 

complete nor up to date nor verified, and is unlikely to be representative for other markets 

outside the USA. Only very few countries have obligatory product inventories, such as 

France. In the EU, labelling of nanomaterials as constituents of nano-products is required for 

only a few types of products, such as food, biocides and cosmetics. It is therefore very 

difficult to get reliable information on which types of nanomaterials are really used in specific 

consumer products and in which amounts. In addition, there is hardly any reliable data on 

total tonnages of nanomaterials produced worldwide. The EU Commission recently decided 

to develop the EU-Nano-Observatory, a website hosted by ECHA in which all information on 

nanomaterials in consumer products comes together, i.e. legal registration from REACH, 

CLP and the Biocidal Product Regulation, as well as toxicological information from EU 

projects. It is not clear to what extent this website will satisfy the need for more accurate and 

detailed information.  

b) Consumer exposure assessment in REACH 

Within REACH, only in specific cases, an assessment of consumer exposure is required. An 

exposure assessment is required if production volumes of a substance exceed 10 tons and if 

there is a hazard classification. This includes an assessment of consumer exposure, if there 

is any intended consumer use scenario. For this purpose, ECHA has released a guidance 

document entitled “Guidance on Information Requirements and Chemical Safety 

Assessment, Chapter R.15: Consumer exposure assessment” (July 

2016,https://echa.europa.eu/documents/10162/13632/information_requirements_r15_en.pdf)

.In this guidance document specific methods for the calculation of inhalation, oral and dermal 

exposures for consumers are given, applicable also when only little information on a given 

exposure scenario is available. 

Figure 5.2.3, taken from this ECHA document, shows a general workflow for consumer 

exposure assessment. Unfortunately, this document describes mainly consumer exposure 

for chemicals, and contains very little guidance for consumer exposure to nanomaterials. 

 

http://www.nanotechproject.org/cpi/
https://echa.europa.eu/documents/10162/13632/information_requirements_r15_en.pdf
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Figure 5.2.3.  
A general workflow for consumer exposure assessment (from ECHA, 2016, Chapter R.15) 

The problem with the scheme in Figure 5.2.3 is that for a proper consumer exposure 

assessment, a consumer exposure scenario is essential. For that, one should have more 

information on the user of the product as well as the product itself (type of product, 

characterisation of the product). A crucial aspect in this characterisation is the question 

whether there are nanomaterials present in the product and if so, which MN, in what 

concentration and what form? This information is generally not available (see above). 

c) Differences with worker exposure assessment 

In contrast to worker exposure, exposure from consumer products normally cannot be 

monitored or enforced beyond the point of sale of the products. This renders consumer 

exposure assessment more difficult than worker exposure and leads to a rather rough 

exposure estimation. It is based on several assumptions and often relies on modelling rather 

than measured data. Consumer exposure covers the intended uses of a product but also 

needs to consider all reasonably foreseeable uses or misuses. In addition, the same MN can 

occur in different consumer products meaning that aggregated exposure across these 

products should be considered. 

d) Exposure routes of concern 

In this document, the main focus of human exposure to nanomaterials is via the inhalation 

route. However, for consumer exposure, also other exposure routes are highly relevant. 

Therefore, a summary of studies on these routes is described below. 
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Dermal exposure  

Dermal exposure may occur from direct hand or body contact with a consumer product or 

article (e.g. jewellery, textiles, straps, belts, shoes), from deposition of particles or aerosols 

from an airborne substance, from skin contact with residues of the substance after product 

use (e.g. residues on clothing after laundering or dry cleaning). A major product category for 

dermal exposure is cosmetics, which needs to be considered according to the Cosmetics 

Regulation (EC) No 1223/2009. Dermal exposure is expressed in terms of the amount of 

substance per unit surface area of the skin exposed (mg/cm2) or as dose (mg/kg body 

weight/day) on skin. Note that this refers to chemicals in general. REACH only considers 

external exposure. This means DNELs derived under REACH already need to take skin 

absorption into account. 

Guidance on how to perform risk assessment of nanomaterials in cosmetics, in which dermal 

absorption assessment is one of the key factors, is given by SCCS (SCCS, 2012). In this 

document, it is stated that “it is currently not clear which metric is the best dose descriptor for 

nanomaterials - mass, particle numbers or surface area – that should be used in exposure 

assessment and subsequent risk assessment. For practical reasons, mass based exposure 

is generally used at present. It is therefore important that tests on skin absorption of 

nanomaterials are evaluated using different dose metrics”. If no data on skin absorption is 

available, one needs to assume 100% absorption as a default.  

A few studies are available which have investigated the release of nanomaterials from 

textiles (commercially and/or lab-made), however mostly during washing, which is more 

relevant with respect to environmental but not to consumer exposure. Most of them study 

release of nano-silver and only a few nano-TiO2 (Geranio et al. 2009, Lorenz et al. 2012, von 

Goetz et al. 2013). The release of TiO2was found to be minor, which in most cases was not 

true for nano-silver. Furthermore, the release of silver was dependent on how the silver was 

incorporated into the textile. Only a fraction was released as nano-silver, while ionic release 

as well as release of larger agglomerates was frequently detected in varying amounts 

depending on the textile type. It should be noted that also textiles containing silver particles 

larger than 100 nm (in all three dimensions) can release nanoparticles and dissolved silver 

ions during washing. Mitrano et al. 2014) showed that larger silver particles decrease in size 

during dissolution and hence will become a nanoparticle eventually during the life cycle. 

Only a few studies investigated the release of nano-silver and nano-TiO2from the textiles into 

artificial sweat (von Goetz et al. 2013), which simulates the release during consumer use. 

This study found that release of TiO2 was only minor while the authors could detect 

significant amounts of released silver. For silver the authors calculate maximal amounts of 

17.1 (total silver) and 8.2 (Ag < 450 nm) μg/kg body weight. For TiO2, the exposure levels 

amount to maximal 11.6 μg/kg body weight for total (mainly particulate) TiO2.   

Dermal uptake of nanomaterials 

In order to assess skin penetration of nanoparticles, different in vitro and in vivo methods can 

be applied. In several studies to assess nanoparticle skin absorption, an in vitro method as 

described in OECD TG 428 (2004) has been used. In this method, diffusion chambers (e.g. 

Franz cells) are used involving skin from human or animal sources. Penetration through the 

skin into the receptor fluid was assessed as well as uptake into the stratum corneum (after 

tape stripping) and into the epidermis and dermis. 

Dermal penetration of TiO2 nanoparticles has been assessed (in vitro and in vivo) in the 

SCCS opinion on nano-TiO2 (SCCS, 2013). All these studies with different formulations show 

that TiO2 does not penetrate into viable parts of the skin in relevant amounts. Typically, TiO2 

NPs can be detected only in the outermost stratum corneum layers and not in any viable 
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parts of the skin, neither epidermis nor dermis. In addition, UV sunburnt, compromised skin 

was also studied. Details, as well as all considered primary studies are described in the 

SCCS opinion on nano-TiO2 (SCCS, 2013). 

In contrast, another study with nano-scaled SiO2 shows that using non-guideline studies 

some forms of nano-SiO2 can penetrate the outermost skin layers and reach viable parts of 

the epidermis, and even the dermis. Nano-SiO2was also detected in dendritic cells. In 

addition, there is some evidence that formulation has an effect on uptake of SiO2, which was 

not the case for TiO2 NPs. Details, as well as all considered primary studies can be found in 

the SCCS opinion on nano-SiO2 (SCCS, 2015). 

A good overview on dermal absorption of nanomaterials is given in a Danish EPA report 

(Poland et al, 2013; EPA project 1504, 2013). Their conclusion on dermal absorption of 

nanomaterials is that whilst there are many conflicting results, on balance the literature 

seems to suggest that absorption of particles in the nano-range through the skin is possible, 

but it occurs to a very low degree. Furthermore, the level of penetration, depending on 

chemistry and experimental conditions, may be greater for nanoparticles than for larger 

particles. While the role of size is considered a critical component of dermal absorption, this 

is not the only factor influencing dermal absorption. Size on its own does not determine 

whether a NP is absorbed or not. Other properties, like surface polarity, can also markedly 

influence dermal absorption (Poland et al, 2013). 

Oral exposure 

Oral exposure may include oral uptake of residues from cosmetics or dishwashing products 

or may occur as a consequence from migration of a chemical from an article (e.g. chewing or 

licking of toys for children). Certainly, exposure via food is highly relevant, however it is not 

covered by REACH but addressed by the specific legislation mentioned above (see 

Chapter 2). The assessment of oral uptake via food or via food contact materials (FCM) is 

carried out according to guidance documents published by EFSA. The guidance for FCM is 

currently under revision, a corresponding scientific opinion has been published this year 

(EFSA, 2016) in which it is mentioned that nanomaterials deserve special attention, but 

specific guidance for nanomaterials is still missing. EFSA has also published a general 

guidance on how to assess nanomaterials (EFSA, 2011). 

Oral uptake of nanomaterials  

A few nanomaterials contained in food contact materials have been assessed by EFSA for 

food contact uses. Typically, in these cases no release of nanomaterials from the food 

contact matrix to the food could be demonstrated. Therefore, (in the absence of any release) 

the use of these substances in specific food contact materials does not pose any risks. 

A few projects have addressed nanomaterial consumer exposure from food (EU project 

NanoLyse http://www.nanolyse.eu/default.aspx) and some also studied release from food 

contact materials. Often the release of nano-silver is studied (e.g. Mackevica et al. 2016), 

which frequently show that silver ions can be released from products. The study of 

Mackevica et al. uses an experimental setup according to EU regulation 10/2011 for articles 

intended to be in contact with food. Although some migration of nano-silver from the plastic 

to the food could be demonstrated in this study, it should be noted that nano-silver has not 

been assessed by EFSA. Therefore, the use of nano-silver in plastic food contact material is 

not eligible within the EU. Some other nanomaterials (e.g. ZnO, nano-clay) are also 

investigated but to a smaller extent in published literature. 

Furthermore, for assessing oral exposure to nanomaterials one has to consider changes of 

the nanomaterial occurring during the gastrointestinal tract passage. In consequence, a few 

http://www.nanolyse.eu/default.aspx
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(typically soluble) nanomaterials have been shown to dissolve completely in the stomach and 

to reform in the duodenum. This can be assessed in vitro by using an artificial digestion fluid 

model (Peters et al. 2012, Walczak et al. 2012, Böhmert et al. 2014). The analysis can also 

be performed in the presence of relevant food simulants (Lichtenstein et al. 2015). 

Several studies have demonstrated oral uptake of nanomaterials for different types of 

nanomaterials. In general, soluble or partially soluble nanomaterials (e.g. nano-silver) are 

taken up to a larger extent compared to insoluble nanomaterials (e.g. TiO2).  

Other exposure routes 

In special cases also other routes of exposure have to be addressed. This may refer to 

exposure via eyes (this may be relevant for mascara, which can contain nano-carbon black) 

or intradermal routes for tattoos, where some of the pigments may contain nano-scaled 

particles. 

It should be noted that the Danish EPA has carried out a project to assess consumer 

exposure to nanomaterials, which contains information on different types of nanomaterials in 

different product types, and considering different routes of exposure (Bo Larsen et al, 2015; 

Danish EPA project 1636, 2015). 

Inhalation exposure 

In this Joint Document, the focus of human exposure to nanomaterials lies on the inhalation 

route. Examples of relevant consumer products for this exposure route are spray products, 

where one needs to discriminate between propellant sprays versus pump sprays, powders 

(e.g. make-up) and exposure after emission from articles or paints. 

Exposure by inhalation is normally presented as an average concentration over a reference 

period of time, which will normally be the duration of one single use event. Thereafter the 

frequency of such use events needs to be considered. However, peak exposure during short 

peaks requires more particular consideration. Generally, inhalation exposure is expressed as 

external exposure, usually in mg/m3. However, in the case of nanomaterials, ECHA 

recommends the additional use of other metrics such as number concentration and surface 

area concentration (i.e. N/m3 or cm2/m3 – see also Chapter 5.6). 

A few projects have specifically addressed consumer exposure via inhalation. Examples are 

the Swiss NanoSpray projects (NanoSpray I, 2008- 2010, ETH and EMPA and NanoSpray II, 

ETH and EMPA, which started 2011, see: http://www.bfr.bund.de/cm/349/consumer-

exposure-to-silver-nanoparticles-in-consumer-products.pdf). In addition, consumer exposure 

from spray products containing nanomaterials was also addressed in the German funded 

project nanoGEM (Riebeling et al. 2016).  

5.2.3.2 Release from Commercial Products 

Consumer exposure to MN generally does not include the pristine manufactured 

nanomaterial that is produced in the workplace and added to consumer products. Product-

use related aging and transformation processes affect MN during the product use phase of 

the life cycle. Exposure assessment at consumer level (or via the environment) therefore has 

to deal with aging and transformation processes altering the characteristics and behaviour of 

the MN, and possibly also the hazard potential of the material. Only recently, the need to 

obtain data on MN release during the product use phase has been recognised. This data is 

essential for characterising and calculating an in depth assessment of consumer exposure. 

Methods for the identification of aging and transformation processes, as well as release 

assessment are reviewed in this section.  

http://www.bfr.bund.de/cm/349/consumer-exposure-to-silver-nanoparticles-in-consumer-products.pdf
http://www.bfr.bund.de/cm/349/consumer-exposure-to-silver-nanoparticles-in-consumer-products.pdf
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Experimental case studies documented in literature provide solid evidence for the release of 

MN from various MN containing products. There are, however, major limitations regarding 

the analytical techniques available to quantify and characterize the particles released. The 

recently published review by Mackevica et al (2016), evaluated to what extent information 

and data in the literature so far can be used to perform consumer exposure assessment 

according to the REACH requirements. The applicability of published data for regulatory 

purposes seems to be limited. Less than half of the 76 reviewed studies report their findings 

in a format that can be used for exposure assessment under REACH, and most of them do 

not include characterisation of the particles. Furthermore, equations under REACH are not 

yet developed to take the unique properties of nanomaterials into consideration. The main 

conclusion from this overview is that most of the available release studies do not reflect 

realistic conditions and are not able to illustrate actual emissions and characterisation of the 

released particles.  

 Additional real life studies are essential for the production of realistic information 

on the fate of MNs after release from consumer products for environmental, 

toxicological and modelling studies. 

 

Different aging and transformation processes through the lifecycle of nano-enhanced 

products were reviewed in Mitrano et al. (2016). This has been done for various consumer 

product categories and for various MN (Table 5.2.4).The different life cycle stages are 

discussed in more detail in Mitrano et al (2016). 

Table 5.2.4: 
Possible transformation processes as described for a number of consumer product categories and MN 
applied in these products (Mitrano et al, 2016). 

Product category MN Transformation processes 

Textiles Ag, ZnO, SiO2, TiO2, ENP coating oxidation and reduction, 
dissolution, precipitation, UV-
irradiation, incineration, release of 
MN 

Sunscreens, cosmetics, 
personal care products, 
cleaning agents 

Ag, ZnO, SiO2, TiO2, ENP coating oxidation, dissolution, UV-
irradiation, micellation 

Paints and coatings Ag, Ag zeolite, CNT, ZnO, SiO2, TiO2, 
CeO2 

oxidation, dissolution, UV-
irradiation, release 

Plastics and polymers Ag, CNT, TiO2, ENP coating UV, incineration, dissolution, 
structural transformation, 
aggregation 

MN in food sector: 
additives, supplements, 
containers and 
packaging  

Ag, ZnO, SiO2, TiO2, CeO2, ENP 
coating 

Food: Dissolution, phase 
transformation, degradation, 
physical transformation 
Food packaging: dissolution, UV-
irradiation, release MN from 
material 

The energy sector, fuels 
and catalysts 

Ag, CNT, ZnO, TiO2, CeO2 acid wash, incineration 

Consumer electronics 
and semiconductors 

Air filters UV irradiation, incineration, 
combustion 

 

Until now, only a few studies have tried to establish what changes the MN undergo when 

they are incorporated into and released from products. Knowledge gained on the life cycle of 

nano-products is used to derive potential transformation processes that MN in nano-products 
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may undergo (see Table 5.2.4, Mitrano et al, 2016). This may help to narrow the number of 

actual experiments in future.  

The methods described in the two review papers (Mackevica et al, 2016; Mitrano et al, 2016) 

help derive a better estimation of the actual exposure and risk for both consumers and the 

environment, after exposure to the transformed/pristine NM in the relevant matrix. These 

papers give a concise description of the various methods and approaches in the processes 

of aging and transformation. The methods seem reliable and are of high relevance for 

regulatory purposes. Unsurprisingly, it is clear that fractions released from nano-bearing 

products no longer represent the primary particles initially dispersed in the matrix, but are 

rather a variety of different fragments, agglomerates and transformed products that have 

significantly different physical and chemical properties than the original, pristine, “as-

manufactured” MNs.  

Within the limits of an experimental set-up, it is very difficult to obtain enough released 

material for a proper analysis. Nowack et al (2016) developed an approach to obtain 

sufficient quantities of release materials (fragmented products (FP), including weathered 

fragmented products (WFP) and sieved fragmented products (SFP)) to study NM in different 

life-cycle stages. This approach was developed within the SUN project to enable case 

studies to be carried out for the evaluation of health and environmental risks of MN in 

consumer products. In this way, the effects and fate of the released material could be 

compared to the pristine materials for which a significant amount of data is available. The 

method is illustrated by an example of nano-particulate organic pigment in polypropylene 

(Nowack et al, 2016). The fragmented and weathered products obtained during the 

experiments are not really the materials from the product but represent an approximation. 

More processes for the production of FP and WFP are needed because one matrix might be 

exposed to different stresses during the life cycle of a product. This approach, which is now 

applied to the use phase, can in principle also be applied to the end-of-life phase.  

However, the methods discussed in the papers of Mackevica et al, (2016) and Heggelund et 

al (2016) refer to case studies that represent a limited number of NMs, products, and 

geographic regions. The question clearly remains how representative these studies really 

are. Also, the research was limited to short time frames (short relative to the real-life use of 

the products) and the experimental set ups are often far from real-life conditions, which 

makes the data difficult to interpret in the context of environmental and consumer risk of 

exposure. 

 A single release test simulation procedure for each process during the use phase 

of a product should be identified and established; 

 Additionally more generalized methods representing MN release processes from 

different product groups under relevant environmental conditions have to be 

defined and established; 

 Analytical methods for determining MN alteration and transformation in release 

processes should be improved. 

 

This kind of data would help estimate MN release rates from particular products which then 

can be used for modelling exposure concentrations and risk assessment (Mackevica et al, 

2016). 

Parallel to the suggested tiered approach to assess workplace exposures a similar approach 

should be pursued for exposures to consumer products. The tiers could be  
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 Tier 1: Information gathering if the product contains nanomaterials (which type 

and concentration of NM, which type of matrix, intended use);  

 Tier 2: Information from release tests;  

 Tier 3: simulated use of products under well-defined laboratory conditions.  

 

Anyhow, this type of tiered approach still has to be explored. 

Release tests, even when directly linked to a given exposure scenario at workplaces or in 

consumer environments, do only deliver release rates allowing ranking between different 

products tested with the same method. Direct comparisons of tests conducted for e.g. 

bagging of powders (dustiness tests), processing of composites (e.g. sanding) and 

weathering may not be straightforward but could be facilitated by using standardised 

exposure scenarios which translate processes and standard testing results into exposure 

values or classes. Standard quantitative models with given values for a specific scenario 

would allow such calculations. Unluckily only very few quantitative exposure models e.g. 

described in Schneider et al. (2011) exist. So far no evaluation of such models has been 

done to our knowledge. Models based on exposure bands such as Stoffenmanager Nano or 

ART could also be used in connection with the release tests if an agreement can be 

developed how release rates can be used for a given exposure scenario to derive these 

bands. 

Several of the processes that lead to the release from nano-products do not only result in 

consumer exposures but also in environmental exposures (e.g. degradation of the matrix 

material of a composite by weathering, chemical degradation or dissolution). These may 

account for relevant environmental exposures to nanomaterials and further transformation 

processes (see Chapter 5.3). 

With respect to the papers that describe the development of protocols for simulation of aging 

processes and detection of released fragments, in general the methods are well-described 

and in sufficient detail. Wohlleben et al (2014) report the critical parameters of nanoparticle 

release by means of a pilot interlaboratory comparison (tested in different research groups) 

of a polyamide containing 4 mass % of silica nanoparticles with the focus on the validity 

range of the aging and release protocols. After comparison of several different degradation 

protocols and several methods for identification, quantification and characterization of the 

bulk material and released fragments, a combined protocol was proposed. Other studies 

from Wohlleben et al (2016 a, b and draft) show that a harmonized NanoRelease protocol 

has been developed by different institutes and organizations (US-EPA, BASF, LEITAT, Can-

NRC) in which different MNs, product groups and parameters are tested. In these protocols, 

in which ISO-standardized aging equipment has been used as well as generally available 

sampling and analysis equipment, different release processes (processes as a consequence 

of weathering and aging), have been tested. A general conclusion that can be drawn from 

these release studies is that the aging process is more important for the release of MN than 

the characteristics of the matrix and the MN itself. Aging conditions seem to be critical for 

release rates, not for release characteristics. Therefore, to achieve reproducible and 

standardized release rates, highly controlled aging conditions are most critical. Furthermore, 

only synergistic stresses induce a significant amount of MN release (Wohlleben et al, 

2016).Since the results are comparable between laboratories, the protocols seem to be very 

reliable.  

 To achieve reproducible and standardized release rates, it is of high importance 

that aging conditions are highly controlled. 
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5.2.3.3 Framework of Release 

One of the key developments recognised by experts in this field in recent years is the so-

called Framework of Release (MARINA Deliverable 5.1). Strictly speaking the Framework of 

Release is a combination of existing concepts and tools linked in a framework to facilitate 

their regulatory development and use. The basic concept is simple: A possible risk is only 

present if an exposure is possible. Release (separation from a larger unit) of nanomaterials 

or fragments of nanomaterials from powders, composites, suspensions or other 

nanomaterials is a prerequisite for any exposure. The step following release is the emission 

and transport of the released material into e.g. an airborne state which then can lead to an 

exposure of consumers and/or the environment. 

This basic concept on release is general and of relevance for all types of exposures including 

workers, consumers, public or the environment and therefore it is an overarching theme. 

The framework of release encompasses four specific points: 

a) The release processes: mechanical, thermal, chemical and mixed processes. 

b) Test methods to simulate a process and to derive information on the effect of a given 

release process to a given material. 

c) Linking a test method to an explicit activity or environmental process (see Table 5.2.5). 

d) Application of the information obtained in different settings such as exposure 

assessment, safe-by-design studies, abatement strategy development (see Figure 5.2.4). 

Release processes can be separated simply into mechanical (sanding, cutting etc.), thermal 

(incineration, heat stress, etc.) and chemical (dissolution of matrix material, etc.) processes. 

Also mixed processes exist like weathering (chemical and mechanical stress) or braking 

(mechanical shear forces and heat stress). 

Some release processes (weathering, spraying, dustiness, de-agglomeration) and their 

status of harmonisation have been presented above. For most processes, first test set-ups 

and published results are available for all relevant release scenarios (Kuhlbusch and 

Kaminski 2014). In some cases (sanding, weathering, drilling, de-agglomeration, dustiness) 

international round robin tests have been conducted or basic ISO standards are available 

(Dustiness). 

Release tests can be used in different ways. When discussing the tiered approach to assess 

exposure at workplaces (OECD, 2015g), Tier 1 assesses the likelihood of exposure. If 

materials and processes are known, the assessment can be based on release processes. 

Taking the example of dustiness and de-agglomeration of powders (discussed above), 

several activity types can be differentiated leading to different shear force levels (Table 

5.2.5). Shear forces can be low, for example when the powder drops down onto the floor or 

can be very high, when during injection moulding. Therefore tests simulating the different 

shear forces are needed and have been developed (see section 5.2.2 above). 

Table 5.2.5: 
Activity type and simulation methods: Example for dustiness and de-agglomeration 
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With these tests and applying them to different materials, the range of release probabilities 

can be determined, and used in exposure assessment studies, life cycle assessments, 

including environmental release, or safer-by-design product development (Figure 5.2.4).  

 

 
 
Figure 5.2.4: 
Uses of release test methods in regulation 

5.2.3.4 Modelling Workplace and Consumer Exposure 

Only a few models are available for estimating consumer and workplace exposure to 

nanomaterials. ECETOC TRA (developed by ECETOC) covers all relevant exposures 

(environment, consumer and worker) but was not specifically developed for nanomaterials. 

This as well as some other models may be used in the framework of REACH for the 

registration of nanomaterials.  

As modelling tools for workplace exposure SprayExpo (http://www.baua.de/en/Topics-from-

A-to-Z/Hazardous-Substances/SprayExpo.html), Stoffenmanager nano (Van Duuren-

Stuurman et al. 2012; Bekker et al. 2016) or those described in MacCalman et al. (2016) for 

assessment of workplace exposure.  Initial comparisons (e.g. Bekker et al. 2016) show some 

https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiD1ob_0L7PAhULdD4KHQSlDToQFggeMAA&url=http%3A%2F%2Fwww.baua.de%2Fen%2FTopics-from-A-to-Z%2FHazardous-Substances%2FSprayExpo.html&usg=AFQjCNGg2fc9RBxIqBMW8WQsJKgp-Q0bjA
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correlation between different models. Currently the biggest difficulty is the lack of high quality 

data sets for workplaces for assessing the quality of the models and hence to evaluate in 

how far these models can be used in exposure assessments for nanomaterial handling and 

use. An attempt in this direction was conducted within the eteam Project (Lamb et al. 2015) 

for several model tools such as - ECETOC TRA v2 and v3, STOFFENMANAGER® v4.5, 

MEASE v1.02.01, EMKG-EXPO-TOOL and RISKOFDERM Version 2.1. The authors 

conclude “Comparison with measurement data suggested that the tools were generally 

conservative, but perhaps not always sufficiently so when compared with the reasonable 

worst case estimates as defined by the 90th percentiles of the exposure distribution”. Further 

information can be found in the final eteam project report (Lamb et al. 2015). Overall, the 

robustness and accuracy of the models still have to be assessed thoroughly to improve their 

use in the regulatory context. 

One of the major drawbacks of the currently used consumer exposure models is lack of 

comprehensive data to compare e.g. to real measurement data or exemplary exposure 

scenarios (Lamb et al, 2015). It is therefore not possible to fully validate and calibrate the 

models for consumer exposure assessment.  

Followingly some more information is given on two Dutch models which are frequently used 

for consumer exposure assessment: 

* ConsExpo: www.consexpoweb.nl 

ConsExpo is a computer programme that enables the estimation and assessment of 

exposure to substances from consumer products such as paint, cleansing agents and 

cosmetics. The model has been developed by the National Institute for Public Health and the 

Environment (RIVM). ConsExpo is used within and outside Europe by governments, 

institutes and industries to assess the exposure to chemical substances from consumer 

products. ConsExpo is applied in the EU for the assessment of industrial chemicals (REACH) 

and biocides.  

The programme provides insight into exposure via inhalation, via the skin, or by oral intake. 

Users choose the most appropriate scenario and fill in exposure parameters such as body 

weight and exposure duration. The programme consists of both screening models and higher 

tier models for an exposure estimation.  

Information about circumstances under which consumers are exposed to chemical 

substances from consumer products is available in so-called fact sheets. For several product 

categories so-called default parameter values are provided which can be used as a basis for 

the calculations in ConsExpo. These default values are also available in the database that is 

coupled to ConsExpo. By means of the fact sheets, the exposure assessment may be 

carried out in a transparent and standardised way. 

Although this software has been developed for conventional chemicals, the ConsExpo model 

can be used for exposure estimation of nanomaterials via the oral and dermal route. For 

inhalation exposure to nanomaterials, a new module of ConsExpo has been developed: 

ConsExponano. 

* ConsExponano (inhalation exposure): www.consexponano.nl 

RIVM developed ConsExponano in 2015, a new tool to assess consumer exposure to 

nanoparticles from consumer sprays and powders. This model was adapted from the 

ConsExpo model for the estimation of exposure to conventional substances in spray 

products. During the use of a consumer spray product, the nanomaterial that is released from 

the spray may become airborne as part of the spray aerosol or as individual particles. To 

estimate the alveolar load arising from the use of nano-enabled spray products or powders, 

http://www.consexpoweb.nl/
http://www.consexponano.nl/
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ConsExponano combines models that estimate the external aerosol concentration in indoor 

air, with models that estimate the deposition in, and clearance of, inhaled aerosol from the 

alveolar region. Furthermore, ConsExponano expresses exposure estimates in a variety of 

dose metrics, allowing the exposure assessor to evaluate various alternatives. 

5.2.4 Environmental Exposure 

Release from nano-objects may also lead to environmental exposure. In particular 

weathering and leaching from nanomaterial waste and nanomaterials used for objects in the 

environment like catalytic paints are relevant processes which may lead to environmental 

exposure. Tools and test methods being capable of predicting release and transformation of 

NM are important since not all NM (and all their characteristics) can be tested experimentally. 

First developments in this direction were done within EU projects like SUN (see deliverables 

D3.1 and 3.6), MARINA, Nanohouse, NanoFATE and NanoFASE. For instance, the D3.1 

report of the SUN project focusses on the methods for determining the environmental 

releases from different MN in products such as nanocomposites, organic MN, carbon-based 

MN, inorganic MN and weathered, fragmented products. The report D3.6 focuses on the 

modelling of released MN in different processes like flow modelling, waste incineration, 

recycling processes and the calculation of environmental exposure based on these models.  

It has to be noted that the above mentioned projects and developments therein relate to the 

release and modelling but not direct measurement of engineered nanoobjects in the 

environment. The reason is that the possibility of clearly identifying MNs in environmental 

matrices is very difficult or even impossible. One of the few studies with measurements of 

TiO2 concentration from sunscreens carried out in the river Danube downstream of a 

swimming area (Gondikas et al., 2014). By measuring during and off season an increase in 

TiO2 particle concentration in the river was clearly demonstrated. REM analysis of the 

particles confirmed that the source of the elevated concentration was related to TiO2 in 

sunblockers.  

One method quite often discussed for the use of MN measurements in environmental media 

is the use of field flow fractionation (FFF) (von der Kammer et al., 2011). This method is 

based on the separation of particles by their size and subsequent determination and possibly 

chemical analysis. The method is very versatile and sensitive. The major drawbacks for a 

wider use are the high costs, the need of very well trained people and difficulties in 

interpretation of data and separating natural from engineered nanoobjects. Hence and due to 

the very low ambient concentration the use has so far been limited. Under laboratory 

conditions combinations of separation (filtration, ultracentrifugation, chromatography) and 

analytical techniques (microscopy, spectroscopy, and other analytical approaches) do 

provide usable data. Unfortunately, these combined techniques are not developed to a level 

where real time (and long term) analysis under natural conditions is possible (von der 

Kammer, 2012). Overall, methods to detect and quantify MN in the environment are still in 

the development and evaluation phase. 

In consequence, nearly no data concerning the exposure of the environment and of the 

population via the environment is available. The only way to derive ambient MN 

concentration is via modelling (see Chapter 5.4) or sampling close to source like at the river 

Danube (Gondikas et al., 2014) 

 For environmental exposure and risk assessment purposes, release rates and 

type of fragments should be identified and tested (in addition to the pristine 

material). Methods to link these release data to realistic exposure concentrations 

have to be further developed.  
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Other sources of environmental exposure (e.g. effluents from sewage treatment plants, 

abrasion from tires, disposal and incineration of waste, direct application of MN in agriculture 

etc.) are discussed in Chapter 5.4. 

5.2.5 Summary 

Overall, considerable progress has been made in the various areas of exposure assessment 

especially during the past ten years. Measurement devices and strategies are becoming 

more available and robust as well as affordable all of which are needed to facilitate 

regulation. Tiered approaches and assessment values for workplace exposure are today 

further advanced, but still lack major agreements to be able to improve assessments and, 

where needed, regulation. In particular, reliable data and measurement methods for the 

estimation of consumer and environmental exposure are missing. 
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Workplace 

 Major advances in measurement devices and strategies have been made, with 

different degrees of progress for gas, liquids, soil and solids. 

 Accepted tiered approaches and frameworks such as for release and exposure 

assessments have been developed, but SOPs, tests of robustness and evaluation 

criteria are still lacking. 

 Models have been developed and improved for all media and several exposure 

routes, but handling of the models and availably of data hinder their general 

applicability especially for regulatory purposes. 

 Test methods facilitating the assessment of likeliness and forms of release have 

been advanced to standardization, but a framework defining which methods are 

needed, what should be their output and how the data can be adapted for use in 

modelling and safer by design has to be further developed. 

 Real life studies to enable the evaluation of models and tiered assessment 

strategies have to be improved.  

 Transport and transformation of nanomaterials from release to exposure is still not 

well understood but could influence or alter hazardous properties. 

 

Consumer 

 To gain a better insight into the actual amount and forms of nanomaterials in 

consumer products, obligatory product inventories in which nanomaterials in 

consumer products are registered and quantified could help.  

 More guidance is needed on the description of consumer exposure to 

nanomaterials for a proper consumer exposure assessment within for example 

REACH, Cosmetics Regulation and EU Food legislation. 

 It is essential that tests on nanomaterials are evaluated using different dose 

metrics as mass is not the most relevant dose descriptor. Additionally more 

dermal absorption studies with nanomaterials are needed for a proper risk 

assessment of consumer products with nanomaterials (i.e. cosmetics). 

 Additional real life studies are essential for the production of realistic information 

on the fate of MNs after product release for environmental, toxicological and 

modelling efforts. 

 Analytical methods for determining MN alteration and transformation should be 

improved. 

 To achieve reproducible and standardized release rates, it is crucial that aging 

conditions are highly controlled. 
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5.3.1 Introduction 

This chapter reviews the relevant data, testing protocols and guidance papers which 

describe the environmental fate, persistence and bioaccumulation potential of nanomaterials 

with a focus on their regulatory reliability and relevance. The fact that the predominant fate 

processes for nanomaterials are mainly kinetically controlled and not always equilibrium-

based, which is the case for dissolved chemicals (Praetorius et al., 2014) means that the 

criteria for assessing the regulatory relevance and reliability of environmental fate data need 

to be revisited. The reliability of the fate data for nanomaterials is thus not by default linked to 

the use of standard or guideline testing, since these are in most cases intended to derive 

equilibrium based partitioning constants. 

The regulatory relevance of environmental fate data for conventional chemicals is strongly 

linked to the use of fate descriptors for the estimation of Predicted Environmental 

Concentrations (PEC). In chemical safety assessment of industrial chemicals the software 

program EUSES (The European Union System for the Evaluation of Substances, 

https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances) is 

applied. This tool contains models for exposure assessment using established chemical fate 

models. With regard to nanomaterials the final report from the NanoImpactNet FP7 project 

concluded that the fate models included in EUSES are: „…insufficient for nanoparticles for a 

number of reasons: (a) the extent/rate of dissolution is unknown or not included in current 

models and the same goes for (b) the extent/rate of aggregation/settling and (c) the extent of 

association with sediment.” (Hansen et al., 2009). As stated by Peijnenburg et al. (2015) it is 

known that the traditionally used fate descriptors for chemicals do not apply to nanomaterials 

and as demonstrated by Praetorius et al. (2012) extensive adjustments of environmental fate 

models must be implemented before they can be applied to MNs.  

Persistence and bioaccumulation also play a major role in the determination of the fate of 

chemicals and thus represent a topic of broad regulatory importance. Persistence and 

bioaccumulation endpoints are also of high regulatory relevance for hazard identification 

purposes i.e. classification and labelling as well as PBT and vPvB assessments. 

This review will focus on the fate, persistence and bioaccumulation of nanomaterials in 

water, sediment and soil. These are identified as the key compartments where higher 

exposures or exposures to nanomaterials of higher concern are likely. Where relevant, 

methods for addressing the fate and persistence of nanomaterials in sewage treatment 

plants (STP) will be included along with methods for estimating the mobility of nanomaterials 

in soil.  

The review will focus on methods and algorithm-based estimation techniques for key 

nanomaterial-related properties such as those that exist for conventional chemicals (EPA, 

2015a). The key data included in this review is intended to be used for development of 

predictive methods and models to determine the fate, persistence and bioaccumulation of 

nanomaterials and their transformed products. While the processes covered in this chapter 

                                                           
15

 DTU Environment, Technical University of Denmark, Copenhagen, DK 
16

 CEREGE, CNRS-Aix Marseille University – IRD – Collège de France, Aix en Provence, France 



 

 
ProSafe Deliverable 5.08 

Page 99 of 367 

are equally important to the nanomaterials’ behaviour during ecotoxicological testing, the 

focus here is directed towards the fate of nanomaterials in the environment. 

The starting point for this review is the fate endpoints addressed in the OECD test guidelines 

and guidances for conventional chemicals (OECD, 2015a) and though the specific test 

considerations will differ between conventional chemicals and nanomaterials the ultimate 

endpoints of interest are similar. For fate endpoints, determining the regulatory relevance 

and reliability is not straight-forward. The fate endpoints of relevance for nanomaterials in the 

current OECD test guidelines (e.g. OECD TG 105-106, 301-305, 306-309, 312, 314-317) will 

automatically be considered of regulatory relevance in the context of this review. With 

regards to regulatory reliability, papers describing methods with a potential for high 

reproducibility of methods will be given priority, but it should be recognized that standardized 

protocols and test guidelines for environmental fate descriptors of nanomaterials are 

currently under development. The use of the test guidelines mentioned above will not per se 

contribute to assigning a high regulatory reliability to the studies reviewed. 

5.3.2 Releases of Nanomaterials to Water and Related Fate Processes 

The literature reviewed provided only very limited information on direct inputs of MNs to the 

environment and their subsequent fate (e.g. Gondikas et al., 2014). The water compartment 

must be considered as one of the main points of entry, facilitating dispersion of 

nanomaterials in the environment and establishing a link to the other environmental 

compartments such as soil, sediment, and biota. As such the aquatic phase may be used as 

a central starting point to increase the understanding of the environmental fate and behaviour 

of nanomaterials (Peijnenburg et al., 2015). The route of MNs into the environment and 

likelihood of environmental exposure will vary with exposure scenario through their life cycle 

stages (as detailed in Chapters 5.2 and 5.4). The fate of nanomaterials in wastewater and 

natural waters will depend on the specific matrix (e.g. embedded in a solid, suspended in a 

liquid, or surface bound) in which they were originally used (Hansen et al., 2008; Nowack et 

al., 2012). The matrix and state of the nanomaterials will change during the different steps of 

the life span of the MN. For example, a nanomaterial may be produced as a powder, mixed 

into a liquid (such as paint or cosmetic) applied on a surface, weathered, washed of and 

released into urban runoff water. The sunscreen case study proved that TiO2 released as 

pristine particle (synthesis stage of the life cycle) or as residue with organic compounds from 

the sunscreen (during the use phase of the life cycle) will exhibit contrasting fate and 

ecotoxcity in aquatic systems (e.g. (Labille et al., 2010; Botta et al., 2011; Fouqueray et al., 

2012; Fouqueray et al., 2013, Gondikas et al., 2014). 

Once introduced to the aquatic environment the behaviour of MNs is dependent both on the 

physicochemical characteristics of the MN in question, as well as the characteristics of the 

receiving waters (see Figure 5.3.1). MNs in natural waters tend to be transformed from the 

form in which they were released by agglomeration, dissolution, and association with 

dissolved chemical species and colloidal/particulate matter already present in the natural 

waters (Nowack et al., 2012; Lowry et al., 2012; von der Kammer et al., 2012, Peijnenburg et 

al., 2015). Indeed, as illustrated in Figure 5.3.1, MNs will be subject to chemical, biological 

and physical modifications (Lowry et al., 2012). 

Even though analytical detection of nanomaterials in water in theory should be possible, 

practical limitations in analytical chemical techniques are faced due to interactions with 

natural water constituents, and background concentrations of naturally occurring elements, 

chemical species and colloids. Under laboratory conditions combinations of separation 

(filtration, ultracentrifugation, chromatography) and analytical techniques (microscopy, 

spectroscopy, and other analytical approaches) do provide usable data. Unfortunately, these 

combined techniques are not developed to a level where real time (and long term) analysis  
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Figure 5.3.1:  
Potential transformations of MN in the environment. The figure illustrates how “as released” MN are 
transformed by a combination of interlinked processed. The resulting environmental fate and 
behaviour of the MN is further influenced by the properties of the transformed MN in combination with 
the environmental conditions in question (modified from Hartmann et al., 2014).  

under natural conditions is possible (von der Kammer, 2012). However recent mesocosm 

testing (NANoREG D3.5, Auffan et al., 2014; Tella et al., 2014; Tella et al., 2015) helps to 

bridge this gap by providing a reliable methodology to obtain quantitative time- and spatially 

resolved data on the distribution of NMs within a simulated aquatic ecosystem. For 

environmental risk assessment these limitations in analytical detection, quantification and 

characterisation of MNs in environmental matrices makes modelling of MN fate and exposure 

an indispensable approach to estimate possible exposure concentrations, in the form of PEC 

values (see Chapter 5.4). 

For fate estimation of nanomaterials in wastewater the OECD draft TG on Sludge Retention 

for MNs is helpful and should contribute to increase the reliability of test results (OECD, 

2015b). In the study by Kiser et al. (2012) the interim USEPA standard method (OPPTS 

835.1110) for estimating soluble pollutant removal in STP using heat-treated activated 

sludge was evaluated. The study showed that the heat-treated activated sludge is not 

suitable for estimating nanoparticle removal in STPs, whereas tests with fresh, activated 

sludge have been shown to predict full-scale behaviour of TiO2 in STPs reasonably well 
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(Kiser et al., 2009; Westerhoff et al., 2011). These findings have been taken into account in 

the draft TG. 

In the reviewed literature, the surface affinity is significant as a parameter that may provide 

significant insight in processes occurring in STPs as well as in other environmental 

compartments. The surface affinity (α) as recalled by Hendren et al. (2015) is the probability 

of particle attachment when particles collide with another particle or a stationary “collector 

surface”.  Surface affinity is thus a crucial parameter in determining the mobility and 

attachment of nanoparticles in environmental matrices as well as their tendency to 

heteroaggregate (Therezien et al., 2014, - see Chapter 5.1). For all nanoparticles, their 

surface affinity can in principle be determined as a function of the medium used for 

dispersion or the matrix in which they are embedded (Hendren et al., 2015). The surface 

affinity is thus not an inherent property of a nanomaterial, but for a given pristine or 

environmentally modified nanoparticle, the surface affinity can be determined when exposed 

to single surfaces or complex surfaces like activated sludge or soil (Barton, Therezien et al., 

2014). This method has been used to determine surface affinities for a number of metal and 

metal oxide NPs that were heteroaggregated with activated sludge and suspended matter in 

surface waters (Barton et al., 2014a). The functional assay can well predict 

heteroaggregation with suspended matter in surface waters, whereas in complex matrices as 

activated sludge, the correlation is comparatively lower. It has further shown that the trends 

in surface affinity nanoparticles in reference systems (nanoparticles and glass beads) follow 

well-known behaviours for colloids with respect to the influence of pH, ionic strength, and the 

concentration of natural organic matter (Hendren et al., 2015). The instruction for 

quantification of surface affinity given by Barton et al. (2014) and Hendren et al. (2015) 

provides hands-on experimental advice.  

In the water compartment photochemical and redox reactions are identified as potentially 

significant processes for transforming many MNs, depending on their chemical composition 

(Hartmann et al., 2014). While dissolution is crucial when considering MNs like Ag and ZnO, 

this process is not relevant for other MNs like CNTs and TiO2 under environmentally realistic 

conditions. Aggregation/agglomeration and subsequent sedimentation, sorption on other 

surfaces, and interaction with NOM should be considered as processes of very high 

relevance for most MNs in water (see review by Hartmann et al., 2014). These processes are 

discussed in more detail below. 

The issue of possible transformation of MNs in soils and sediments is described to a much 

lesser extent than the transformation of MNs in water. The aggregation/agglomeration 

behaviour of most MNs in the water phase can lead to sedimentation of particles (Quik et al., 

2011; Quik et al., 2014). In sediments as well as in soils MNs are expected to adhere to 

solids and the available solid surfaces in sediments and soils makes sorption an important 

process to consider for MNs. However, redox conditions differ between soils and sediments 

and this, as well as the differences in NOM contents may result in very different 

transformation patterns of MNs in these two compartments. For quantification of the fate of 

MNs in the sediment compartment, NOM interaction and redox conditions must therefore be 

taken into account.  

5.3.3 Environmental fate and behaviour 

As shown in Figure 5.3.1 a number of physical, chemical and biological processes are 

potentially of importance for MN; however, it is also clear that for different materials, different 

processes will be of importance. Based on case studies including some of the most 

commonly used MN, Hartmann et al. (2014) provided the overview shown in Table 5.3.1 of 

the relative importance of inclusion of the different fate processes in environmental fate 

modelling of MN. It was found that the fate of nano-Ag, ZnO and CuO will be highly 
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influenced by dissolution. For all MN both aggregation/agglomeration, sedimentation and 

sorption behaviour are evaluated to be of high importance. For Ag and nZVI also redox 

processes are of high importance. These will be described in more detail in the following. 

Table 5.3.1:  
Relative importance of distribution and transformation processes for environmental fate of MN for 
selected materials.  It is recognised that surface coatings and functionalisation will potentially play a 
major role in the ENM fate and behaviour. Ag: Silver, TiO2: Titanium dioxide, ZnO: Zinc oxide, CNT: 
Carbon nanotubes, CuO: Copper oxide, nZVI: Nano zero valent iron, CeO2: Cerium dioxide). Modified 
from Hartmann et al., (2014). 

 

 Process Relative importance of the process 

for environmental fate determination 
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Photochemical nZVI ZnO, CuO Ag, CeO2 TiO2, CNT   
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NOM adsorption     
Ag, TiO2, 
ZnO, CuO, 
nZVI, CeO2 

CNT 

Sorption onto 
other surfaces/ 
retention in soil 

   
Ag, ZnO, 
CuO 

TiO2, CeO2 CNT, nZVI 

B
io
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ll
y
 

m
e
d
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d
  

Biodegradation 
Ag, TiO2, 
ZnO, CuO, 
nZVI, CeO2 

CNT*     

Bio-modification  
Ag, TiO2, 
ZnO, CuO, 
nZVI, CeO2 

CNT*    

* The evaluation of the biologically mediated processes for CNTs is based on papers testing 

functionalised CNTs. 

5.3.3.1 Dissolution 

The RIP-oN 2 report stated that “currently available standard methods for measuring 

dissolution may not be applicable” (Hankin et al., 2011). This was done with reference to 

OECD TG 105 on Water Solubility (OECD, 1995) and the 2009 preliminary review of OECD 

guidelines (ENV/JM/MONO(2009)21 ) (OECD, 2009).As described in the OECD Guidance 

Document on Transformation/Dissolution of Metals and Metal Compounds in Aqueous Media 

(ENV/JM/MONO(2001)9) (OECD, 2001), dissolution of metals and metal compounds in 

water may be measured by adding the metal compound to synthetic freshwater followed by 

agitation, solid-liquid phase separation (by filtration or ultracentrifugation) and analysis for 

total dissolved metal concentration in the water phase. This guidance is currently 

recommended for determining the water solubility of metals and sparingly soluble metal 

compounds in aqueous media under REACH (ECHA, 2012a), and specific recommendations 

for nanomaterials are described in an appendix to the ECHA Guidance (ECHA, 2012b; 

ECHA, 2012c; ECHA, 2012d). As a result of the work in WPMN a draft OECD TG for 

dissolution of nanomaterials in aqueous media (OECD, 2015a) is currently under 

development. This draft OECD TG provides an up-to-date review of methods for quantifying 

the dissolution of nanomaterials in the aquatic environment, and outlines specific guidance 

on how to carry out measurements. As such it is indeed very helpful and of high regulatory 

relevance. For further methodology on the determination of the dissolution rate of 

nanomaterials see Chapter 5.1. 
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The literature reviewed here contributes only to a limited extent to the method described in 

the draft guideline. The recent paper by Hendren et al. (2015) makes the point that simple 

assays are sufficient to measure the dissolution rate for systems of interest in order to predict 

the fate of the nanomaterials more specifically and to rank/group various tested MNs. As is 

the case with the OECD TG draft, Hendren et al. (2015) makes a clear distinction between 

the dissolution rate (i.e. the delivery rate of metal cations under dynamic conditions) and 

solubility (equilibrium measurement without rate information). 

The solubility product for nanomaterials may be different from that of the bulk materials as 

described by theoretical and experimental results (Auffan et al., 2009). Indeed, from a 

thermodynamic point of view, Kb (crystal solubility) is assumed to be constant and is routinely 

approximated using the solubility product, Ksp. Regarding nanoparticles, Kb is not solely 

related to Ksp but also to particle size and surface tension (Fan et al., 2006).Some studies 

have concluded that surface dependent solubility could not be quantitatively predicted by 

classical thermodynamics (Bian et al., 2011), whereas others have shown the linear size-

dependency (TEM-derived particle size) of the solubility for AgNP from 40 to 6 nm, as 

predicted by the modified Kelvin equation (which implies that surface tension was constant 

for that size range) (Ma et al., 2012). Furthermore, manufactured nanomaterials often will 

have coatings to stabilize against aggregation and keep the particles suspended (Levard et 

al., 2012). These coatings can have a huge influence on the dissolution behaviour of 

nanomaterials (Misra et al., 2012). 

Under most environmental conditions nanomaterials will be present at low concentrations. 

This means that the dissolution kinetics will increase as concentration decreases (Hendren et 

al., 2015; Hartmann et al., 2014). As MN concentrations decrease to very low levels, 

thermodynamic law will predict an increase in the soluble fraction of MN components. The 

draft OECD TG provides specific advice on how to measure the dissolution rate, total 

dissolved metal and the characterization of metal nanoparticles. This is well-aligned with the 

current literature on the topic, though the choice of ultracentrifugation as the sole method for 

phase separation may have to be revised. In this respect the option for inclusion of 

ultrafiltration is worth taking into consideration. 

The potential size-dependent solubility of nano-sized particles has been highlighted by a 

number of papers. In the ECHA guidance for instance, it is specified that “… it is necessary 

to take into account that water solubility has the potential to increase for materials in the 

nano-size range” (ECHA, 2012b). However, problems of distinguishing between truly 

dissolved and dispersed MNs have been highlighted as major chemical-analytical concerns. 

The methods traditionally applied for phase separation may require specific considerations 

for nanomaterials. Historically the dissolved fraction has been operationally defined by its 

ability to pass through a filter of a specific pore size, e.g. 0.4-0.45 μm (Nowack & Bucheli, 

2007; USEPA, 2003; Mackay & Fraser, 2000). This definition is not applicable when dealing 

with nanomaterials and the filtration methods mostly applied e.g. centrifugal filtration through 

1-2 nm membranes or dialysis membranes (Odzak et al., 2015). Methods to determine 

dissolution rates of nanoparticles in aqueous media were reviewed by Misra et al (2012) and 

are also included in the current OECD TG draft (OECD, 2015a). 

The dissolution rate is highly material dependent, as well as dependent on the composition of 

the media in which dissolution takes place (ionic strength, ligands, pH, and temperature) 

(Nowack et al., 2012). Particle size has been found to affect solubility and dissolution rate of 

metal and metal oxide nanoparticles, but although most of the presently available models 

agree that the dissolution rate increases with decreasing particle diameter, the relationship is 

not straight-forward or necessarily easy to demonstrate experimentally. Moreover it is not 
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always easy to compare results from various studies since dissolution rates are rarely 

normalized per VSSA. 

Even though there is a complex relationship between solubility/dissolution rate and 

nanomaterial properties, some general conclusions can be drawn from the literature 

reviewed. In qualitative terms dissolution rates are likely to increase with smaller particle 

sizes and this should be taken into account in environmental fate modelling of nanomaterial 

behaviour in the environment. In line with this, Veltman et al. (2010) proposed dynamic 

testing and modelling of metal uptake and toxicity, as a way forward, to include AgNP 

dissolution behaviour during toxicity testing. However, until now only a few studies have 

focussed on this type of dynamic testing. At the same time it is clear that the influence of 

aggregation behaviour and kinetics as well as of the presence of surface coatings on 

dissolution need to be examined further. 

In addition to the physical and chemical properties of nanomaterials, the characteristics of 

the surrounding media (with regard to e.g. pH, ionic strength, hardness, redox environment, 

and organic matter) as well as the presence of organisms highly affect the dissolution rate of 

nanoparticles (Levard et al., 2012, Bian et al., 2011, Gondikas et al., 2012, Yoon et al., 

2005). The influence of media characteristics can be either direct (e.g. ligand-assisted 

dissolution) or indirect (by e.g. affecting aggregation which in turn influences dissolution) 

(Misra et al., 2012).  

Upon release of the metal ions from nanomaterials, the ions will interact with the components 

of the surrounding media. This leads to changes in the speciation of the metals through 

formation of water soluble complexes as well as precipitates. The specific formation of metal 

complexes will depend on media constituents, redox conditions, temperature and pH. 

Geochemical speciation models can be used as an aid to increase the understanding of the 

complexation processes(Ma et al., 2014; Levard et al, 2013). However, these models require 

that metal ion concentrations, media chemistry and relevant complexation and solubility 

constants are known in detail. While the use of speciation models is a common approach for 

risk assessment of metals in water these approaches are currently limited by the availability 

of reliable solubility constants for most nanomaterials (principally due to the difficulty of 

measuring change of surface tension as particle size decreases). 

5.3.3.2 Agglomeration, (Hetero)Agglomeration, and Deposition 

The OECD has drafted a test guideline to determine the agglomeration behaviour of 

manufactured nanomaterials in different aqueous media (OECD, 2016). It defines 

agglomeration as the “Process of contact and adhesion whereby dispersed particles are held 

together by weak physical interactions ultimately leading to phase separation by the 

formation of precipitates of larger than colloidal size (agglomerates)”. Due to the weak 

interactions between particles, agglomeration is in principle a reversible process. In contrast 

to this, aggregates are defined as clusters of particles held together by strong chemical 

bonds or electrostatic interactions, i.e. covalent or ionic bonds (ISO, 2011). Aggregation is 

therefore an irreversible process. As stated by Hartmann et al. (2014), MNs in the 

environment (or in test media) will not exist in only one form e.g. either primary particles or 

agglomerates or aggregates, but will almost always occur simultaneously in a combination of 

different states. In practice it is difficult, if not impossible, to distinguish between 

agglomerates and aggregates and indeed these two terms are often used interchangeably. 

In the following discussion we will use the term agglomeration to cover both processes 

unless the description specifically relates to aggregation. It is hard theoretically to distinguish 

the two interacting processes and laborious to quantify them analytically. The draft OECD TG 

may help to close a gap with regard to comparability of studies. It contains some discussion 

on the parameters and conditions which influence the homoagglomeration and 
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sedimentation, which is helpful. In addition it contains the determination of settling kinetics by 

UV-VIS measurements. However, still it should be recognized that aggregation/ 

agglomeration may result from different combinations of particle properties and 

environmental conditions, not necessarily covered by the OECD TG draft. Indeed the current 

OECD TG draft does not take heteroagglomeration into account. It has been recognized that 

the proportion of manufactured NM versus natural colloids and particles in freshwater 

supports heteroagglomeration as the major mechanism. A detailed discussion on methods to 

determine agglomeration as an extrinsic characterization property can be found in Chapter 

5.1.  

Furthermore The OECD plans to develop a “Guidance document for dispersion and 

dissolution of nanomaterials in aquatic media – decision tree” (OECD, 2013). Based on 

discussions in the OECD workshop (OECD, 2014), this document shall contain further 

considerations on parameters which influence the agglomeration and dissolution behaviour 

and propose a meaningful procedure to determine the fate of nanomaterials in water. This 

activity is currently on hold and should be further pursued. 

As a result of the surface charge associated with very small sizes, it is important to 

remember that nanomaterials display an aptitude to form stable colloidal suspensions over 

very long periods of time. The stability of nanoparticle dispersions depends on the collision 

frequency between nanoparticles and the sticking efficiency of these collisions. Two 

stabilization processes are known which account for both electrostatic and steric interactions 

(Cao G., 2004). For instance, if all the particles have the same electrical charge (either 

positive or negative), they will repel one another as they approach each another. The system 

is then regarded to be colloidally stable (Allen & Smith, 2001). The DLVO (Deryaguin, 

Landau, Verwey and Overbeek) theory assumes that in any stabilized fluid there are two 

opposing forces: an electrostatic double layer repulsion that prevents 

agglomeration/aggregation and the van der Waals force that binds particles together. Those 

opposing forces defined the sticking or attachment efficiency. In addition, steric stabilization 

differs from electrostatic stabilization in the sense that the surfaces of NMs are chemically 

modified through adsorption or grafting of polymers from natural solutions (most of the time) 

forming a molecular corona. Such a corona can serve as particle surface solvation and can 

prevent their agglomeration by steric repulsive forces (Rose J. in, Baalousha and Lead, 

2015). 

Aggregation/agglomeration and deposition can be considered as two physicochemical 

factors that are governing and controlling the transport and fate of nanomaterials in aquatic 

environmental systems. Both phenomena are related to the surface properties of MNs as 

well as the bio-chemical conditions of their surrounding media.  

The particulate nature of MN and the presence of a surface with different properties than the 

core are at the heart of complex phenomena in aqueous systems (e.g. Rose in Baalousha 

and Lead, 2015). Indeed it is worth remembering that atoms at the surface differ from atoms 

in the bulk. In the case of crystallized inorganic oxide particles for instance, surfaces can be 

considered as a zone of thermodynamic non-equilibrium. Surfaces consist of oxygen atoms 

with a lower coordination number due to the disruption of the crystal periodicity. This 

disrupted coordination leads to a violation of the electro-neutrality of minerals between 

anions and cations and therefore to surface charge. In simple systems and when surface 

charges are high enough, MN can remain in suspension. However molecular, interparticle 

interactions in natural systems that can decrease repulsive forces can be at the heart of MN 

homoaggregation (MNs attach to each other) and heteroaggregation (attachment to other 

surfaces) (Praetorius et al., 2014) as well as of deposition on porous media (soil). 
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Particle aggregation and deposition show similarities. Both processes can be divided in two 

steps. First, particles are transported to the vicinity of a surface and then, if conditions allow, 

particles attach to the surface. In aggregation, the surface can be that of another mobile 

particle or a growing aggregate/agglomerate. In deposition, the surface is an immobile 

“collector” where particles accumulate.  

The role of aggregation/agglomeration in the fate and behaviour of nanomaterials in the 

environment has been highlighted in a range of studies (e.g. Navarro et al., 2008; Baalousha 

et al., 2008; Quik et al., 2010). Nanoparticle aggregation and agglomeration can occur after 

release in the aquatic environment from all stages of the lifecycle of the nano-enabled 

products, e.g. in production, storage and during handling (Nowack et al., 2012). If MNs are 

not coated or stabilized, these processes will inevitably occur in water as well as in air (Stone 

et al., 2010, Lowry et al., 2012). Aggregation and agglomeration can occur in river water 

columns as well as in aquifers in porous media (Solovitch et al., 2010). Aggregation and 

agglomeration also occurs in test media of eco-/toxicological tests and in the procedures to 

prepare test suspensions (Cupi et al., 2015; Cupi et al., 2016). Aggregation and 

agglomeration in test media depend on the nanoparticle size, the chemical composition of 

the nanoparticles, the surface charge of the nanoparticles as well as media composition, 

mixing rates, and the presence of natural organic matter, e.g. humic acid (Lowry et al., 

2012b).  

In natural waters, heteroaggregation/agglomeration is more likely to occur compared to 

homoaggregation/agglomeration. Indeed the expected concentration of MN is low and many 

orders or magnitude lower than natural colloids (Praetorius et al., 2012; Gottschalk et al., 

2009). It has been shown that heteroaggregation/agglomeration represents the most 

important mechanism at the heart of MN mobility in rivers (Praetorius et al., 2012; Sani-Kast 

et al., 2015). However, even if protocols to measure homoaggregation/agglomeration are 

well established, heteroaggregation/agglomeration measurement remains a challenge even if 

a few papers describe indirect protocols (Praetorius et al, 2014b; Labille et al, 2015). 

Instruments may not be sensitive enough to detect the interaction between MN and particles 

during the heteroaggregation/agglomeration processes, since this is a function of the size 

ratio between MN and colloids or natural particles. Current sensitivity levels permit only the 

evolution of the largest particles forming the heteroaggregates/agglomerates to be followed. 

It was shown by Labille et al (2015) that at low ratios between MN and suspended particulate 

matter (SPM), heteroaggregation/agglomeration was driven by the number ratio while at 

higher MN/SPM ratio the heteroaggregation/agglomeration was driven by surface ratio. 

However, the published experiment cannot take into account all the seasonal and spatial 

variability of SPM and colloid compositions, which can differ in terms of surface properties 

which then affect attachment efficiency. 

Aggregation/agglomeration in the water column may also lead to sedimentation. Prediction 

and modelling of sedimentation remain a difficult task since in a natural system, in addition to 

nanomaterial interactions with SPM, size and fractal dimension of aggregates/agglomerates 

will control the settling time (e.g. Vikesland et al., 2016). The gravitational settling of 

nanoparticles in water is a parameter of high importance for the fate of nanomaterials (Quik 

et al., 2010). Sedimentation is potentially the major removal process of nanomaterials from 

the water phase to the sediment phase. There is a clear link between agglomeration and 

sedimentation since larger particles and agglomerates will tend to settle more rapidly under 

gravity. Sedimentation may also be affected by so-called gravitational agglomeration, where 

the slower settling (smaller) particles/agglomerates/aggregates are captured by the more 

rapidly settling (larger) particles. The gravitational settling of particles can generally be 

described by Stoke’s law, which implies that larger agglomerates and aggregates will settle 
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faster than smaller single particles. This means that agglomeration will be the limiting factor 

for sedimentation of MNs in the aquatic environment.  

However, when heteroaggregation takes place between MN and natural micrometric colloids, 

the settling rate of MN will be accelerated according to the type of heteroaggregate. We shall 

differentiate primary heteroaggregates where nanoparticles attach to one colloid and the size 

of the assembly corresponds to that of the colloid, from secondary heteroaggregates where 

more than one colloid is involved in the assembly leading to a larger aggregate size. 

The sedimentation behaviour of nanomaterials in water has been described in several 

studies, ranging from ultra-pure water over artificial media with and without added NOM to 

natural freshwater and all the way to seawater (e.g., Keller et al., 2010; Quik et al., 2010; von 

der Kammer et al., 2010).  

The composition of the environmental media strongly influences the agglomeration 

behaviour. Indeed in natural systems the modification of surface chemistry by the addition of 

chemical species that favour either ‘bridge’ formation among the particles or ‘chemical 

patches’ on the surface will decrease the repulsive energy or increase the attractive energy 

between particles. Qualitative trends predicted by DLVO-type models have been observed in 

nanoparticle suspensions - that is, that particles tend to aggregate more quickly at higher 

ionic strengths and/or at pH values near the isoelectric point. For instance, Piccapietra et al. 

(2011) found that agglomeration of carbonate-coated AgNP starts at a concentration of 2 mM 

Ca2+ and 100 mM Na+ both in natural water and in synthetic media. As previously mentioned, 

this is in line with the DLVO theory since the electrical double-layer on the particle surface is 

strongly compressed under these conditions and the zeta potential approaches zero.  

Even if homoaggregation of MN is assumed to be negligible in porous media due to favoured 

interaction with collectors (immobile particle of the porous medium), Solovitch et al (2010) 

showed that small size MN may favour homoaggregation kinetics. This aggregation is likely 

to alter the transport and retention of these materials in saturated porous media. 

A large number of studies have described that the presence of NOM (mostly in the form of 

humic acid) affect aggregation/agglomeration of nanoparticles (Hartmann et al., 2014; Sani-

Kast et al 2016). However, the influence of natural organic matter (NOM) on the 

agglomeration of nanomaterials is complex, since it can both enhance and reduce 

agglomeration (Arvidsson et al., 2011). More theoretical work detailed the complexity of 

nanomaterial – NOM interactions and agglomerate formation. Indeed (Loosli et al., 2015), 

neatly showed, thanks to an insight into the thermodynamic association properties, that the 

mixing order between MN and NOM can change the agglomeration process. Addition of 

alginate as a NOM model substance, to nano-TiO2 leads to the formation of agglomerates 

due to alginate bridging, while the reverse promotes more individual coating of MN. It is 

worth noting that the OECD TG draft on agglomeration proposes to address the effect of 

Dissolved Organic Carbon (DOC) on nanoparticle colloidal stability. However, the definition 

of DOC obtained after a 0.45 µm filtration can lead to confusion and may not only address 

the effect of DOC adsorption at the surface of nanoparticles. Indeed, as function of 

nanoparticle and DOC size, heteroaggregation or even sorption of NP on organic matter can 

occur. The draft OECD TG will not provide tools to discriminate between all possible NM – 

DOC interactions. 

While only a limited number of studies have investigated whether factors other than humic 

acid (HA) have an influence on MN agglomeration/aggregation behaviour (e.g. Liu et al. 

(2011a); Prathna et al. (2011)), an even more limited number of published papers addressed 

the role of the structure of agglomerates concerning agglomeration (homo- and 

heteroaggregation) and sedimentation mechanisms. Indeed homo- and even more 
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heteroagglomerates exhibit complex 3D structures that are related to their mechanism of 

formation which controls their mobility. Agglomerates formed in water can be conveniently 

described using fractal geometry (e.g. Buffle et al., 1998). In a simplistic vision, the fractal 

dimension can be considered to be a quantitative measure of the more or less compact 

nature of the agglomerates (Loosli et al, 2015). The fractal dimension of a cluster depends 

on the mechanism by which the aggregation/agglomeration process occurs and the 

attachment efficiency (e.g. Vikesland et al, 2016).  

The fractal dimension of agglomerates is a crucial parameter to accurately predict and model 

settling velocity in addition to particle size. For instance, Veerapaneni and Wiesner (1996) 

demonstrated that the increase of fractal dimension leads to an increase of the resistance to 

the fluid flow through the agglomerates. Fractal agglomerates are therefore expected to 

behave like objects with a smaller size than equivalent spheres. Fractal agglomerates must 

therefore be considered as permeable. 

The fractal dimension i.e. the compacity–porous nature of agglomerates will govern their 

mobility / velocity but also the internal surface reactivity towards NOM and other molecules. 

Even though it is a crucially important property, fractal dimension is not considered or 

characterized in the vast majority of studies, thus failing to describe the actual structure, 

reactivity and formation mode of agglomerates. 

A number of methods exist to determine agglomeration of MNs and these are often used in 

combination. The most appropriate techniques enable the determination of agglomeration 

processes and kinetics in situ without any sample preparation. Static (Small Angle X-ray 

Scattering, SAXS) and dynamic light scattering (DLS) can be considered as efficient to 

obtain particle size, fractal dimension time series. However, they are not appropriate to 

describe agglomeration of polydispersed and/or very dilute systems. Microscopy techniques 

like electron microscopy (EM) techniques (e.g. scanning EM (SEM), transmission EM (TEM) 

or scanning transmission EM (STEM)), scanning probe microscopy techniques (e.g. atomic 

force microscopy (AFM) or scanning tunnelling (STM)), and also centrifugation techniques 

(e.g. analytical ultracentrifugation, ANUC) are other examples. There are however some 

disadvantages due to sample preparation (drying and size change due to capillary forces). 

This has been described well in the literature and for an overview of uses, applicability, pros 

and cons of various techniques for MN agglomeration quantification and characterisation we 

refer to Tiede et al. (2008).  The OECD draft TG (Agglomeration Behaviour of Manufactured 

Nanomaterials in Different Aquatic Media) does not directly propose to determine the 

agglomeration process (OECD, 2016). Indeed the draft TG proposes to determine the 

proportion of MNs remaining in suspension (supernatant) and the proportion that settled. 

Centrifugation is used to separate large agglomerates from MNs remaining in suspension. 

Only DLS is proposed to follow the MNs size in the supernatant. There has been some 

concern expressed for the number of samples and level of effort needed to implement this 

OECD TG.  

Measurement of MN zeta potential is an expression of electro-kinetic potential and can be 

considered an ‘indirect’ way of measuring MN propensity to agglomeration (Lowry et al., 

2016). However it should be noted that zeta potential measurements alone may not be 

sufficient to determine suspension stability and should be accompanied by measurements of 

pH, the particle size distribution and/or visual observations using other techniques such as 

e.g. DLS and microscopy. Moreover, zeta potential cannot resolve agglomeration due to 

steric effects, hydrophobic interactions, etc. and so remains of little use to accurately 

describe agglomeration processes. For a detailed discussion of zeta potential measurement 

see Chapter 5.1. 
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In addition to the abovementioned analytical techniques a number of simulation models for 

nanomaterial agglomeration have been developed. Handy et al. (2012) provides a review of 

the recent developments of user-friendly software that can be used to predict particle 

behaviour in aquatic media for ecotoxicity testing. More recently Therezien et al., (2014) 

developed a more complex computer model. It expanded the existing simple homogeneous 

aggregation models to account for heterogeneous aggregation between NPs and the 

distribution of natural particles already present in environmental waters. This model 

calculates a range of variables using the concentration, size and fractal dimension of 

aggregates with one type of MN, only SPM or a mixture of both. The results of modelling 

show that NP size is related to possible persistence in the environment, and this effect 

increases for low attachment efficiency between MN and background particles (SPM) and 

also for low concentrations. While these model approaches can serve as a starting point for 

evaluating agglomeration behaviour they are at present not recommended as stand-alone 

tools and should be complemented with lab-based experiments. 
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5.3.3.3 Sorption/Adhesion 

The sorption process is often related to molecules that exhibit a specific affinity to particle 

surface and is of high importance for determining pollutant mobility. With regards to 

nanomaterials the term ‘sorption’ is quite ambiguous. Indeed it can refer to pollutant 

adsorption onto nanomaterial surfaces or the sorption of nanomaterials onto the surface of 

larger particles, like soil particles. In the first case sorption or more accurately, pollutant 

adsorption onto a nanomaterial surface will control the pollutant mobility but less likely the 

nanomaterial mobility itself. In that case the role of nanomaterial can be defined as a 

pollutant carrier. However, in the second case the sorption of nanomaterials or more 

accurately, the adhesion/deposition of nanomaterial onto soil minerals will directly impact the 

nanomaterial mobility. In this section we deal only with the second mechanism.  

For regulatory purposes the OECD guideline for “Adsorption - Desorption Using a Batch 

Equilibrium Method» (OECD TG 106) was developed to determine the distribution of a 

conventional chemical between soil and aqueous phases. The TG 106 cannot be adapted to 

address the distribution of nanomaterials between soil and aqueous phase. Indeed the 

concept of a batch experiment is to be able to separate free pollutant to sorbed pollutant at 

the end experiment. While this is possible for soluble chemicals, it is technically impossible to 

isolate ‘free’ nanomaterial from sorbed nanomaterial. Different technical issues can be 

highlighted. First, soil particles are selected by a 2 mm sieving process. However, a 

nanometric soil fraction can exist in that sieved soil sample, and can be confused with the 

nanomaterials to be tested. Then, CaCl2 0.01 M is used in the TG. Such high CaCl2 

concentration, even if relevant for pore water, may lead to nanomaterial homoagglomeration. 

If such a process occurs then the batch experiment will fail as it cannot distinguish soil 

particles from nanomaterial homoagglomerates.  

Column experiments may represent a more appropriate alternative. The OECD TG 312 

“Leaching in soil column” was designed to determine the possible transfer of chemicals 

through soil (and to reach the aquifer). However, the test was developed for dissolved 

chemicals and its applicability to nanomaterials is questionable. For instance the protocol to 

saturate soil particles with the pollutant cannot be used at it is. As with TG106, a high 

concentration of CaCl2 is required (0.01M) which may lead to homoagglomeration of the 

nanomaterials. Even if column experiments provide estimates of the attachment efficiency, 

mechanisms other than electrostatic interaction can alter nanomaterial transfer like surface 

roughness/texture of soil particle (concave soil particle surface) in addition to other 

parameters such as nanomaterial coating and functionalization. Clearly a specific column 

test must be developed to better determine the transfer of nanomaterial into soils. A few 

research groups have already developed column experiments to decipher MN fate in porous 

media. The detailed protocols help to determine MN-MN attachment efficiency and MN-

collector contact efficiency (Solovitch et al, 2010; Raychoudhury et al, 2012). OECD will start 

with an adaption of TG 312 to nanomaterials where these attempts may serve as starting 

points. 

5.3.4 Environmental Transformation of Nanomaterials 

Despite dissolution, as previously described, sulphidation of ‘thioloprive’ metals (such as Ag 

and Cu) is one of the most important – and most well-described - abiotic transformation 

processes for nanomaterials in the environment. Sulphidation is dependent on redox 

conditions in the environment and as reviewed by Peijnenburg et al. (2015), not only silver 

but also other types of nanoparticles (such as ZnO, CuO, and iron oxides) are susceptible to 

sulphidation. For silver nanoparticles it is quite well-described that abiotic transformation 

processes may significantly alter their fate and behaviour. When AgNPs enter STPs they will 

mainly attach to the biosolids and undergo oxysulphidation and be found in effluent and 
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sludge in this transformed form and biosolids (Barton, Auffan et al. (2014b). This sulphidation 

changes not only the dissolution potential, but also the mobility and bioavailability of the 

AgNPs. 

The study by Lowry et al. (2012a) shows an example of how abiotic transformation (i.e., the 

reaction of silver ions and sulphur under anoxic environmental conditions) may influence the 

fate and behaviour of nanomaterials under environmentally realistic testing conditions. In this 

study it was demonstrated that 18 months after addition of AgNPs to freshwater mesocosms, 

the speciation of Ag in sediments was dominated by Ag2S and Ag complexed with reduced 

sulphur in organic matter (Ag-sulphhydryl). However, even though AgNPs were transformed 

to sulphur-containing species, some of the added Ag was taken up by plants, fish and insects 

in the mesocosms (Lowry et al., 2012a).  

As described in the report from the OECD Expert Meeting on Ecotoxicology and 

Environmental Fate in Berlin in 2013 (OECD, 2014) pristine MNs are clearly not expected in 

the environment. The conclusion of this meeting was that the relevant conditions that result 

in the transformation of MNs should be identified and added to existing TGs or that a 

separate new GD should developed. This advice seems not to have been implemented yet, 

though specific suggestions were outlined at the OECD meeting (OECD, 2014). These 

included the decision tree shown in Figure 5.3.2 for aging and abiotic transformations of MN. 

It was found that abiotic physical and oxidative degradation are important parameters for the 

dispersability of MN in the environment and that these should be determined in a time-

dependent manner. Furthermore, not only aerobic conditions should be included, but also 

anoxic conditions since for example the fate of AgNPs is strongly dependent on redox 

conditions (i.e. the presence of dissolved sulphide). 

 

Figure 5.3.2: 
Suggested decision tree for consideration of abiotic transformation processes of MN (OECD, 2014).  
“t” refers to different time points. 

With regard to biological degradability of nanomaterials it is important to note that initial tests 

in the OECD biodegradability classification (OECD TG 301 A-F) are focussed on the total 

mineralization of an organic chemical. Therefore these TG are only applicable to carbon-
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containing nanomaterials such as graphene oxides, CNTs and fullerene (C60) (OECD, 

2014f). In the open literature only one study using an OECD guideline test for 

biodegradability has been identified. In the study by Hartmann et al. (2011) the OECD 301F 

(manometric respirometry) test for ready biodegradability was used to test aged C60 

suspensions. The testing method was found to be feasible with the conclusion that the aged 

suspensions of C60 were not readily biodegradable (Hartmann et al. 2011). However, due to 

the endpoints in all OECD tests of the 301 series (oxygen consumption, carbon dioxide 

production, or disappearance of total organic carbon content) test concentrations in the mg/L 

range are needed. For nanomaterials this gives rise to concerns regarding concentration-

dependent agglomeration (Baalousha et al., 2016) which may alter the biodegradability of the 

original nanomaterial. In this context, it should however, be mentioned that materials like 

graphene oxides, CNTs and C60 are generally considered not to undergo biological 

degradation by microorganisms (Stone et al., 2010).  

Carbon MNs may however be transformed by abiotic processes, like hydroxylation (Hou & 

Jafvert, 2008). This was shown in the aged C60 tested by Hartmann et al. (2011). Such 

surface modification through aging may make the nanomaterial more susceptible to 

biological degradation. In a couple of other studies using non-guideline approaches, carbon-

based MNs have been observed to undergo biological degradation. For instance, fullerol 

(C60(OH)19-27) can be oxidised to CO2 by white rot basidiomycete fungi (Schreiner et al. 

2009). In another study carboxylated SWCNTs were degraded in the presence of 

horseradish peroxidase and hydrogen peroxide (Allen et al. 2009). In the same study pristine 

SWCNT was not degraded by this treatment and this difference in degradation pattern was 

suggested to be due to strong adsorption of horseradish peroxidase to the carboxylated form 

but not to the pristine form of SWCNT. In a more recent study the mineralisation of 14C 

labelled MWCNT was studied during a 7-day incubation period with a mixed bacterial culture 

at 39oC (Zhang et al., 2013). A low degree of mineralisation (2-7%) was observed and 

although this and the above mentioned studies indicate a potential degradability of carbon-

based MNs by biological processes their actual relevance in the context of regulatory testing 

remain to be established. 

It should however be noted that organic surface coatings on MNs may undergo biological 

degradation (e.g., Kirschling et al. (2011). The degradation of surface coatings and 

stabilizers will greatly influence the environmental behaviour of MNs. Information on the 

biodegradability of organic surface coatings may in principle be provided by current OECD 

TGs for biodegradability since the focus will be on the organic chemical and not on the MN. 

In this case the high concentrations of organic carbon needed for ready biodegradability tests 

(OECD TG 301) will however constitute a practical problem and the use of 14C-labelling will 

most likely be needed to determine the ultimate degradability of organic surface coatings 

(OECD, 2014). 

Furthermore, biomodifications (i.e. biologically induced alterations of nanomaterials that are 

not regarded as degradation) of discharged MNs may occur upon ingestion (or other routes 

of uptake in higher organisms), where the internal conditions of the organism alter the MN 

properties (Roberts et al., 2008; Tangaa et al., 2016). Biomodification may also occur when 

organisms, such as algae, release exudates which bind to the MNs and change their 

properties (Hartmann et al., 2013). Although some information is available on 

biomodifications of MNs, their influence on MN fate and transport is still poorly understood 

(Kirschling et al, 2011; Montes et al, 2012).  

In the case of soils and sediments, microorganisms may also indirectly transform 

nanomaterials: aerobic or anaerobic conditions due to micro-organism metabolism may lead 

to significant changes in redox potentials. As discussed above, some metal-based 
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nanomaterials exhibit redox instability leading to either oxidative (e.g. Ag) or reductive 

dissolution (e.g. CeO2). The OECD TG 307 “Aerobic and Anaerobic Transformation in soil” 

was developed to determine the transformation of chemicals in soils. As for many other 

OECD TGs this test was developed for soluble chemicals and may not be appropriate for 

nanomaterials. One of the most difficult issues to tackle is the almost impossible task of 

separating the NM from soil particles at the end of experiment. In the specific case of 

nanomaterial transformation it could be valuable to implement the test by partly isolating NM 

from soil particles in order to facilitate recovery of NM by the end of the test. For instance the 

use of dialysis bags in which NM can be added would avoid complex separation techniques. 

Indeed in such complex particulate batch systems, it is essential to physically isolate MN 

from soil particles. Bags can be helpful to quantify possible dissolution of MN initially 

introduced in the bag and assist in mass balance determination before and after experiment. 

However, even if valuable the TG 307 would need major specific modifications before 

implementation.  

5.3.5 Bioaccumulation/Biomagnification 

Bioaccumulation and biomagnification may enhance the internal exposure concentrations in 

organisms and thus increase the risk potential. As such the assessment of the 

bioaccumulation potential plays a major role at different levels in the chemical safety 

assessment. As previously stated, methods that are based on determination of equilibrium-

based partition coefficients will not be valid for nanomaterials. With regard to 

bioaccumulation this has serious implications since most predictive models and testing 

principles currently used for conventional chemicals are based on equilibrium or steady-state 

assumptions and assumptions of relationships between the bioconcentration factor (BCF) 

and the octanol-water partitioning coefficient. Nanomaterials may accumulate without 

reaching equilibrium between the organism and the surrounding medium and higher internal 

concentrations may be found through dietary exposure feeding (Handy et al., 2012; Skjolding 

et al., 2014). This may even result in biomagnification in the food chain if depuration of 

incorporated nanoparticles is negligible (Skjolding et al., 2014; Croteau et al., 2014; Unrine et 

al., 2012). This phenomenon is not entirely new and thus testing principles for dietary 

exposure has been included in the OECD TG 305 for Bioaccumulation in Fish (OECD, 2012). 

This type of exposure is recommended for "difficult substances" where a constant water 

phase concentration is difficult to maintain (OECD, 2000). This type of behaviour is identified 

through classical physico-chemical properties like log Kow, water solubility and hydrolysis 

half-lives (OECD, 2012).It has been recognized that the estimation of a bioconcentration 

factor is invalid for nanomaterials and other “difficult substances“ and is hence replaced by 

the biomagnification factor (BMF). Similarities between these "difficult substances" and 

nanomaterials exist with regards to difficulties in keeping constant aqueous phase 

concentrations and dietary exposure being the most relevant exposure route. However, the 

underlying principle for testing is different since nanomaterials by definition are not dissolved. 

Some of the challenges with determining in fish and other aquatic receptors have been noted 

by Handy et al (2012) and others.  

The work started to establish a guidance document to OECD TG 305 on dietary 

bioaccumulation of nanomaterials in fish is highly relevant. This GD is currently on hold and 

should be further pursued. 

For nanomaterials a number of studies describe ingestion of particles and increase in body 

burdens in other organisms. In this respect Daphnia spp. are the most tested group of 

organisms (with D. magna as the most frequently used species (for a review see Skjolding, 

2015). Tests with D. magna for quantification of bioaccumulation are promising candidates 

for development of guideline tests though some concerns has been raised with regards to 



 

 
ProSafe Deliverable 5.08 

Page 114 of 367 

relevant exposure scenarios, e.g. the risk of overestimating of the biomagnification potential 

due to the specific feeding traits of daphnids (OECD 2014). Furthermore, there are technical 

difficulties in determining whether ingested nanomaterials are actually taken up or merely 

residing in the alimentary canal of the daphnids (Tangaa et al., 2016). It was concluded by 

OECD (2014f) that stable exposure systems for aquatic exposures are important for 

bioaccumulation testing. For the assessment of biomagnification, it was further stated that 

the focus should be the whole body burden, rather than differentiating between MN uptake 

by organisms and MN attached to organisms, since MNs will be ingested by the next trophic 

level organism. This assumes that MNs remain associated with the lower trophic level 

organism over a significant duration of time. The trophic transfer of MNs has been 

documented in both aquatic and terrestrial tests (e.g., Skjolding et al., 2014b and Unrine et 

al., 2012).  

However, the fact that dietary exposure to nanomaterials is highly relevant does not rule out 

the relevance of aqueous phase exposure. In order to ensure the reliability of the test results 

the stability of the tested particles in aqueous media must be high (OECD, 2014). The 

studies by Skjolding et al. 2014a and Khan et al. 2014 are examples of such tests in which 

an uptake phase with constant exposure to the nanomaterial is followed by a depuration 

phase in which exposed animals are transferred to clean testing medium. This may lead to 

the excretion of nanomaterials from the gut or to the desorption of nanomaterials from the 

carapace or gills. This is similar to the procedure described for aqueous phase exposure 

tests in the OECD TG 305 for conventional chemicals. It must, however, be emphasized that 

the traditional endpoint used for aqueous phase exposure, i.e. the BCF, is invalid for 

nanomaterials. Measures like growth corrected body burdens after the exposure period as 

well as after the depuration period will have to be employed. In OECD (2014) it was 

suggested that BCF should be replaced by internalization rate or attachment efficiency. Also 

the bioavailable fraction (BAF) and biomagnification factor (BMF) were highlighted as 

promising endpoints. While this still remains to be implemented, it should also be kept in 

mind that such endpoints do not fit into the guidance for e.g. PBT or vPvB assessments in 

REACH where the BCF value is used as the criterion for assessing bioaccumulation (ECHA, 

2014). 

As first outlined by Handy et al. (2008) there is still - from a scientific point of view - a need 

for a basic understanding of the role of exposure routes in uptake and depuration of 

nanomaterials in organisms. However, since 2008 the knowledge base has been significantly 

enlarged with respect to relevant exposures and exposure routes for the test organisms D. 

magna and D. rerio.  

As described in the recent review by Tangaa et al. (2016) sediments can be expected to be 

the main starting point for trophic transfer of manufactured NPs in the aquatic ecosystem due 

to the expected agglomeration and sedimentation of particles in natural waters. This in 

combination with the feeding traits of sediment-dwelling organisms highlights the relevance 

of developing guidelines for bioaccumulation studies in sediments. It was concluded at the 

OECD Expert Meeting on Ecotoxicology and Environmental Fate in Berlin in 2013 that the 

OECD TG 315 (Bioaccumulation in Sediment dwelling Benthic Oligochaetes) as well as 

OECD TG 317 (Bioaccumulation in Terrestrial Oligochaetes) in principle are applicable for 

testing of nanomaterials, but that the spiking procedures have a high influence on the 

outcome of the tests. The recommendation by OECD (2014) for the development of a GD for 

interpretation of data from OECD TG 315 and 317 when applied to MNs needs to be followed 

up.  

A comprehensive characterization of the behaviour of the nanomaterials under testing 

conditions is needed for an increased reliability of tests aimed at determining the uptake and 
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depuration of nanomaterials in regulatory relevant organisms. This has already been 

identified by the OECD in 2012 (OECD, 2012) for ecotoxicity testing, but is equally relevant 

of for bioaccumulation studies (OECD, 2014). This entails a characterization both prior to, 

during and after testing.  For bioaccumulation studies with aquatic organisms a list of 

minimum characterization requirements for enhanced reliability was proposed by Skjolding 

(2015): 

 Concentration of MNs at the beginning and end of test. 

 A mass balance of MNs in the test system to account for sorption processes. 

 Changes in size of MNs for the duration of test period in appropriate test medium. 

 Dissolution kinetics of MNs in appropriate test medium. 

 Characterization and description of coating or functionalization in terms of 

potential for detachment, toxic effects, surface charge etc. 

 

It is recognized that this characterization does not take biological interactions into account. 

However, it does create a basis for comparison of for example the influence of particle size 

or coating on the resulting organism body burden. In the scientific literature the lack of 

characterization as well as the diversity of test organisms hampers the evaluation of e.g. the 

role of the exposure route in bioaccumulation of nanomaterials as well as the important 

notion that some MN may not be prone to bioaccumulate (Petersen et al., 2011). 

5.3.6 Methodological and Knowledge Gaps - Recommendations 

Once in the environment, the fate and behaviour of nanomaterials will depend on the 

physicochemical properties of the MN, the environmental transformation processes and 

specific environmental conditions. It is well known that upon release to any environmental 

matrix nanomaterials will undergo a series of dynamic transformation processes. However, 

the complexity of understanding and describing these makes the definition of a simple test 

method difficult when the focus is on regulatory relevance and reliability. The OECD draft 

TGs and GDs for environmental fate endpoints (i.e. dissolution, retention in sewage sludge, 

agglomeration, and bioaccumulation in fish (dietary intake) will all contribute to increase the 

relevance and reliability of test results. 

In the literature reviewed in this chapter, surface affinity is identified as a parameter that may 

provide significant insight into the environmental fate and behaviour of nanomaterials. 

Surface affinity is a crucial parameter in determining the attachment of nanoparticles in 

environmental matrices and their tendency to heteroaggregate (Therezien et al., 2014). The 

surface affinity of a given MN can in principle be determined as a function of the medium 

used for dispersion or the matrix in which they are embedded (Hendren et al., 2015).  

There are currently major knowledge gaps with regard to predicting the environmental fate 

and behaviour of nanomaterials. However, as described by Peijnenburg et al. (2015) the 

partitioning between sedimented and suspended forms of nanomaterials as well as their 

transformation by chemical or physical reactions, in combination with any biological 

transformation are key factors determining the fate of nanomaterials in the aquatic 

environment. This is in accordance with the findings of this literature review based on which 

the following specific knowledge and methodological gaps were identified: 

Dissolution/precipitation/speciation processes 

Dissolution kinetics is of high importance for a number of nanomaterials such as ZnO, Ag, 

and CuO. The current draft test guideline for dissolution is expected to deliver comparable 

results of high regulatory relevance and reliability. This is urgently needed since only a few 
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studies so far have focussed on dissolution kinetics. The draft OECD TG for dissolution rate 

of nanomaterials in the aquatic environment recommends up to 28 day experiments in 

synthetic fresh or marine waters. The pH range varies from 5.5 to 8.5. It is worth noting that 

the dissolution rate is recommended to be tested at concentrations from 0.1 to 100 mg/l. 

Solutions with such high concentrations will be hard to find in real life, and are not very 

meaningful, but are needed for classification and labelling purposes. pH ranges are more 

realistic and cover most conditions found in the environment. Such tests can provide 

valuable information for a first grouping. In that sense, this TG can provide reliable results for 

a better comparison between various types of nanomaterials. However, a single water type 

and only abiotic testing cannot represent the complexity of dissolution processes in natural 

media. Therefore, the environmental relevance of such tests for more detailed fate 

estimations can be seriously questioned if a tiered approach is not developed, which starts 

with dissolution in water according to the OECD draft and then includes more complex tests. 

Indeed, abiotic mechanisms can be strongly modified due to the presence of living 

organisms. For instance, bacteria, algae and plants can produce and release a large variety 

of complexing agents that may be involved in metal-nanoparticle dissolution. Such biological 

driven mechanisms can modify the dissolution rate significantly. 

Many other parameters can influence dissolution such as aggregation/agglomeration or the 

presence of natural organic matter. Thus, the role of these influencing or interfering 

parameters need to be studied further so that solid conclusions can be drawn and can be 

incorporated in the OECD draft TG for dissolution and/or in a tiered approach can be 

incorporated in the OECD TG for dissolution and/or in a tiered approach with increasing 

complexity and environmental realism similar to what is done today in the OECD testing 

scheme for biodegradability. 

Agglomeration/aggregation processes 

Due to the very high importance of aggregation/agglomeration for the environmental fate of 

all types of nanomaterials, the OECD test guideline draft on agglomeration in aquatic media 

is highly relevant. It may help to close a gap with regard to comparability of studies, but still it 

should be recognized that aggregation and agglomeration may result from different 

combinations of particle properties and environmental conditions, not necessarily covered by 

the OECD TG draft. Indeed the current OECD TG draft does not take heteroagglomeration 

into account. As suggested for dissolution above a tiered approach with increasing 

complexity and environmental realism similar to what is done today in the OECD testing 

scheme for biodegradability should be considered. It has been recognized that the proportion 

of manufactured NM versus natural colloids and particles in fresh water clearly supports 

heteroaggregation as the major mechanism. However, the OECD TG draft only addresses 

homoaggregation. A higher tier test for the determination of heteroaggregation should be 

developed and standardized. 

Models have been developed for predicting the aggregate/agglomerate size distribution 

under different thermal and shear conditions, but the literature review revealed a lack of 

studies focused on these kinetic changes for MN in environmentally relevant media. 

Furthermore, a number of studies show that humic (and fulvic) acids and natural organic 

matter stabilise various types of MNs, but there are exceptions to this rule. Only a limited 

number of studies have investigated whether, and to what extent, other factors than humic 

acids affect nanomaterial agglomeration/aggregation behaviour. In surface waters 

sedimentation of nanomaterials may play a major role, but the extent to which this occurs for 

different nanomaterials is generally unknown. As previously mentioned, it is also worth noting 

a quite confusing concept found both in the literature and the OECD TG draft. Dissolved 

Organic Carbon (DOC) is defined as the organic fraction recovered after filtration at 0.45 µm. 
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However, this filtration cannot separate colloidal and the truly dissolved fraction of organic 

carbon. The main consequence is that the size of organic matter included in the DOC can 

reach up to 450 nm. As function of the nanoparticle and organic matter size, adsorption of 

NPs on NOM or even heteroaggregation/agglomeration can occur, but will not be detected. A 

more accurate test or even a modification of the test is therefore strongly recommended to 

clearly address the effect of DOC adsorption at the surface of nanoparticles. 
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Transformation processes 

It is evident that pristine MNs are unlikely to occur in the environment and recommendations 

of OECD (2014) on identification and inclusion of relevant conditions that result in 

transformation of MNs in a separate GD should be followed. 

Biodegradability evaluations are only relevant for carbon-containing nanomaterials, but only 

very few studies have provided data that can be used in a regulatory context. The literature 

shows evidence of persistence of CNT, C60, and carbon black (Hartmann et al., 2014), but 

for other types of nanomaterials, e.g. hydroxylated fullerenes, biological degradation may 

play a role in reducing their residence time in the environment. This, however, remains to be 

studied and data are lacking for tests carried out according to OECD test guidelines. Though 

tests for ready biodegradability (OECD TG 301 tests) may face practical obstacles for certain 

MNs (e.g. due to the need for relatively high concentrations of dissolved organic carbon 

(approximately 20 mg DOC/L)), test for inherent biodegradability (OECD TG 302 tests) and 

simulation tests (OECD TG 314) are also lacking. In the latter more realistic test conditions 

and lower concentrations of test substances are allowed, however the costs of such 

experiments are also higher than for the screening tests for ready biodegradability. 

While it is almost certain that bio-modification will take place under environmental conditions, 

very little is known about the processes themselves or how bio-modification will influence the 

fate and behaviour (and effects) of nanomaterials in the environment. 

Bioaccumulation 

The assessment of bioaccumulation is of very high regulatory relevance, but at present too 

few experimental studies have been carried out to draw conclusions regarding possibilities 

for predictions on bioaccumulation or the biomagnification potentials of MNs. Similarities 

between the "difficult-to-test substances" (according to OECD (2000), chemicals where a 

constant concentration in aqueous phase is difficult to obtain) and nanomaterials exist. 

Therefore, the work to establish a GD to OECD TG 305 on bioaccumulation of nanomaterials 

based on dietary exposure is highly relevant and will increase the regulatory reliability of 

bioaccumulation studies in fish. In principle, the corresponding TGs for bioaccumulation in 

sediment and soil organisms (OECD TG 315 and 317, respectively) are applicable to MNs, 

but guidance on spiking procedures as well as the interpretation of test results is needed. 

The guidance given in the OECD (2017) draft GD on aquatic and sediment toxicological 

testing of nanomaterials serves as an excellent starting point for including considerations on 

spiking procedures with respect to OECD TG 315 and 317. 
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Chapter 5.4 

5.4 Exposure Modelling 

Bernd Nowack
17

 

5.4.1 Introduction 

Based on a life cycle perspective, it is clear that release of MN to the environment will occur 

either during production, manufacturing, use or disposal. Currently, a major issue with 

detecting these particles is that a multitude of nanomaterials are present in natural systems 

but only a small fraction are MNs; various other particles of natural origin are abundant in the 

same systems. The available analytical tools are not yet capable of distinguishing the natural 

from manufactured nanomaterials at the low MN concentrations expected in complex 

environmental matrices. In this situation, environmental exposure modelling has been used 

extensively in recent years to obtain estimates of flows of MN through the technosphere and 

into the environment. These flows have also been used to calculate environmental 

concentrations and to model the environmental fate of MN. 

Two different types of exposure models exist: 

 Material flow models (MFA) to predict releases from products, fate in technical 

systems and final release to the environment and 

 Environmental fate models (EFM) that describe the further fate in the environment 

and distribution within environmental compartments. 

 

Figure 5.4.1 shows the relationship between these two types of models.  

 

 

Figure 5.4.1:  
The relationship between MFA and EFM models. 
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The general MFA principle is to track MN flows throughout the entire life cycle: MN 

production; incorporation into products; MN release from products during use; transport and 

fate of MN between and within STP, WIP, landfill and recycling processes (technosphere); 

and finally transfer from technosphere to air, soil, water and sediments (ecosphere). In EFM 

an input into the environmental compartments is needed as starting point to use a 

mechanistic description of fate processes to predict the form of MN, e.g. particle size 

distribution and to quantify the transport between environmental compartments. The EFM 

models therefore rely on the input of MFA models or simple estimates of input. Nevertheless, 

such a simple estimate also constitutes a basic version of a MFA. 

5.4.2 Modelling of Flows of Nanomaterials over the Whole Life Cycle (material 

flow analysis) 

MFA models track the materials from production and manufacturing to use and further to 

end-of-life stages and finally disposal, and identify at each stage how much materials are 

released into which technical or environmental compartment. A decisive step in the MFA 

models is the distribution of the total produced mass to different product categories. The life 

cycles of the products then determine the potential for release. A majority of releases first 

goes to technical compartments (wastewater treatment, waste incineration, etc.) and are part 

of the MFA models that predict releases to the environment. 

The current nanomaterial models all rely on a MFA approach, in particular those from Empa 

in Switzerland (Mueller and Nowack, 2008; Gottschalk et al., 2009; Mueller et al., 2013; Sun 

et al., 2014; Caballero-Guzman et al., 2015; Gottschalk et al., 2015; Sun et al., 2015; 

Bornhöft et al., 2016; Sun et al., 2016) as well as those from UC CEIN (Keller et al., 2013; 

Keller and Lazareva, 2013) that was named LearNano (Liu et al., 2015) and from other 

groups in Europe (O'Brien and Cummins, 2010a; b; O'Brien and Cummins, 2011; Arvidsson 

et al., 2012; Arvidsson et al., 2014a; Arvidsson et al., 2014b; Wigger et al., 2015). Some 

models are only valid for certain materials in selected applications, while others have the aim 

to be comprehensive, such as the Empa and UC CEIN models. The models originating from 

these two groups are currently the reference models and also rely partially on each other. 

The main difference is that the Empa models are probabilistic and produce as result 

probability distributions, while the UC CEIN models only handle single values and have to 

work with scenarios.  

The latest development is that the nano-MFA models are made dynamic and consider that 

many NM are first “locked” in products in use before release during disposal, and that 

release can occur over many years (Bornhöft et al., 2016; Sun et al., 2016). This results in a 

delay in release and is important in a situation with a rapidly increasing production. This 

dynamic model called DPMFA is an extension of the previous Empa MFA-models 

(Gottschalk et al., 2010). In order to calculate the amounts accumulated in environmental 

sinks such as soils, it is important to have knowledge on historic inputs. The dynamic model 

therefore also includes a module to estimate past emissions of MN. This dynamic model is 

currently the most comprehensive model to provide flows of MN to the environment. 

Table 5.4.1 presents an overview of the MFA models for MN that have been published so far, 

including some of their characteristics and application materials and studies. 

Aspects related to the flows of nanomaterials over the whole life cycle (material 

flow analysis, MFA) 

General comment  

It is important to distinguish between “the model” and the specific application of the model 

that has been published. “The model” represents the basic model structure and the 
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mathematical modelling approach, e.g. whether it is probabilistic or deterministic. The 

application of this basic model structure to a specific case is then determined by the system 

boundary that is chosen in a specific study and the parameterization.  

Table 5.4.1:  
Overview of published material flow models (MFA) for nanomaterials 

Model name Reference Model type Uncertainty 
consideration 

MN Additional 
application 
references 

n/a (Boxall et al., 
2007) 

Simple 
algorithms 

3 scenarios 11 MN (Tiede et al., 2010) 

MFA (Mueller and 
Nowack, 
2008) 

Excel-based 
MFA 

2 scenarios TiO2, CNT, 
Ag 

(Mueller et al., 
2013) 

PMFA (Gottschalk et 
al., 2010) 

Probabilistic 
model in R 

Probabilistic TiO2, ZnO, 
Ag. CNT, 
fullerenes, 
SiO2, Au,  

(Sun et al, 2014; 
Gottschalk et al, 
2015; Mahapatra 
et al, 2015; Sun et 
al, 2015; Wang et 
al, 2016) 

O’Brien (O'Brien and 
Cummins, 
2010a) 

Excel with 
add on 
packages 

10’000 
iterations 

TiO2, Ag, 
CeO2 

 

PFA (Arvidsson et 
al., 2012) 

 scenarios Ag, TiO2 (Arvidsson et al., 
2011) 

LEARNano (Keller et al., 
2013; Liu et 
al., 2015) 

Integrated in 
RedNano, 
web-based 

scenarios 10 MN (Keller and 
Lazareva, 2013) 

DPMFA (Bornhöft et 
al., 2016) 

Dynamic 
probabilistic 
model in 
Python 

Probabilistic TiO2, CNT, 
Ag, ZnO 

(Sun et al., 2016) 

PMFA 
Version 1.0.0 

(SUN, 2016) Probabilistic 
model in R 
with GUI 
(graphical 
user 
interface) 

Probabilistic   

R: Software for statistical computing (https://www.r-project.org) 

 

This includes in particular which compartments are included in the evaluation and how the 

input parameters are obtained. In order to predict the most significant exposures, one needs 

to have a model that contains all input flows and considers all relevant compartments and 

flows between the compartments. Many questions relate to a specific result of the application 

of a model and not the capability of the model itself. It is thus rather the availability of studies 

that allow the parameterization of a model than the model structure that limits the potential of 

the models. 

Robustness of the models to predict where the most significant exposures will occur in the 
life cycle 

While the underlying models are robust, the parameters to run the models might be 

uncertain. This is not apparent in the UC CEIN model as important input parameters are only 

sourced from one single commercial report (Keller et al., 2013; Keller and Lazareva, 2013). 

The Empa models collect all available information and produce probability distributions, thus 

have a greater likelihood to catch the real situation. In contrast, a possible mistake in the 

https://www.r-project.org)/
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commercial report underlying the UC CEIN model will in all probability affect the output of the 

model. The input data with the highest uncertainty are the production volume and especially 

the distribution of the nanomaterial mass to different product categories – these data are 

notoriously difficult to get and are mainly based on reports or informal data. Table 5.4.2 gives 

an overview of the basic input data needed for MFA models. In the current EUSES system 

for chemicals, (https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-

substances), uncertainty in production/release is not really considered. Single values are 

often used (best guess/worst-case). However, there is a push towards probabilistic 

assessments in environmental risk assessment (US EPA, 2014). 

Table 5.4.2:  
Input data usually required for MFA models 

Parameter Comment Uncertainty 

Production volume within 
the system boundary 
 

Directly available or scaled 
up/down from other regions 

Depending on the material the 
uncertainty is medium to very 
high 

Distribution of mass to 
product categories 

The most critical parameter 
in MFA 

Very high: quantitative data are 
largely absent 

Release from products/ 
applications 

Transfer factor needs to be 
estimated based on release 
studies or expert 
knowledge 

Real-world studies using real 
products are mostly missing, 
therefore quite high uncertainty. 
Often worst-case assumptions 
are used. 

Transfer factors for 
technical compartments 

Data for WWTP are 
abundant, for WIP only few 
available, almost nothing 
for landfills 

Low uncertainty for WWTP and 
WIP, high for landfills 

Transfer factors during 
recycling 

Only considered in some 
models, no quantitative 
data available 

Uncertainty medium 

Transfer factors for 
environmental 
compartments 

Although transfer between 
environmental 
compartments is part of 
EFM, some MFA models 
include limited transfers 

Often worst-case scenarios 

Abbreviations: WWTP: Waste water treatment plant; WIP: waste incineration plant 

The quantification of release during all stages of the life cycle is the most important data 

input which defines exposure in environmental compartments. Although the literature on MN 

release is growing, coverage of exposure scenarios is still limited. Only 20% of the MNs used 

industrially and 36% of the product categories involved have been investigated in release 

studies and only a few relevant release scenarios have been described (Caballero-Guzman 

and Nowack, 2016). Furthermore, the information provided is rather incomplete concerning 

descriptions and characterization of MNs and the released materials. Current MFA studies 

rely to a large extent on extrapolations, authors’ assumptions, expert opinions and other 

informal sources of data to parameterize the models. 

Estimation of releases of MNs to the environment 

The advanced models – the Empa models and the UC CEIN models – include the technical 

compartments WWTP and waste incineration (WIP) and provide flows into and out of these 

compartments. The methods do not determine if releases are considered but how far the 

various possible processes have been parameterized. Whereas there is quite some 

experimental data available for WWTP (mainly lab- or pilot-scale), there is only one full-scale 

WIP study available in the peer-reviewed literature using CeO2 as one specific MN (Walser et 

https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances)
https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances)
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al., 2012). An additional report about TiO2 behaviour in a German WIP has been published 

(Börner et al., 2016). The estimations of release from WWTP or WIP are based on estimated 

flows into these compartments, combined with transfer factors through the system that are 

based on experimental data. In these experiments the input into WWTP or WIP is known and 

compared to the measured outflow. By combining different studies run under different 

conditions an average transfer factor or a probability distribution of a transfer factor can be 

obtained. Transfer factors are only available for certain materials, e.g. for WIP only for CeO2 

and for WWTP mainly Ag, SiO2, TiO2, ZnO and CeO2. For other MN the models usually 

chose the transfer factor of an MN with similar properties, mostly based on composition (e.g. 

TiO2 is used for other insoluble oxides). However, the available data indicate that removal 

during WWTP is around 95% and that a WIP according to current standards only releases a 

minute fraction of the inflowing MN. The estimation of the flows out of WWTP and WIP is 

therefore rather determined by the mass flow analysis than by the fate in WWTP or WIP. The 

further flows of MN out of the WWTP are then determined by the disposal of the sludge 

which varies from country to country. In some countries the sludge is incinerated or landfilled 

and thus no direct transfer to the environment is possible. In other countries land application 

of sludge is still allowed and all models agree that this process constitutes one of the main 

MN flows to the environment (Sun et al., 2015).  

Given the limited available data (Gottschalk & Nowack, 2011), and the current regulations 

restricting such releases, direct releases to the environment are thought to be small. Most 

MN enter the environment through a technical compartment (WWTP, WIP, landfill). Landfills 

as final sink are an important compartment where most of the MN end up (Mueller et al., 

2013) but so far almost no work has dealt with possible releases from landfills. 

Three main types of landfills exist: reactive landfills receiving municipal waste, landfills for 

residues from waste incineration and landfills for inert materials, e.g. construction waste. 

Additionally landfills for hazardous waste exist but so far they have never been considered in 

nano-modelling. However, mostly hazardous waste is either incinerated or treated with 

physicochemical methods and the residues are disposed of safely. 

Releases during end-of-life processes have so far received only passing attention (Boldrin et 

al., 2014). The flows of MNs into WIP and landfills have been quantified in the existing 

models, e.g. (Gottschalk et al., 2009; Keller et al., 2013; Mueller et al., 2013; Sun et al., 

2014; Heggelund et al., 2016). Depending on the type of MN, the materials either survive the 

incineration process intact, are transformed or combusted (Roes et al, 2012). What has so 

far only received very little attention is the release from these waste-handling processes. One 

experimental study about release from WIP is available (Walser et al., 2012; Walser and 

Gottschalk, 2014), showing that only minute amounts of MN are expected to be released 

from with the exhaust air. One modelling study evaluated the possible release during 

recycling (Caballero-Guzman et al., 2015) and came to the conclusion that most MN will end 

up in a material fraction that is disposed. Almost nothing is known to date on release from 

landfills. One experimental study reports the release of TiO2 from construction waste landfills 

(Burkhardt et al., 2015). Otherwise only some laboratory experiments about mobility of MN in 

landfill leachates are available, e.g. (Bolyard et al., 2013; Khan et al., 2013). Since modelling 

studies have shown that a large fraction of many MN will end up in landfills, a better 

understanding of possible releases from the various types of landfills that exist is urgently 

needed. 

The waste incineration process not only affects the MN but also produces fly ash particles 

that are partially in the nano-range. The mass-based fraction of the fraction below 100 nm 

was at most 0.07% in one study from Switzerland, the number-based fraction was 5-22% 

(Buha et al., 2014). Modelling has shown that nanomaterials could represent an important 
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part of this smallest fraction of fly ash (Buha et al., 2014). Also in wastewater the MN will be 

present together with natural nanoparticles and also with the same material in conventional 

form. Sun et al. (2014) have compared modelled MN concentrations in wastewater to the 

total concentration of the respective material for TiO2, Zn and Ag. The total concentrations of 

the metals are 1 to 3 orders of magnitude larger than the corresponding MN. 

Results documenting releases from consumer products are quite abundant, mostly detailing 

release from nano-Ag textiles by garment washing, but also the release of TiO2 during 

sunscreen use has been investigated, as reviewed in (Mitrano et al., 2015). Whereas some 

experimental data are available about release from nano-products, it is often difficult to use 

the results for MFA modelling (Caballero-Guzman and Nowack, 2016). The experiments 

were often not designed in a way that transfer factors over the full lifetime of a product can 

be estimated – and this is what would be needed for MFA models. However, the release 

during use can be very relevant with up to 40 % of silver being removed in the first washing 

of nano-Ag textiles (Geranio et al., 2009; Lorenz et al., 2012), therefore constituting one of 

the main release pathways for silver from textiles. For most other consumer articles besides 

textiles and sunscreens, very little data actually exist (Mitrano et al., 2015; Caballero-

Guzman and Nowack, 2016). Release from paints during weathering constitutes another 

important process that can result in direct release of MN into the environment from outdoor 

paints. Several studies have investigated release of TiO2, Ag and SiO2 from paints, as 

reviewed in (Mitrano et al., 2015). Again, it is difficult to use the data obtained in these 

studies to formulate transfer factors that can be used in MFA modelling (Caballero-Guzman 

and Nowack, 2016). The last category of products where a lot of release data are available 

are polymer nanocomposites. Most of these studies are mechanistic studies and the results 

are difficult to incorporate in MFA. The releases from nanomaterial-containing products are 

further discussed in Chapter 5.2. 

The direct release to the environment – without passing through a technical compartment – 

could form a very relevant pathway for environmental exposure. However, whether this 

pathway is actually of importance depends on the applications of MN that are currently on 

the market. In an analysis of possible exposure from various applications, those with a direct 

release to the environment scored very high on an exposure scale, even if the release was 

unintended as in the case of abrasion of tires (Nowack et al., 2013). One application with a 

very direct release to the environment is the use of CeO2 in diesel fuels (Johnson and Park, 

2012). It was concluded that the Ce-concentrations in soils would only marginally increase 

upon use of CeO2 in fuels (Johnson and Park, 2012). In addition, the use of diesel particulate 

filters would eliminate almost all releases to air (Ulrich and Wichser, 2003). The further flows 

of the trapped CeO2 would then be determined by the disposal/recycling of the used filters. 

Applications with intended release, for example soil or groundwater remediation or 

applications in agriculture, are other areas with high exposure potential. However, currently 

the use in agriculture is very limited (Gogos et al., 2012; Kah et al., 2012; Kah, 2015) and no 

model includes it. In the EU pesticide regulation 1107/2009 no nano-specific provisions are 

included. Therefore, numbers on the use of MNs as active ingredients, encapsulates or 

composites are not known, but are currently presumed to be low, if any (EFSA, 2014). An 

application can be included in a model if the basic input parameters are available, e.g. the 

tonnage used in this application. The release of nano zero-valent iron (nZVI) into 

groundwater clearly constitutes one of the largest point sources of release at the moment 

(Mueller et al., 2012). However, it is not included in the current models because the 

application of nZVI is a clear point source into groundwater and no model is currently 

including this compartment.  

Several models include in their parameterization some direct releases to the environment, for 

example swimming in lakes after sunscreen application or wear and tear during use. These 
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flows can easily be identified in the mass flows diagrams provided in the articles about the 

Empa model, e.g. (Gottschalk et al., 2009; Sun et al., 2014; Sun et al., 2016).  

The flows originating from unintended release during use, e.g. wear and tear, are difficult to 

quantify and only very rough estimates are used in the models (Caballero-Guzman and 

Nowack, 2016). 

It is not possible to give a general conclusion on the most important sources of releases to 

the environment. The release is determined by the uses of the MN and for different MN 

different uses are important. For some MN such as TiO2 the release into wastewater and 

further with the sludge onto soils is important, however, for others such as CNT the direct 

release from abrasion might be more important (Sun et al., 2014). Only an analysis using a 

life cycle perspective can identify for which MN which release pathway is the most relevant. 

Current acceptance by regulators 

MFA is a standard method to quantify flows of materials from production to the environment 

(Brunner and Rechberger, 2004). The MFA-approach has been used by all models predicting 

flows to the environment, although this is not always explicitly mentioned. EUSES, the 

European Union System for the Evaluation of Substances 

(https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances), 

also bases the exposure estimation for chemicals on a life-cycle based model, although the 

term MFA is not used. The general approach to track the flows of chemicals from production 

over manufacturing and use to disposal can be implemented in various ways. MFA is the 

most formalized and complete approach but simpler versions adhere to the same concept. 

The MFA concept is therefore well accepted by regulators in the registration of chemicals to 

quantify the inputs into the model. The MFAs of MN are by no means different to MFA for 

conventional chemicals. There are no nano-specific parameters used in MFA models. All 

parameters just track the mass flows from production to use and disposal, and quantify the 

mass released without any characterization. Also the removal during WWTP for example is 

based on pilot-scale experiments, using an observed aggregated parameter that integrates 

all possible processes during the treatment that has no “nano-specific” issues.  

5.4.3 Modelling the Fate in the Environment (EFM models) 

Pure MFA models that quantify only the release to the environment do not model the further 

fate in the environment. For this, we need environmental fate models (EFM) that use a 

mechanistic description of fate processes to model the behaviour in environmental 

compartments. In MFA only transfer factors are used that describe the amounts of mass 

flowing from one compartment into another. These factors are based on observations (e.g. 

measurement of inflow/outflow to a wastewater treatment plant) but don’t model any 

processes.  

Nevertheless, many nano-MFA models do provide environmental concentrations, e.g. 

(Gottschalk et al., 2013; Keller et al., 2013; Sun et al., 2014). In these models the flows to the 

environment are simply transformed to environmental concentrations by assuming standard 

sizes of environmental compartments and complete mixing. This approach is based on the 

concept as given in the ECHA guidance for chemical risk assessment (ECHA, 2010), 

therefore constituting an accepted way to derive average environmental concentrations, the 

so-called PEC values (predicted environmental concentrations). These extended MFA 

models are therefore a very simplified version of an EFM model. 

Two recent reviews about the fate modelling MN in natural systems have recently been 

published (Dale et al., 2015a; Baalousha et al., 2016). These reviews discuss the trade-offs 

between the complexity of the models and the availability of data for aquatic, terrestrial and 

https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances
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bio up-take models. Both articles make recommendations for future directions and research 

priorities and conclude that the major aim should be placed on focusing on parameterizing 

the models and generating lab and field data to validate the models. However, so far model 

validation is not yet possible (Nowack et al., 2015). The analytical methods currently 

available are not yet capable to distinguish natural from manufactured nanomaterials at the 

low MN concentrations expected in complex environmental matrices. No measurements 

specific for MN in natural systems are therefore available and validation cannot be 

performed. 

EFM models can be separated into three tiers: 

 Tier 1: Equilibrium models 

 Tier 2: Steady-state models 

 Tier 3: Dynamic and spatially resolved models 

 

EFM based on equilibrium models have not usually been formulated for MN. However one 

example is a model describing removal of MN during waste water treatment that is based on 

equilibrium Kd values (Hendren et al., 2013). EFM models always include agglomeration 

reactions that cannot be modelled with an equilibrium approach (Praetorius et al., 2014b). A 

steady-state approach is often used to calculate a situation where all input and output flows 

(e.g. sedimentation) are balanced. In truly dynamic models the influence of fluctuating input 

parameters can be quantified over time. When coupled to spatially-resolved models, the 

behaviour of MN over time and within a watershed can be predicted. Such information may 

be not needed for REACH with its generic approach but may be helpful for further 

applications, e.g. within the Water Framework Directive. 

The first EFM for MN was published by (Praetorius et al., 2012). At that time the model could 

not be parameterized due to a lack of experimental data on heteroagglomeration and only 

scenarios were given. Several complete nano-EFM models exist: the SimpleBox4Nano 

(SB4N) (Meesters et al., 2014), based on the SimpleBox model used in REACH/EUSES for 

conventional chemicals, the nanoDUFLOW (Quik et al., 2015) model which is spatially 

explicit and includes river flow, and the RedNano model (Liu et al., 2015)that is a further 

development of the MendNano model (Liu and Cohen, 2014). In RedNano and 

nanoDUFLOW the transfers between compartments are modelled by rate constants for 

chemical and physical processes. The models include agglomeration, heteroagglomeration, 

sedimentation, dissolution and transformation reactions in addition to transport processes 

affecting the MN bound to particulate matter. Dissolution and transformation are by no 

means nano-specific and models are available for metals and minerals, only the parameters 

describing the reactions for the nanoparticles need to be derived. 

A spatially-resolved fate model for a river system considering changes in stream flow and 

sediment transport has been developed for ZnO and nano-Ag (Dale et al., 2015c). Other 

spatially-explicit models have been published that distribute the emitted mass of MN to 

different regions and river networks but include only a limited description of environmental 

processes (Gottschalk et al., 2011; Dumont et al., 2015; Sun et al., 2015). Table 5.4.3 below 

presents an overview of the published EFM models for nanomaterials. 

Fate predictors 

Important fate predictors for conventional chemicals are vapour pressure and KOW. These 

predictors are not used in any nano-model, since the discussion on their usefulness for fate 

modelling of MN has been closed (Westerhoff and Nowack, 2013; Praetorius et al., 2014b). 

The discussion is ongoing whether a Kd value describing distribution between a solid and 
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solution makes sense or is useful for MN (Praetorius et al., 2014b; Cornelis, 2015; Dale et 

al., 2015b). However, none of the models described in this report use such a parameter. 
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Table 5.4.3: 
Overview of published environmental fate models (EFM) for nanomaterials 

Model Reference Model type Main fate processes Uncertainty Appli
ed to 

Rhine model (Praetorius 
et al., 2012) 

Spatially 
explicit, 
watershed 

Heteroagglomeration, 
sedimentation, 
sediment transport 

scenarios TiO2 

SimpleBox4Nano (Meesters 
et al., 2014) 

Compartment-
model, steady-
state 

Heteroagglomeration, 
sedimentation, 
dissolution 

None TiO2 

MendNano (Liu and 
Cohen, 
2014) 

Compartment-
model, 
dynamic 

Heteroagglomeration, 
sedimentation, 
dissolution 

none 10 
MN 

WSM/WASP7 (Dale et al., 
2015c) 

Spatially 
explicit, 
watershed 

Sedimentation, 
dissolution, 
transformation, 
sediment transport 

none Ag, 
ZnO 

RedNano (Liu et al., 
2015) 

Compartment-
model, 
dynamic 

Heteroagglomeration, 
sedimentation, 
dissolution 

none 10 
MN 

Rhone model (Sani-Kast 
et al., 2015) 

Spatially 
explicit, 
watershed 

Heteroagglomeration, 
sedimentation, 
sediment transport 

Cluster 
analysis 

TiO2 

SimpleBox4Nano (Meesters 
et al., 2016) 

Compartment-
model, steady-
state 

Heteroagglomeration, 
sedimentation, 
dissolution 

probabilistic TiO2, 
ZnO, 
CeO2 

nanoDUFLOW (Quik et al., 
2015; de 
Klein et al., 
2016) 

Spatially 
explicit, 
watershed 

Heteroagglomeration, 
sedimentation, 
dissolution 

Scenarios 
probabilistic 

Ag, 
CeO2 

 

There is still an open discussion what is the best way to measure the heteroagglomeration. 

The models rely on the colloid behaviour and on the attachment coefficient αhetero that needs 

to be determined for each NM and natural particles (see Chapter 5.1). There have been 

some approaches published in the last years how to measure this parameter (Barton et al., 

2014; Praetorius et al., 2014a; Quik et al., 2014a) and to apply the results in fate models 

(Meesters et al., 2014; Praetorius et al., 2015). 

In the current EFM models there is a common agreement how to consider environmental fate 

of MN: There is no discussion anymore on which parameters to base the modelling. It is 

clear that heteroagglomeration is the main process to include with the attachment efficiency 

as main parameter. The way in which this is solved in the models differs. There are even 

models that assume all MN to be bound completely to larger natural particles – the fate of the 

MN is then determined by the fate of the larger particles (Dale et al., 2015c). Other important 

processes that are included in the models are dissolution and transformation reactions.  

The assumption of equilibrium conditions  

There is an ongoing discussion among scientists about the rigorousness with which the 

dynamic nature of MN interactions should be incorporated into models and which fate 

descriptors should be used (Praetorius et al., 2014b; Cornelis, 2015; Dale et al., 2015b). 

Both SB4N and RedNano don’t use equilibrium constants but model (homo)agglomeration, 

heteroagglomeration and sedimentation as dynamic processes. However, SB4N is modelling 

an equilibrium condition where the inputs into the system equal the outputs such that steady 

concentrations are achieved. This is different in RedNano that can model the MN 

concentrations over time, e.g. after a perturbation of the system or with intermittent rain 
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events. The SB4N approach follows the SimpleBox model that is accepted by ECHA for the 

risk assessment of conventional chemicals. The SB4N therefore provides results that are 

comparable to those in the standard chemical risk assessment and delivers results for a 

hypothetical “equilibrium” state that does not exist but is representative for a standard world. 

A dynamic and spatially resolved model is suitable for in-depth investigations in specific 

regions and incorporating dynamic changes over time and would follow as a next level of 

assessment when evaluating a specific production site or a river catchment. 

Predictions made by environmental fate models 

Once the MN have reached the environment, there are two major sinks: soils and sediments 

and all models agree on this. The transfer from water to sediments is driven by the strong 

interactions of MN with suspended matter, resulting in efficient scavenging and 

sedimentation (Quik et al., 2012; Praetorius et al., 2014a; Quik et al., 2014b; Dale et al., 

2015c). The further fate in these sinks, e.g. phase transformation or dissolution, is so far 

covered only in one model for nano-Ag and nano-ZnO (Dale et al., 2015c). 

None of the existing models includes a modelling of the transport in soils or the subsurface 

but this is also not asked for in the current chemical risk assessment. Recent reviews have 

shown possibilities how transport models in porous media could be advanced (Goldberg et 

al., 2014; Goldberg et al., 2015). 

Both the SB4N (Meesters et al., 2014) and the RedNano (Liu et al., 2015)fate models include 

dissolution as the only transformation process. No transformation into other phases or other 

aging processes are included (except if heteroagglomeration is also considered as an aging 

process – this process is included in both models). The stream-flow model by (Dale et al., 

2015c) includes chemical transformations, so is the only model so far that considers this fate 

process but the model is specific to two MN (nano-Ag and ZnO). The need for inclusion of 

fate processes in EFM has been identified but quantitative experimental data that can be 

used to parameterize the processes are still largely missing (Dale et al., 2015a; Baalousha et 

al., 2016). 

As already mentioned, transformation of MN is only tackled to a small extent in fate models. 

The fate models provide data on the size distribution of the MN and the distribution to larger 

particles (heteroagglomerates). The model by(Dale et al., 2015c) also includes information 

on the transformation products. With respect to the properties of the transformed MN, the 

models therefore currently provide only limited information. In the other models only 

dissolution is considered to some extent. This process removes the MN and transforms it into 

a dissolved metal that then has to be considered in the context of metal risk assessment. 

However, a comparison between total metal concentrations in environmental compartments 

and the contribution that MN can make revealed that the MN do not influence to any 

significant degree the total concentrations of metals (Sun et al., 2014).  

Current acceptance by regulators 

The SB4N calculates a steady-steady concentration at equilibrium. This is the same 

approach as used by ECHA for the registration of conventional chemicals and is thus 

accepted by regulators. One can therefore speculate that SB4N will be accepted by 

regulators because they are familiar with the underlying concept and because the nano-

specific reactions that are incorporated are widely accepted in the scientific community. The 

SB4N approach identifies the ultimate environmental sinks at equilibrium, even if the time 

scale needed to reach equilibrium can be millions of years (Meesters et al., 2016). When 

more detailed information is needed the application of models which provide time- and 

spatially resolved information should be accepted by regulators. 
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5.4.4 Reliability and Relevance of the Models 

All models are based on three parts: the concept, the codes and the input parameters. All 

publications about models always suffer the same problem that the underlying concepts can 

easily be described but that the codes are actually the basis. However, without a manual, 

codes are often difficult to understand if they are not developed with the aim to be published 

– and the current codes are mainly developed within research programmes and not with the 

intention to be published. RedNano is available online and DPMFA that can be downloaded 

from the internet (Bornhöft et al., 2016). Input parameters are often given as extended 

supporting information but the way the input parameters are obtained is often unclear 

(especially for MFA models) where the transfer factors are often the result of best guesses or 

based on qualitative expert knowledge. 

All current models have the problem that they cannot be validated (Nowack et al., 2015). 

Validation means determining the extent to which the model results are accurate 

representations of the real world by comparison with measurements. Therefore, analytical 

methods need to be available for a model validation. A multitude of different nanomaterials 

are present in natural systems but only some of them are manufactured nanomaterials; 

various other particles of natural origin are abundant in the same systems. As already 

mentioned the analytical methods currently available are not yet capable of distinguishing 

natural from manufactured nanomaterials at the low MN concentrations expected in complex 

environmental matrices. No validation of modelled concentrations is therefore possible at the 

moment. However, both modelling studies and analytical data are able to provide an 

orthogonal view on nanomaterials (Nowack et al., 2015): modelling is able to yield estimates 

of the presence of MNs in different environmental compartments while analytical methods 

can provide data on the physical characterization of MNs in these systems with hints towards 

the total nanomaterial concentration (sum of natural and manufactured particles). While we 

need to make strides to improve the two approaches separately, using the results for both 

approaches together in a mutually supportive way will advance the field of MN risk 

assessment.  

The MFA/EFM models are clearly very relevant in a regulatory framework where the 

estimation of environmental concentration (PEC values, predicted environmental 

concentrations) is a crucial step in the risk assessment process. PEC values are needed and 

are either estimated by crude methods or modelled using MFA and EFM models. Those 

models that determine PEC values based on the procedures used for standard chemicals 

(ECHA, 2008b) are therefore currently preferred in a regulatory context. This applies 

especially to SimpleBox4Nano that is an adaptation of SimpleBox and is the accepted model 

by ECHA. Because SimpleBox is unable to make any prediction for nanomaterials, it is either 

necessary to use the nano-adapted SB4N or another more advanced MFA/EFM approach. 

5.4.5 Methodological Gaps and Knowledge Gaps 

There is one issue central to all models: the experimental data to parameterize the models 

are scarce or completely missing. For MFA models the main missing parameters are the 

distribution of the produced mass to different product categories and the quantification of 

release. Whereas for example there are numerous studies on homoagglomeration available, 

there are very few on heteroagglomeration which is the most relevant process in natural 

waters. Chemical transformation of nanomaterials, except dissolution, is so far not 

considered in any EFM model although it might be very important for certain materials. 

Several MNs (e.g. Ag, iron-oxide and ZnO) are highly reactive and may undergo different 

transformation reactions, e.g. redox reactions, dissolution and interaction with other ions and 

re-precipitation as new nanomaterials. Systems which initially contain no nanomaterials but 

only bulk forms of a given metal, may eventually produce nanoparticles similar to MN over 
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time (Ma et al., 2014; Mitrano et al., 2014). This shows us both that, (i) MNs cannot be 

assessed in their pristine composition in the environment, and (ii) that many conventional 

compounds can also exist at the nanoscale in the environment.  

EFM models also need input data for size distribution of the MN. So far the models use some 

standard values- however, nobody knows what the size distribution is of those MN that 

actually enter the environment. All current MFA and EFM models assume that the size and 

form of MN released is the same than the pristine form – however we know that this is mostly 

not the case. The released MN are often present as “chunks” of the matrix with embedded 

MN and not as free MN (Froggett et al., 2014). Nobody has yet tried to include this real size 

distribution or characterization of released particles in any model due to a severe lack of 

experimental data to parameterize the models (Caballero-Guzman and Nowack, 2016).  

Another issue with all models is that they consider a generic MN, for example “TiO2” 

irrespective of the mineralogical form, coating and functionalization. Especially for MFA 

models almost no quantitative information about production or use of different forms of MN is 

available. Without these flows the EFM models are only able to calculate scenarios and not 

the actual concentrations. 

An important issue that might interfere with the applicability of models is that the PEC values 

that are the main outcome of the models cannot be validated so far. Mathematical models of 

environmental systems always require experimental validation by analytical data, either to 

prove that the model is accurately capturing the main components and reactions of the 

system or to show that significant deficiencies in the model still exist. Given the many 

assumptions that current models for MN are required to make, performing a model validation 

is clearly appropriate. In a validation of the processes, the underlying physical and chemical 

processes are validated. If an assumption of the model is that MN are associated with 

sediments (Dale et al., 2015c) or suspended particles (Praetorius et al., 2012), a validation of 

sediment or particle behaviour can serve as a validation for the prediction of the fate of MN. 

However, even in the absence of a model validation by analytical measurements, the models 

can still be validated on a conceptual level, which means showing that the underlying 

assumptions of the conceptual model and the mathematics are correct (Sargent, 2011). Such 

models that could not be fully validated are useful for providing either prospective estimations 

or because they allow statements to be made about current exposure even in the absence of 

analytical data. Most of the models contain, at least in some of the parameters, worst-case 

assumptions and the PEC values therefore represent in many models worst-case scenarios. 

The methods used in most of the models are based on the procedures formulated in the 

chemicals risk assessment (ECHA, 2008a) and thus the PEC values derived by them are 

based on methods that are accepted by the regulatory authorities. 

5.4.6 Recommendations 

MFA models 

In MFA the type of underlying model that is used is less important than the setting of the 

system boundaries and the quality of the input data. The main missing data are the 

production/use volume in a certain region and especially the distribution of this mass to the 

different product categories.  

A major issue here is the definition of a “nanomaterial” that is used in a data source. Many 

MN also exist in a similar form as bulk or pigment material (e.g. TiO2, SiO2, iron oxides, 

aluminium oxides). Depending on the source, production volume estimations can therefore 

vary a lot if the underlying definitions what a nanomaterial is are different. Because many of 

the production volume estimates are based on “grey sources”, e.g. reports with unknown 
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source of the raw data, it is difficult or even impossible to identify what kind of material is 

actually considered in a source. Even using a mandatory reporting scheme such as the 

French registry (ANSES, 2013) does not solve this problem. The production/import volume 

reported for nano-silica for example is the highest of all nanomaterials, caused by the 

inclusion of colloidal and fumed silica in the values – materials that have been in use since 

many decades and were not always considered as “manufactured nanomaterials” (Bosch et 

al., 2012). The use of a specific definition can therefore affect the production volume 

enormously if for example another source does not count colloidal or fumed silica as an MN. 

The production volume as primary input parameter is of course enormously affecting any 

MFA or EFM modelling of actual MN concentrations in the environment. There are some 

“simpler” MN such as fullerenes or CNT that are novel materials and where it is clearer 

whether a certain material is an MN or not. For these materials the spread of reported 

production values is therefore much smaller (Piccinno et al., 2012). Thus, it is recommended 

to use only sources for production/use data that have been collected using the standard EU 

definition or – in the best but improbable case – report the size distribution of the produced 

amount. 

Quantitative information on the use of MN products would be even more important to obtain 

than production volumes because the life cycle of the products determines the potential for 

release. Whereas qualitative information is easily available (“Nanomaterial x is used in 

applications X, Y and Z”), the quantitative information about the distribution of the total mass 

to different product categories is largely absent. It is urgently needed to obtain more accurate 

data on this mass distribution based on products and applications that are currently on the 

market. It would also be important to get information that goes beyond consumer products 

such as those in the NanoDB (Nanodatabase, 2015) and also includes industrial uses or 

non-advertised applications in products. It has been emphasized several times in this 

document that a life-cycle based view on the MN flows is needed and the life cycle starts with 

production and use – and thus quantitative knowledge on uses of MN has to be at the start of 

any MN risk assessment. 

The MFA models should also include information on the material characteristics, e.g. form, 

size distribution, and if the material has already been transformed (for characterisation see 

Chapter 5.1). So far some models do not include any transformation but just assume that for 

example “nano-Ag” remains a “nano-Ag” throughout product use, release into technical 

systems and finally release to the environment (Keller et al., 2014; Liu et al., 2015). This is of 

course an oversimplification and the mass flows should be separated into different forms of 

the MN. The models by Empa e.g. (Gottschalk et al., 2009; Sun et al., 2014; Sun et al., 2015) 

include dissolution of MN as flow into an elimination compartment, also sulphidation of nano-

Ag or nano-ZnO is considered as a removal during wastewater treatment. No other 

transformations during use or release are considered in any model. It is recommended that in 

addition to basic flow data, MFA models should also include information on the chemical and 

physical characteristics of materials that are released and transported through the 

compartments of the system. 

EFM models 

The development of fate models for regulatory use should proceed in two tiers: 

Tier 1: screening level models. 

Tier 2: detailed, mechanistic, and site-specific models. 

Screening level models that are descendants of models for conventional chemicals have 

already been developed and should now be tested for their usefulness in the regulatory 
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process, especially within REACH. The site-specific models can play a role in water quality 

regulations, e.g. the Water Framework Directive of the EU.  

Because the input of EFM models is determined by MFA, an improved characterization of the 

MN flows in MFA models will enable also a much better parameterization of the EFM models. 

This is especially important with respect to the initial size distribution of the MN that is crucial 

for predicting the (hetero)agglomeration behaviour. An intensification of the collaboration 

between MFA and EFM developers is therefore highly recommended with respect to the 

parameters that are needed in one model (EFM) and those that are practically possible to 

estimate (MFA). The current input to EFM that consists solely of a mass of MN per unit time 

needs to be further specified: 

 Distribution to already dissolved MN, MN contained in matrix fragments, free MN, 

and transformed MN, 

 Size distribution of all forms, 

 Separation of a generic MN, e. g. “TiO2” into different forms with different chemical 

identity or coatings (if this affects their fate processes). 

 

The parameters needed for EFM modelling, e.g. dissolution rates or heteroagglomeration 

constants, need to be provided by experimentalists in a form that is useful for the models. 

This aspect should also be considered during standardization of methods for these 

parameters. An important issue is that experiments should be conducted under conditions 

relevant for real environmental systems, e.g. with respect to the concentration of MN or the 

ratio MN/NOM or MN/natural particles. 

Because a true validation of modelled values by analytical studies is not yet possible, the 

EFM models should be validated by lab studies applying validated methods e.g. functional 

assays for dissolution and agglomeration and by controlled small-scale tracer studies such 

as mesocosms. In order to distinguish the MN from natural particles, labelled MN could be 

used in small-scale field experiments. These experiments would allow the validation of the 

basic processes of the models and increase the acceptability of the models in a situation 

where the model predictions about PEC values cannot be validated. 

Because a true validation of modelled values by analytical studies is not yet possible, the 

EFM models should be validated by laboratory studies applying validated methods e.g. 

functional assays for dissolution and agglomeration and by controlled small-scale tracer 

studies such as mesocosms. In order to distinguish the MN from natural particles, labelled 

MN could be used in small-scale field experiments. These experiments would allow the 

validation of the basic processes of the models and increase the acceptability of the models 

in a situation where the model predictions about PEC values cannot be validated. The 

harmonization of methods to obtain input parameters should also be improved. The use 

sensitivity analysis and expert judgement can identify critical mechanisms that need system 

level complexity. 

One possible option in MN modelling could also be to include “nano-phases” in models for 

conventional contaminants rather than developing MN-specific models, e.g. include nano-Ag 

as species in silver fate models, capturing the dynamics of exchange between nano and non-

nano forms of silver. 
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5.5.1 Introduction 

The literature on the ecotoxicological effects of manufactured nanomaterials (MN) has 

expanded significantly since the first paper published in this field (Oberdörster, 2004), i.e. 

from 89 studies identified in the ENRHES project (Stone et al., 2010a) to the 1518 included 

in the NanoE-Tox database (Juganson et al., 2015). However, a review by Lützhøft et al 

(2015) questions the regulatory adequacy of the tests performed even when carried out 

according to OECD testing guidelines (TGs). The need for adapting the OECD TGs for 

aquatic toxicity testing has been highlighted several times during the last decade and work 

has been undertaken by the OECD WPMN and several EU projects (e.g., MARINA, 

NANoREG and NanoValid) to redress this situation. 

Concerns about the suitability of TGs when testing so-called difficult substances have 

already been addressed in the OECD’s guidance for testing of difficult substances with 

respect to conventional chemicals (OECD, 2000) and discussed in more detail in the 

guidance for sample preparation and dosimetry of MNs (OECD, 2012). Similar concerns 

were also reviewed in the OECD workshop on ecotoxicology and environmental fate (OECD, 

2014), and have since evolved for nanomaterials as reflected in the OECD draft guidance 

document (GD) on aquatic toxicity testing of MNs (OECD, 2017). The aim of the GD is to 

provide guidance on MN characterization both before and during testing (OECD, 2017, 

OECD 2016). This work is highly relevant and urgently needed to increase the regulatory 

adequacy of data generated using existing and modified TGs (Brinch et al., 2016; Hansen et 

al., 2017). 

5.5.2 Adaptation of Current Technical Guidelines for Ecotoxicity 

While the scientific literature rapidly has expanded over the last decade with regards to both 

fate and ecotoxicology studies on MNs the drafting of OECD guidance on the topic into a 

final document have not been published. Major European FP7 projects have assessed the 

current guidelines to evaluate their applicability and/or possible adaptations for MNs. The 

MARINA project had the aim of providing “… an overview of the progress on ecotoxicity 

testing protocols with a focus on the formation requested by regulatory bodies for safety 

assessment of MNs” (Hund-Rinke et al. (2016). As summarized by Hund-Rinke et al. (2016) 

the project proposed some specific modifications of the protocols for OECD TG 201 

(freshwater algae and cyanobacteria growth inhibition), TG 202 (Daphnia acute toxicity), TG 

210 (Fish early life stage), TG 216 (soil nitrogen transformation), TG 217 (soil carbon 

transformation), TG 220 (Enchytraeid reproduction), TG 222 (earthworm reproduction) and 

TG 225 (sediment-water Lumbriculus test). However, general guidance still remains to be 

finalized and made publicly available. The latest drafted version (OECD 2017), shows that 

the work in progress is positive and can assist future work that still must be carried out. 

Similarly, ECHA has sent out two draft documents for consultation (ECHA, 2016a and ECHA, 

2016b) which provide substantial revisions to the recommendations for ecotoxicological 

endpoints for MNs. The general issues highlighted for consideration during test planning 
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include defining representative controls, dissolution rate and potential ion release, 

agglomeration behaviour, degradation and transformation, selection of the exposure 

regimes, frequency of concentration measurements, use of mass-based metrics, and nano-

specific measurements. While the areas highlighted are indeed important, there is an 

ongoing debate as to whether all measurements have to be conducted for all MNs or if they 

can be considered on a case-by-case basis. These key points are further discussed within 

each sub-section below. 

5.5.3 The Role of Exposure Characterization in Ecotoxicological Tests 

The last decade of nanotoxicological research has seen a great improvement with regards to 

the characterization of MNs during ecotoxicity tests. The number of relevant characterization 

parameters and the importance of each one has been cause for debate in the scientific 

literature. However, one clear message remains: In order to yield proper scientifically justified 

results from ecotoxicity tests an appropriate exposure characterization has to be carried out. 

Consequently, particle size determination has been of high priority in many studies as 

potential novel effects of MNs are often attributed to the particle size. Particle size 

distributions, hydrodynamic diameters and primary particle sizes in ecotoxicological studies 

are reported using different techniques such as Dynamic Light Scattering (DLS), 

Nanoparticle Tracking Analysis (NTA), atomic force microscopy (AFM) and electron 

microscopy (TEM, SEM). These techniques are widely used and give information on particle 

characteristics in aqueous media (DLS, NTA) and most often as dry powder analysis (or 

analysis of dried stock suspensions) using conventional electron microscopy (see Chapter 

5.1). While electron microscopy techniques and instrumentation are available to study 

aqueous samples their usage is not widespread.  

For some MNs the potential release of metal ions must be characterized as especially the 

related dissolution kinetics related to aquatic media is crucial for determining the ecotoxicity 

reported. As described in Chapter 5.3 quantification of the dissolution kinetics as well as 

losses before, during and after incubation is key to determine the actual exposure 

concentrations for MNs and the released ions and thus obtaining reliable concentration-

response relationships needed for regulatory purposes (Sørensen & Baun, 2015; Sekine et 

al., 2015; Cupi et al., 2014). 

In 2010, Stone et al. (2010b) proposed using six main physico-chemical parameters for 

characterization; 1) Aggregation/agglomeration/dispersability, 2) Size, 3) Dissolution, 4) 

Surface area, 5) Surface charge and 6) Surface composition/surface chemistry. Similar 

parameters have been proposed by the OECD as important for characterization of MNs in a 

regulatory context (OECD, 2016a). This Joint Document discusses 16 intrinsic and extrinsic 

properties as potentially relevant for the effective characterisation of MNs (see Chapter 5.1). 

While the OECD document clearly specifies which parameters to consider, it is important to 

note that not all the parameters are necessarily relevant for every MN. Consequently, the 

choice of which parameters should be monitored and quantified must be evaluated on a 

case-by-case basis.  

It is important to underline that today there is not a full scientific understanding of the 

importance of any of the parameters or the interactions between them for the toxicity 

endpoints in current guideline tests. Thus, the current recommendation is that as much 

characterization data as possible should be reported for each MN in order to be able to look 

back and re-evaluate results at a later stage. This represents a move from the traditional 

focus on controlling exposure in TGs applied to dissolved chemicals toward a focus on 

describing exposure through a range of different techniques (Wickson et al., 2014; Sørensen 

et al., 2016) 
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While focus in numerous papers has been on initial characterization before ecotoxicity 

testing, it is recognized that quantification of the actual exposure during testing is needed to 

increase both the scientific value and the regulatory adequacy of ecotoxicological studies 

(OECD, 2014; Lützhøft et al., 2015). This was also highlighted in a critical review of current 

ecotoxicological testing of MNs by Skjolding et al. (2016), which discusses possible 

strategies for coping with these challenges. Adapting testing guidelines has been the focus of 

numerous European research projects e.g. MARINA, NanoValid and NANoREG. The 

overview articles published from these projects (e.g. Bondarenko et al. 2016; Hund-Rinke et 

al. 2015; Hund-Rinke et al. 2016) show that there is no consensus on which parameters to 

measure or more generally how testing should be performed. This is also exemplified in the 

scientific literature highlighted in a review on physicochemical parameters reported in 

ecotoxicological studies from 2006-2015 showing that while particle size was reported in 

approximately 90% of all published papers, parameters such as coating, surface area and 

shape were only reported in 30-40% of the published papers (Juganson et al. 2015). 

However, these numbers are related to the characterization of the pristine MNs prior to 

testing. Where parameters were being measured in testing media/environmental conditions 

the size determination was carried out in approximately 60% of the studies and dissolution in 

approximately 30% (Juganson et al. 2015).  

This lack of characterization under actual testing conditions makes it difficult, if not 

impossible, to make meaningful comparisons between studies – even if they are carried out 

in accordance with OECD TGs. This raises serious questions about the regulatory reliability 

and relevance of the data currently available (Lützhøft et al., 2015; Hartmann et al., 2017). 

5.5.4 Sample Preparation and Dispersion Guidance 

While several projects have prepared specific dispersion protocols for toxicity testing (e.g. 

ENPRA (Jacobsen, 2010), PROSPEcT (PROSPEcT, 2010), NANOGENOTOX (Jensen et 

al., 2011); MARINA (Hartmann et al., 2015)) the general guidelines have not been 

harmonized for the proposed methods. According to Hartmann et al. (2015), the general 

problem of such harmonization is that “… harmonization and standardized protocols will 

always be a compromise between optimal dispersion on one hand and optimal 

biological/physiological and material compatibility of the medium and concentrations required 

in the stock dispersion on the other”. While this statement underlines the inherent problem of 

giving general guidance on diverse systems, the draft guidance document is commended for 

providing overviews of considerations e.g. on how to inform decisions when preparing MN 

stock suspensions and how to dose in testing systems. An example of such guidance is 

given in Figure 5.5.1. 

The draft guidance document (OECD, 2017) suggests a range of approaches to obtain 

stable stock suspensions e.g. sonication (probe or bath) and addition of organic matter (OM). 

However, specific guidance remains as to which method is applicable to which type of MN. 

Thus, the determination of the methods used relies heavily on expert judgement or careful 

review of the existing literature. The dispersion protocol developed in the MARINA project 

(Hartmann et al., 2015) does provide such considerations and the draft guidance document 

may be improved by including some of these- Furthermore, discrepancies in the literature 

exist on for example the stabilizing effect of the addition of OM (Cupi et al. 2015). 
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Figure 5.5.1  
Flowchart how to make informed decisions on preparation of MN stock suspensions and dosing in 
testing media for ecotoxicity tests (OECD, 2017) 

Additionally, OM have also been shown to influence the toxicity of MNs (Kennedy et al., 

2009; Cupi et al., 2015). Therefore, it is considered to be too premature to recommend 

addition of OM in testing guidelines for aquatic ecotoxicity given that results (e.g. stabilisation 

and altered toxicity) may depend on the type of MN and OM and that no scientific consensus 

has yet been reached. This is also reflected in the following statement in the draft guidance 

document (OECD, 2017): „The use of stabilizing agents is discouraged since they may 
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substantially alter the organism exposure to and hazard from the unmodified MN (Kennedy et 

al 2012, 2015; Jung et al 2015; Gao et al. 2012). However, it may be acceptable on a case-

by-case basis to use natural organic matter (NOM), specifically dissolved organic carbon 

(DOC) as a stabilizing substance where site-specific environmental relevance is sought or 

when there is a strong desire to stabilize the test material.” For example, OM may decrease 

the exposure of environmental receptors to ions released from soluble metal nanoparticles in 

water, leading to potentially lower exposure and toxicity to environmental receptors; 

alternatively, OM may increase the exposure of e.g. hydrophobic carbon nanotubes to 

receptors, thus potentially increasing toxicity (Alloy, 2010). 

5.5.5 Assessing the Stability and Exposure Concentration during Incubation 

The draft guidance document (OECD, 2017) generally gives some useful options on the 

controls to be carried out throughout the actual test to ensure that the concentration of the 

tested MN remains within ±20% of the initial concentration. Arguments for and against 

keeping the threshold of ±20% of the initial concentration have been outlined by Petersen et 

al. (2015). While there is no agreement on the best way forward with regards to dispersion 

stability and maintaining these conditions during the test, it is recognized that artificially 

forcing such conditions may lead to artefacts that may well influence the effects observed. 

Alternatively, modified test systems could be used to maintain a constant exposure 

throughout the test phase (Boyle et al. 2015). The test system generally aims at maintaining 

a circulation of the tested MNs throughout the testing period. This has been found successful 

when using e.g. OECD TG 210 (Shaw et al. 2016). However, the method is unsuitable for 

organisms sensitive to turbulence e.g. daphnids. 

Simplified methods such as using a semi-static test setup (with media renewal every 1-3 

days) could prove feasible for more stable MNs or using a hydrostatic pressure flow-through 

system as proposed by Bundschuh et al. (2012). However, in the guidance the only 

proposed method is the introduction of semi-static test setups which would have limited use 

when dealing with dissolving MNs. Additionally, it would be difficult to compare the results 

obtained unless extensive characterization of the dissolution kinetics and/or sedimentation 

kinetics were carried out under relevant testing conditions (e.g. media composition, presence 

of test organisms). 

The guidance could be clearer on the use of thresholds for their testing tier approaches. 

Currently, the only strict requirement mentioned in the guidance is the requirement for 

dispersions to maintain ± 20% of the initial concentration in suspension throughout the 

testing period. Threshold limits and definitions of “stable” and “unstable” suspensions have to 

be clearly defined in order to reasonably analyse and report on these measures. 

5.5.6 Reporting of Physico-chemical Parameters, Exposure Concentrations 

and Endpoints in Ecotoxicity Tests of MN  

Currently, the guidance document provides no information on appropriate methods, or insight 

into, the best physico-chemical parameters to anchor adverse effects. However, it is clear 

that for dissolving MNs, an evaluation of the dissolution kinetics would yield valuable 

information and assist in isolating the effect of the ionic fraction and the particle fraction thus 

being able to group MNs with similar adverse effects as for instance metal ions (this issue is 

further discussed in Skjolding et al. 2016). Size has been proposed as a key parameter for 

MNs (Nel et al. 2006) since increased specific surface area is expected to promote higher 

dissolution rates and surface reactivity, however in ecotoxicity test systems an in situ 

determination (i.e. in the test) of specific surface area of particles is technically challenging 

and not considered feasible to include as a recommendation in guideline testing. It should be 
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noted that the BET surface area recommended in the OECD GD draft (OECD, 2017) is 

carried out on dry particles and hence not necessarily a suited descriptor for the actual 

particle surface area in suspension. While the draft OECD guidance document (OECD, 

2017) maintains that mass concentration is the most common means of exposure 

concentration also for testing of MN other metrics are recommended to be included as a best 

practice. Specifically, the OECD (2017) mentions particle number concentration, mean 

particle diameter and geometric standard deviation, surface area concentration, and mass 

concentration of dissolved materials (e.g. Ag+ from nano-scale silver particles). This is in line 

with the recommendations by OECD (2012). With regards to the expression of data from the 

tests (concentrations and toxicological endpoints) the draft OECD guidance document 

(OECD, 2017) basically relies on the guidance given for testing of difficult substance by 

OECD (2000) as shown in Table 5.5.1. While most of these dose metrics focus on 

concentrations of MNs in aquatic media, there is also value in considering the internalized 

dose: the actual tissue concentration may be useful in scenarios where, for example, 

biokinetics and mode of action considerations are important.  

Table 5.5.1  
Recommendations on expression of data for toxicological endpoints given in the draft OECD guidance 
document on aquatic and sediment toxicological testing of nanomaterials (OECD, 2017). 

Type of data Recommendation 

Expression of 
test 
concentrations 

For static and semi-static tests, where the concentrations do not remain within 80-
120% of nominal, the effect concentrations could be determined and expressed 
relative to the geometric mean of the measured concentrations.  
 
For static and semi-static tests, where the concentrations do not remain within 80-
120% of nominal and the change in concentration non-linear exposure should be 
calculated using time-weighted averaging, and should be based on at least three 
(but preferably five) measurements of concentration over the renewal or test period. 
 
For flow-through tests, where the concentrations do not remain within 80-120% of 
nominal, the effects concentrations should be determined and expressed relative to 
the arithmetic mean concentration 
 
For tests with chemicals that cannot be quantified by analytical methods at the 
concentrations causing effects (or in matrices such as sediment), the effect 
concentration can be expressed based on the nominal concentrations but it should 
be made clear that the actual exposure concentrations are unknown. 
 

Expression of 
toxicological 
endpoints 

The number and percentage of organisms that showed an adverse effect in the 
controls and in each treatment group at each observation period and a description 
of the nature of the effect reported. 
 
Other endpoints as required by the method cited (e.g. number of young produced, 
time to first brood, weights and lengths, etc.) 
 
The EC/LCx values at the appropriate time points and confidence limits (i.e. 24 and 
48 hr EC50 and associated 95% confidence limits for a daphnia acute study) 
 
NOEC/LOEC and, if possible, the EC/LC10 for chronic studies 
 
The highest concentration producing no effect on the organisms. 
 
The lowest concentration producing 100% effect on the organisms 
- 
An EC/LCx cannot be calculated if the test substance proves to be non-toxic i.e. 
EC50> maximum solubility concentration. 
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With regards to recording the “maximum solubility concentration” this generally does not 

apply to MN dispersions where it would be more suitable to refer to the concentration above 

which stable suspension cannot be maintained during the incubation period. 

According to the review by Skjolding et al. (2016) accounting for and describing the influence 

of agglomeration is of very high importance for most, if not all, MNs during aquatic toxicity 

testing. Agglomeration is especially important for TiO2 and CeO2(Hartmann et al. 2010; 

Gaiser et al. 2012; Cupi et al. 2016; van Hoecke et al. 2008) since it is difficult to maintain 

stable suspension for these MNs in testing media. Thus, sedimentation of TiO2 and CeO2 is 

often reported and physical effects on test organisms cannot be ruled out. Skjolding et al. 

(2016) furthermore concluded that dissolution in the test medium and release of ionic metal 

species for Ag, ZnO, and CuO MNs often can explain the observed toxicity (Notter et al. 

2014). The dissolved metal ion has in many cases been found to dominate the ecotoxic 

effects, although some studies found that the ion alone cannot fully explain the observed 

toxicity (e.g. Sørensen et al., 2016). As noted in Chapter 5.3 it is no simple task to quantify 

the dissolution rate of MNs and even more difficult under actual test conditions. Studies that 

fail to report high recoveries of MN and complete mass balances will generally have low 

regulatory relevance with respect to disclosing the existence of a nanoparticle specific effect 

(Skjolding et al., 2016). Furthermore, as emphasized in Chapter 5.3, it should be stressed 

that dissolution is a dynamic process that is ongoing from preparation of the stock 

suspensions before testing as well as during the incubation period in the toxicity tests 

(Sørensen et al., 2015). 

5.5.7 Relevant Receptors and Environmental Compartments for Regulatory 

Purposes 

As outlined in the draft OECD GD (OECD, 2017) the diversity of MNs as well as the  

uncertainty regarding their fate in environmentally relevant media, prevents general 

recommendations on when to perform sediment tests in complement to (or instead of) water-

column tests. As it is the case for other chemicals such decisions are made on a case-to-

case basis in consultation with regulatory authorities. Since sediments are known as sinks for 

many hydrophobic substances, it is reasonable to expect MNs with low dispersibility or 

stability in environmentally relevant media be found in sediments (Baun et al., 2008). In the 

draft OECD GD (OECD, 2017) it is thus stated “sediment testing should be considered if 

water-column exposure varies more than 20% over the renewal period resulting in significant 

settling of MN”. In reviewing the literature it also becomes clear that there is still uncertainty 

as to which environmental compartment will be most important for each specific MN. Selck et 

al. (2016) argues that the settling behaviour of MNs is more likely to lead to an exposure of 

benthic organisms and sediment systems. This statement is supported by the fact that the 

modelled average concentration of MNs in sediment often exceeds that in the water phase 

by several orders of magnitude (Gottschalk et al. 2013). A pragmatic approach to selecting 

MNs that should undergo sediment testing, could be to use the tiered agglomeration 

behavior scheme in the draft TG for agglomeration (OECD, 2016b). MNs that by this method 

is found to be non dispersible or show a condition-dependent stability <50% would be 

obvious candidates for sediment testing. 

With regards to choice of testing organisms Petersen et al. (2015) indicated that the 

biological receptors chosen should be selected based on material fate in the test system, to 

reflect maximum exposure (worst case scenario). However, as outlined by Skjolding et al. 

(2016) it is not necessarily the maximum exposure concentration (on a mass basis) that 

creates the “worst case scenario”. For example, concentration mediated 

agglomeration/aggregation may occur (Baalousha et al. 2016) as discussed further in 

Chapter 5.3. Furthermore, the immediate recipient of MNs will in most cases be the water 
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compartment. From here, the residence time of MNs in the water column is highly diverse 

and depends on both the intrinsic properties of the MNs as well as the properties of the 

receiving water compartment.  

Different approaches have been suggested to elucidate the effects on water column and 

sediment compartments. A test setup using a pre-exposure step where MNs are suspended, 

allowed to settle and then both the overlaying phase as well as the bottom phase is 

assessed separately could be useful for dissolving MNs, such as Ag, Cu and Zn (Petersen et 

al. 2015). This would allow for potential separation of effects due to the dissolved and 

particulate fractions. This concept is similar to what is used with nonpolar chemical 

substances and has been described in the draft OECD GD (OECD, 2017) as a 

supplementary method for test media preparation through water accommodated fraction 

(WAF). The issue with this approach is how to establish protocols and approaches that are 

suitable across the range of MNs that may dissolve, and the OECD (2017) provides a 

discussion of this approach. Currently, there are no data to support this general approach 

and very little practical work has been conducted to assess which method of suspension 

should be used and what timescales should be involved. Nonetheless, it is evident from this 

Joint Document that thorough characterization will be pivotal to assist the decision making 

with regards to which compartment to test.  

5.5.8 The Regulatory Relevance of Base Set Organisms and Related 

Endpoints for MN Testing 

For the testing of chemicals, as well as of MNs, tests with algae, daphnids and fish constitute 

the base set of organisms for which data must be available to complete the different parts of 

the risk assessment procedure (e.g., for classification and labelling, PBT assessment and 

estimation of predicted no-effect concentration (PNEC)). Tests with these organisms are 

regarded per se of regulatory relevance as representative organism groups at different 

trophic levels with relevant toxicity endpoints (like mortality, immobilization, behaviour, 

reproduction) and they are considered as regulatorily reliable due to standardization and 

inter-laboratory testing. The regulatory reliability of current test methods as described in 

detail above is challenged when MNs are tested, but this is almost exclusively due to the 

difficulties in keeping stable exposure conditions and is not related to the choice of test 

organism (or organism group). There is an ongoing discussion on the sensitivity of the fish 

embryo test because nanomaterials may not cross the chorion barrier (Kim et al, 2014, Rizzo 

et al, 2013). However, systematic comparisons with the acute fish toxicity test are still 

missing. 

There has been some discussion in the scientific community regarding the relevance of using 

only pelagic organisms in the testing of MNs (Selck et al., 2016). For risk assessment of MNs 

in sediments it would indeed be essential to have data on sediment dwelling organisms, like 

snails as sediment grazers. Even though data from a range of studies with different MNs 

demonstrate a high sensitivity of pelagic organisms towards MNs (Khan et al, 2015, Kalman 

et al 2015, Semenzin et al. 2015, Garner et al 2015, Bondarenko et al 2013, Jemec et al., 

2016, Bondarenko et al., 2016). It should be stressed that a direct read-across or even 

estimation of e.g. PNECsediment is not possible using the current approach for conventional 

dissolved chemicals (Lützhøft et al., 2015). In this approach PNECsediment can be estimated 

from PNECaquatic by multiplication with the sediment/water partition constant (Kd) in case 

toxicity data for sediment living organisms are lacking. As described in detail in Chapter 5.3 

the use of an equilibrium-based distribution constant is invalid for MNs and hence should not 

be applied in the estimation of PNEC values for either sediments or soil living organisms. 

Classically, chronic endpoints are more sensitive than acute ones and as such have also a 
higher weight in the hazard assessment. For MNs the long-term exposure to low 
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concentrations could be of high relevance (Baun et al., 2008), as multiples of the produced 
MNs are expected to persist in the environment (with the exception of rapidly dissolving 
MNs). The uptake kinetics of NM, e.g. from particles deposited in the gut is expected to be 
very slow which makes chronic toxicity more likely 

Hence, identification and quantification of chronic effects of MN is of high regulatory 

relevance. In general far fewer tests for chronic effects have been reported in the literature 

compared to the number of studies reporting on acute effects (Lützhøft et al., 2015; 

Juganson et al., 2015). Not only are longer-term tests for chronic effects cost and labour 

intensive, but it is also more difficult to maintain stable exposure conditions during incubation. 

Furthermore, “confounding factors” may be introduced to the test system e.g. the addition of 

food. The study by Mackevica et al. (2015) reported on the influence of different amounts of 

food on the outcome of daphnia reproduction tests (OECD TG 211) with AgNPs. It was found 

that the addition of higher food levels resulted in higher animal survival, growth and 

reproduction compared to tests with lower food levels (Mackevica et al. 2015). It has also 

been shown that the uptake of MNs in daphnids is influenced by the presence of food 

(Skjolding et al. 2014), which may influence the chronic effects found in long-term exposure 

tests (Sakka et al., 2016). Furthermore, since the interaction of MNs with algal exudates may 

affect the bioavailability of MNs, the presence of algae (as food) in daphnia reproduction 

tests (OECD TG 211) may inadvertently affect the observed toxicity. It is worth noting that 

currently there is no evaluation of such effects in higher tier tests with vertebrates.  

Taking all these factors into account it is currently not possible to extrapolate effects from 

acute to chronic tests. This was one of the lessons learned when toxicity ranking of several 

MNs, using the same test species, was attempted in the EU projects SUN and 

Nanosolutions. Results from the vast majority of published studies comparing species and 

MNs indicate that pelagic organisms are the most sensitive, at least for OECD standard 

hazard approaches/endpoints. Often daphnids are the most sensitive, although some papers 

(e.g. reporting on species sensitivity distribution assessments) indicate that microalgae might 

be the most sensitive group (e.g. Semenzin et al., 2015). However, these authors point out 

that the wide range of methods and approaches used in the daphnid studies are such that 

results are difficult to compare. 

5.5.9 Influence of Testing Conditions on Ecotoxicity Testing Outcomes - 

Matrix Components and Illumination 

Several studies have investigated the effects of different environmental matrix components 

such as organic matter (OM) on the behaviour and toxicity of different MNs in aquatic test 

systems. A major motivation behind these studies is the attempt to stabilize the dispersion of 

MNs during aquatic toxicity testing by adjusting various physical or chemical properties of the 

media, as is also the case in the draft OECD guidance document for aquatic toxicity testing 

of MN (OECD, 2016a). While the presence of OM may increase MN dispersion stability, this 

approach also has limitations and complicating factors, which hamper standardization.  

The majority of studies have indeed shown the presence of OM to increase the stability of 

MN dispersions (Grillo et al., 2015), including MNs of Ag, TiO2 and CNTs (Baalousha et al., 

2013; Kennedy et al, 2009; Romanello et al, 2013) (see section 5.5.4). This is, however, not 

always the case as demonstrated for AgNPs (Cupi et al., 2015). The interaction between 

MNs and OM is complex as it is influenced by various mechanisms, including the presence 

of divalent chemical species, and the characteristics of the OM, MN and medium constituents 

(Grillo et al., 2015). 

A number of studies have investigated the influence of OM on the aquatic toxicity of different 

MN (see section 5.5.4). The majority of these studies find OM to reduce the MN toxicity, for 
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example in algae and daphnids (Angel et al., 2013; Cupi et al., 2015). Theoretically though, 

increased MN stability is expected to extend the MN residence time in the water column, and 

thereby the exposure time, leading to a possibly increased toxicity (Grillo et al., 2015). A 

number of hypotheses have been suggested to explain the observed reduction in MN 

toxicity, and these include formation of OM-ion complexes of low bioavailability, changes in 

MN surface charge or chemistry due to OM-MN interactions, and antioxidant effects of OM 

scavenging MN-generated ROS (Grillo et al., 2015). In contrast, other studies have found 

OM addition to increase toxicity in some cases, illustrating the complexity of these 

interactions (Alloy, 2010). However, reduced toxicity must be considered the most 

problematic for hazard identification testing purposes, as this may lead to an underestimation 

of MN toxicity. The complexity of these interactions are further illustrated by studies of e.g. 

Cupi et al. (2016) and Miao et al. (2015), showing how lowering pH or adding OM decrease 

agglomeration/aggregation of Cu- and ZnO NP, respectively, but in turn increase their 

dissolution, which may also influence toxicity.  

It is evident from these studies and reviews that environmental matrix components influence 

toxicity by different mechanisms, most likely dependent on the media, biological species, and 

the type of OM and MN. Therefore, while some of the parameters which affect toxicity of a 

given nanomaterial for a given environmental receptor are known, comprehensive protocol 

standardization of environmental matrix components to reflect a worst–case scenario for 

aquatic toxicity testing of various MN types is not feasible at the present state of knowledge. 

As described in Chapter 5.3 the process of agglomeration affects the stability of the test 

system and for aquatic toxicity testing this challenges the reproducibility of the tests 

outcomes. As different MN have different surface charges dependent on the NM and the 

testing media composition non-agglomerated primary particles sizes are difficult to maintain 

when testing uncoated MN in testing media recommended in OECD TGs. Even for ultrapure 

water this is challenging and the situation becomes critical for media of high ionic strength 

(Cupi et al., 2016; Romer et al., 2012). Only a few studies have investigated the stability of 

MNs in different ionic strength media relevant for regulatory ecotoxicity tests (Cupi et al., 

2016; Roemer et al., 2011, 2013; Tejamaya et al., 2012). In the study by Roemer et al. 

(2012) undiluted media caused the most agglomeration in a standard test setup for Daphnia 

testing, whereas less agglomeration was found when using diluted media. A similar finding 

was reported by Tejamaya et al., (2012) using unmodified OECD M7 medium, ten times 

diluted M7 medium, and modifications to the medium such as replacement of chloride with 

nitrate or sulphate conducting tests with AgNP. Based on their observation Tejamaya et al., 

(2012) found that the use of high ionic strength media should be avoided. Besides ionic 

strength the concentration of divalent ions like Ca2+ and Mg2+ will influence the stability of test 

dispersions (Baalousha et al, 2013). Reduction /replacement of these ions may help to 

stabilize test dispersions. The study by Cupi et al. (2016) followed up on these 

recommendations and found that guideline testing of MNs could be improved by measuring 

of the point-of-zero-charge (or isoelectric point) in relevant testing media prior to toxicity 

testing to identify the optimal parameters (a “window of opportunity”) such as pH and media 

composition/ionic strength. In Cupi et al. (2016) an approach such a methodology in testing 

and assessing stability and toxicity of MNs is exemplified for the OECD TG 202 Daphnia test. 

Test dispersions are more stable when zeta potential is > +30mV. If the corresponding pH is 

within the physiological range of the test organism this pH should be preferred. The 

concentration dependent agglomeration may strongly influence the bioavailablity of MN in 

test systems (Petersen et al., 2015; Baalousha et al., 2016; Skjolding et al., 2016). As 

mentioned in the draft OECD GD (OECD, 2017) this questions the applicability of limit tests 

for MNs. Even though no effects are observed at limit test concentrations (often 100 mg/L) 

effects may occur at lower concentrations. This will by definition invalidate the limit test 

approach for MNs. If a strong dependency of dispersion stability on the concentration is 
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observed it is recommended to prepare the test dispersions for each concentration 

individually. Test concentrations of 100 mg/L with MN are scientifically questionable but may 

be necessary to test because of classification and labelling requirements. Similar 

considerations lead Hund-Rinke et al. (2015) to recommend that if  limit tests are used, they 

must be are carried out with several test concentrations (instead of only one) to obtain 

information about the dose–response relationship. For preparation of such dose-response 

experiments, the draft OECD GD (OECD, 2017) provides very instructive and detailed 

hands-on guidance from preparation of stock suspensions to dilution series/spiking to test 

flasks. 

Several studies have investigated the influence of different light conditions on the toxicity of 

especially TiO2, but also other photoactive metal oxide NPs to different aquatic organisms 

(e.g. Sanders et al., 2012 and Ma et al., 2012). This photoreactivity is caused by the 

enhanced generation of reactive oxygen species (ROS), in particular OH radicals, under light 

conditions. A functional assay to determine the photoreactivity of NM has not been 

developed yet (see Chapter 5.1). In marine phytoplankton, environmentally realistic levels of 

ultraviolet (UV) radiation were shown to induce TiO2 NP toxicity (Miller et al., 2012), and Roy 

et al (2016) also obtained different results of MNs when the algal species were exposed to 

UV-A, compared with visible light.  

Lee et al (2010) found the toxicity of different quantum dots (QDs) to be influenced when 

exposing D. magna under different light regimes. The toxicity of all QDs increased when 

changing the light condition from dark to white fluorescence to UV-B light, and to natural 

sunlight. The authors suggested that the effect of light condition on QDs toxicity could also 

be explained by photostability of the QDs, which would affect size of the particle, release of 

toxic component ions (e.g. cadmium), and generation of reactive oxygen species.  

As suggested in the OECD guidance document for MN testing (OECD, 2017), potential 

phototoxicity should be investigated when suspected for the MN in question. This at least, 

could entail metal oxides. In general, the different approaches and test setups in the 

available studies hamper the comparability, i.e. different types of light compared, and 

different light conditions applied either before or during incubation. Interferences in 

ecotoxicity test results when particles are tested. 

Current OECD hazard identification toxicity test guidelines were designed to reflect the direct 

toxic effects of a chemical compound on the test organism. However, MNs are shown to 

inhibit the algal growth rates and affect the mobility of daphnids via seemingly non-

toxicological mechanisms, sometimes referred to as “physical effects” (Sørensen et al., 

2015).  

5.5.10 Interferences in Toxicity Test Results when Particles are Tested 

In algal growth rate inhibition tests, MNs may scatter light from reaching the algal cells and 

thereby inhibit reduce the growth rate, also termed “shading", rather than or in addition to any 

toxic effect. Shading effects are reported for CNTs, AuNP and PtNP (Schwab et al., 2011; 

Sørensen et al., 2016a; van Hoecke et al., 2013), while for ZnO, CuO and TiO2  NPs shading 

is found to be negligible (Aruoja et al., 2009; Hartmann et al., 2010; Hund-Rinke and Simon, 

2006). For Au and Pt NPs, shading alone could not explain the growth rate inhibition 

determined, indicating additional toxic and/or physical effects of these MNs (Sørensen et al., 

2016a; van Hoecke et al., 2013). With the exception of the study by Schwab et al. (2011), all 

other studies attempting to quantify the influence of shading have used setups, in which the 

algae and NP-suspensions are physically separated. In these setups the NP-suspensions 

are placed between the algae and the light source to expose the algae only to the light 

passing through the NP-suspensions, see Figure 5.5.2 (A and B). This approach however, 



 

 
ProSafe Deliverable 5.08 

Page 155 of 367 

only reveals shading from NPs distantly located from algal cells, and not shading caused by 

NPs adsorbed to the algal cells (Hjorth et al. 2016). In general, algal cells can overcome 

temporary shading (e.g. from distant MNs) without necessarily experiencing growth 

reduction, but MN cell adhesion can result in permanent shading as well as other physical 

effects such as limitation of nutrient availability. Another limitation to this approach is that a 

lowered algal growth rate due to shading may mask toxicity, as slow growing algae may be 

less sensitive to toxic MNs (Cleuvers and Weyers, 2003).  

 

 
 
Figure 5.5.2. 
Illustration of regular setups applied for toxicity tests with algae and daphnids (A and C), and setups 
applied to distinguish physical and chemical effects of NPs (B and D). Physical shading effects in algal 
tests may be investigated by a double-vial setup (B), where algal cells are contained in the smaller 
inner-vial, surrounded by the NP suspension in the larger outer-vial. Physical immobilization of 
daphnids arising from contact with larger aggregated/settled NPs can be avoided by keeping the 
daphnids in a mesh-bottomed beaker inserted into larger beakers containing NP suspensions (D) 
(Modified from Sørensen et al., 2015). 

Analysis of changes in the algal pigment composition has been suggested as a potential 

qualitative measure for  true shading, i.e. shading as it is experienced by the algae (Hjorth et 

al., 2016). The approach relies on algal photo-acclimation, causing algae to rapidly adapt 

their pigment composition in response to changing light conditions and hence a quantification 

of these changes can serve as an endpoint to quantify shading effects (Hjorth et al., 2016). 

This approach is however currently under development and at present not yet applicable for 

standardization purposes. 

The inclusion of shading controls for algal tests is being addressed in the OECD guidance for 

aquatic testing of MNs (OECD, 2017). At the current state-of-knowledge, it is recommended 

to include a test for shading effects for MNs that form dark or turbid suspensions in media, 

adhere to algal surfaces, and have relatively low toxicity, as this entails exposure 

concentrations in the upper end of the classification range (10-100 mg/L) (Sørensen, 2016). 

Shading effects are most easily investigated through a separation setup, despite its 

shortcomings. Though special vials/plates are required, these are relatively easy to obtain 

and the incubator and analysis methods are the same as those for the algal guideline test. 

If/when the algal pigment based method becomes applicable and reliable, it may be 

considered as a supplementary or alternative method.  

Interference of MNs with algal growth quantification techniques has also been reported as a 

potential source of error (Handy et al., 2012; Hartmann et al., 2013). The most common 

biomass quantification methods are based on cell counting using microscopy and 

fluorescence measurements of extracted algal pigments. In algal growth inhibition tests with 

NPs, high background particle numbers may disturb the biomass measurements (Hartmann 

et al., 2013), therefore background corrections using test suspensions without algae are 

recommended by ISO (2012). The draft OECD guidance for aquatic testing of MNs (2017) 

  A C D 



 

 
ProSafe Deliverable 5.08 

Page 156 of 367 

also addresses this issue, encouraging use of methods not influenced by the presence of 

particles. OECD (2017) has identified that subtracting of particle background readings from 

biomass (surrogate) measurements is not always feasible. Recent research finds that CNT 

may adsorb on algal cells very rapidly and absorb the fluorescent light of chlorophyll. 

Therefore, a pre-test with comparison of algal fluorescence with extracted chlorophyll could 

be included to ensure that this influence on biomass determination is recognized (see also 

Glomstad et al., 2016). This interference further stressed the previous recommendations to 

check and validate the quantification method against traditional microscopy as shown by e.g. 

Hartmann et al. (2013), Handy et al. (2012a & 2012b) and Kalman et al. (2015). 

In crustaceans, adsorption of CeO2, PtNPs, and TiO2 on the exoskeleton, cuticle and 

antenna is reported to influence mobility, molting, and swimming velocity (Artells et al., 2013; 

Cupi et al., 2015; Dabrunz et al., 2011; Gaiser et al., 2011; Noss et al., 2013). Thus, the use 

of immobility as an endpoint in the OECD guideline for acute daphnia toxicity testing may be 

problematic in cases where immobility reflects physical impairment rather than toxicity. The 

inclusion of both lethality and immobility as endpoints has been suggested, as well as a 

mesh bottom inserted beaker, restricting daphnids from contact with larger clusters of NPs at 

the beaker bottom, see Figure 5.5.2 (C and D) (Sørensen et al., 2015). Other issues 

associated with gut blockage and surface effects, such as effects on fish gills and other 

respiratory surfaces (e.g. see Petersen et al. 2011) have not yet been adequately addressed 

in literature. 

It should be noted that the presence of organisms may hamper the MN characterization 

during testing, by interfering with the characterization techniques. For example, using 

dynamic light scattering to determine the MN size distribution “in situ”, i.e. at the end of an 

algal or daphnia acute toxicity test is hampered by the samples extracted containing algae or 

daphnia exudates in addition to the MNs, which interferes with dynamic light scattering 

analysis (Sørensen, 2016). 

Also, for the effects assessment in ecotoxicity tests the presence of exudates and other 

extracellular proteins may play a role. In a recent study, Nasser and Lynch (2016) studied the 

role of eco-corona, that is, the role of biomolecules produced by the organisms for the fate, 

transformations and potential effects on organisms. Docter et al. (2015) and others have 

indicated the importance of MN interactions with biomolecules, including proteins, in defining 

the fate and effects of MNs within organisms and in the environment (the so called ‘eco-

corona’; Nasser and Lynch, 2016). Knowledge in this area is developing and indeed most of 

the work has been conducted with in vitro non-environmental models. In summary, it is 

apparent that biomolecule coronas are established rapidly, and that this interaction is likely to 

occur for all MNs to different degrees, thus indicating that the occurrence of pristine MNs 

once released into the media is unlikely.  

Corona profiles seem to be highly complex and it is believed that they determine biological 

responses (Docter et al, 2015, Nasser and Lynch, 2016). The question is still how stable they 

might be over time and how they can be used to predict cellular biological effects. There is 

very little work carried out so far addressing corona effects in tissues and fluids in 

environmental receptors. A recent paper by Hayashi et al (2013) indicates that initially the 

earthworm Eisenia fetida preferentially recognised MNs coated in E. fetida coelomic proteins 

compared to the same MNs coated in foetal bovine serum. Results from this study indicated 

that ‘conditioned medium’ (where organisms had been previously placed for a short amount 

of time) resulted in the development of an ‘eco-corona’ and increased toxicity. It is still too 

early to assess the full implication of this work and at this stage no clear implications for 

regulatory purposes can be derived, although it is clear that the formation of such coronas, 

and the corresponding changes in toxicity, need to be further scrutinized. 
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5.5.11 Specific Considerations Regarding Sediment and Terrestrial Toxicity 

Testing 

The focus of ecotoxicity testing in the scientific literature has mostly been directed towards 

pelagic organisms and to much lesser extent towards soil and sediment-living organisms 

(Selck et al., 2016; Juganson et al., 2015; McKee & Filser, 2016). Guidance available for the 

regulatory testing of conventional pesticides now notes that it is preferable to test sediment-

dwelling organisms (including the amphipod, Hyalella azteca, and the midge, Chironomus 

riparius), as opposed to extrapolating from daphnid toxicity to sediment-dwelling toxicity 

(EPA, 2017). However, such clear sediment toxicity testing guidance and the most sensitive 

and relevant species, have not yet been identified for nanomaterial sediment testing. In 

nanomaterial sediment studies the freshwater estuarine polychaetes Capitella teleta and 

Nereis diversicolor, the oligochaete Lumbriculus variegatus, and the insect larva Chironomus 

riparius have been studied (e.g. Khan et al., 2015; Pakarinen et al., 2011; Petersen et al., 

2008; Ramskov et al., 2015; Thit et al, 2015; Waissi-Leinonen et al., 2012). The sediment 

grazing snail Lymnea stagnalis (OECD TG 243 may also be an interesting option but there is 

little experience so far (Oliver et al., 2014). Tests of MN with soil invertebrates have mainly 

been carried out with the nematode Caenorhabditis elegans, worms (Eisenia spp, 

Lumbriculus spp), spring tails (Folsomia candida) and to a certain extent also with woodlouse 

(Porcellio scaber) (Tourinho et al. 2012; McKee & Filser, 2016). Effects of MN on microbial 

communities in soil as on plants have only to limited extent been tested and in only a few 

cases by the use of OECD TGs. Hence the amount of available data is limited and the 

evaluation of potential limitations and adaptations of existing OECD TG has only been 

addressed in a limited number of scientific studies (Hund-Rinke et al., 2016; Juganson et al., 

2015). In the OECD draft GD (OECD, 2017) it is mentioned that sediment testing should be 

considered if water-column exposure varies more than 20% over the renewal period due to 

settling of MN. Furthermore, the draft GD states that many of the complications associated 

consistent testing with different phases of MNs in water are less likely to confound ecotoxicity 

testing results in the sediment matrix. As an example the GD mentions that it is not 

necessary to account for the physical effects of MNs once in the sediment matrix. However, it 

is worth noting that the sediment matrix itself is likely to change the bioavailability of the MNs 

(Petersen et al 2015a; OECD, 2017).  

During the Berlin workshop in 2014 (OECD, 2014) special emphasis was given to the MN-

specific issues encountered when testing according to the OECD TG 222 (Earthworm 

reproduction test OECD, 2004b) and TG 225 (Sediment–water Lumbriculus Toxicity Test 

OECD, 2007) (Kühnel & Nickel, 2014). Here it was found that the spiking procedure was 

crucial for the testing outcome and different spiking methods were discussed. These included 

such as dry spiking (NM powder is added to soil or sediment), wet spiking (NM powder is 

pre-dispersed in aqueous media and then added to sediment), or the spiking of feed (for soil 

organisms). Kühnel & Nickel (2014) mention that no recommendation on a preferred spiking 

method was put forward for these test guidelines. However, in a further discussion on the 

technical guidelines for bioaccumulation in sediment and soil organisms (TG 315 - 

Bioaccumulation in sediment-dwelling benthic oligochaetes and TG 317 - Bioaccumulation in 

terrestrial oligochaetes) the expert group concluded that wet spiking is preferable since this 

would enable the most homogeneous exposure over time and hence higher reproducibility of 

results (Kühnel & Nickel, 2014). However, it was also recognized that wet spiking may not be 

possible for all MNs and that further guidance was needed with regards to the best spiking 

method. In the draft OECD GD on aquatic toxicity testing (OECD, 2017) it is recommended 

to disperse the MN in a liquid media prior to spiking into the sediment medium. The actual 

spiking can be done either by (i) direct addition or by (ii) indirect addition to the overlying 

water phase (OECD, 2017). The first method is the most commonly used one (Handy et al., 
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2012) and is considered as the most representative for infauna, burrowing, sub-surface and 

deposit feeding organisms are tested and when the sediments are dynamic and/or well 

mixed. However, the OECD (2017) mentions that higher sensitivity for MNs have been found 

in studies using the indirect spiking method though higher heterogeneity and hence higher 

variability in test results will usually be associated with the indirect spiking method. While 

methods exist for homogenization of sediments spiked with direct spiking (e.g. in OECD TG 

218) such methods need to be developed for indirect spiking according to OECD (2017). 

Both soils and sediment are very complex matrices with regards to characterization and 

quantification of MN and further method development is needed (Kühnel & Nickel, 2014; 

OECD 2014; OECD, 2017). In many cases the reportable information may only be in terms 

of total metal concentrations (e.g. mg/kg DWT soil or sediment), though analyses of pore 

waters may provide additional insight in e.g. dissolution behaviour. For characterizing NPs in 

pore water SP-ICP-MS, FFF, EM coupled with EDX are applicable techniques, but these are 

all labour intensive, time consuming and costly. Current methods pose a variety of limitations 

for NMs, e.g. high detection limits, measurement artefacts, time-consuming procedures or 

limited suitability for all types of NMs (von der Kammer et al., 2012). In conclusion, the 

analytical methods are not adequate for environmental samples and no recommendation 

regarding their inclusion in TGs can be made at this point. Promising methods identified 

during the Berlin meeting (Kühnel & Nickel, 2014) included field-flow fractionation (FFF) and 

single particle inductively coupled plasma mass spectrometry (sp-ICP-MS). The NM 

detection by electron microscopy was also discussed at the Berlin meeting (Kühnel & Nickel, 

2014). Using scanning electron microscopy coupled with energy dispersive X-ray 

spectroscopy (EDX), the quantification of particles is possible but very laborious and costly. 

Further, electron microscopy is prone to artefacts due to extensive sample preparation. The 

agglomeration state of NM can't be assessed by this method. There is a need for 

development and improvement of techniques, to be able to link NM fate and behaviour in soil 

and sediments to observed effects in organisms. 

Based on findings of the MARINA project, Hund-Rinke et al. (2016) give some specific 

recommendations for modifications of the OECD test guidelines for reproduction of the 

sediment-living worm Lumbriculus variegatus (TG 225), the activity of soil microflora (TG 

216, TG 217), and reproduction of the invertebrates (Enchytraeus crypticus, Eisenia fetida,  

TG 220 and TG 222). For all test systems it is recommended that individual addition 

(‘spiking’) of MNs in test concentration replicates are performed to increase the homogeneity 

of exposures, though it is noted that this procedure may be difficult to perform for low 

concentrations (Hund-Rinke et al., 2016). For the nitrogen and carbon transformation tests in 

soil (TG 216 and TG 217) the suggested specific changes include testing at lower end of the 

pH range included in the current TGs (i.e. pH 5.5) for metal MN that undergo dissolution and 

extending the test durations to 56 days (Hund-Rinke et al., 2016). For the soil invertebrate 

reproduction tests (TG 220 and TG 222) carried out in artificial soils it is recommended that 

the carbon content is lowered from 10% to 2-5%, and for TG 225 to reduce the carbon 

content in sediments from 5% to 2%. For TG 220 (Enchytraeus reproduction test) it is 

furthermore recommended to prolong the duration to 42 days to account for effects of MN 

that undergo slow transformation in test system (Hund-Rinke et al., 2016). These specific 

changes may be directly implemented in the respective TGs or a guidance document 

analogous to the GD on aquatic toxicity testing should inform on the specifics of NM soil 

testing.  

To date, approximately 240 peer-reviewed original publications have addressed the uptake 

of MN by plants (Schwab et al., 2016). MNs may be taken up and accumulated in plant 

tissues causing adverse or beneficial effects on seed germination, seedling elongation, 

photosynthesis, antioxidative stress response, agronomic and yield characteristics (Du et al., 
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2017). However, given the lack of experimental standardization, and the contrasted 

responses between studies, even within similar plant species, it is difficult to conclude on the 

effects and the extent of MN  transfer in plants (Zuverza-Mena et al., 2017). MN effects on 

plants depend on the exposure conditions (hydroponics, soil, etc), the concentration and 

characteristics of the nanomaterials, and the plant species. While most of the reports focus 

on seed germination and hydroponic growth, it seems necessary to understand the 

interaction between MNs, soil, plant and microorganisms in soil and the rhizosphere. 

Standardized procedures should be developed using natural soil, taking into account soil 

properties (pH, organic matter, CEC, etc…) as well as soil microorganisms (Hamidat et al., 

2016).  

In the specific case of bioavailability the Rhizotest (RHIZOtest, ISO/DIS 16198) (Bravin et al., 

2010, Djae et al 2016) may be considered as a good candidate to develop a guideline for 

assessing nanomaterial transfer from soil to plants. Indeed, the RHIZOtest is a biological test 

in which plants are grown on soils in a controlled environment. It has been developed to 

assess the transfer of trace elements from soil to plant (phytoavailability). RHIZOtest is a 

perfect tool to screen a large number of conditions, and to explore the full potential for plant 

contaminant accumulation. The RHIZOtest enables to measure concomitantly and thus to 

relate the contaminant availability in the soil-like medium at the vicinity of roots and the 

uptake flux of contaminants in plants. The developed protocol may be adaptable to 

nanomaterials in terms of exposure control, NM quantification and location. However, further 

research is necessary. 

The MARINA project also pointed towards some fundamental knowledge gaps with regards 

to accounting for the exposure conditions, and hence the effects, in tests of MN in the 

presence of solid matrices (Peijnenburg et al., 2016). For the near-term future improvement 

of the fate assessment of MN in soils and sediments, and hence for quantification of actual 

exposures in toxicity tests, Peijnenburg et al. (2016) put forward four recommendations 

summarized in Table 5.5.2. In conclusion, Peijnenburg et al. (2016) recommend that, at 

present, it is important that as many relevant solid phase and pore water properties as 

possible are included when reporting experimental findings. This is because the significance 

of and link between various MN and soil/sediment properties for fate and effect assessment 

remain to be identified (Peijnenburg et al., 2016). While these recommendations indeed are 

scientifically sound and in this perspective may be realistic to be implemented in the near- or 

medium term, it remains to be evaluated whether they are realistic options to be included in 

guidance documents and/or testing guidelines in the near-term. 

Table 5.5.2  

Recommendations for closing near-term gaps in knowledge regarding fate and exposure of MNs in 
solid soils and sediments (modified from Peijnenburg et al., 2016) 

 

Recommendation 1 
In situ assessment of e.g. agglomeration rate and surface area of the MN, either by 
development of in situ methods to assess particle fate, or by development of suited extraction 
(or related) methods: i.e. methods that are able to detect in situ materials and (agglomerated) 
nanomaterials. Soil pore water, for instance, can be collected and eluted particles 
characterized as a better proxy for pore water speciation of ENPs, analogously to currently 
applied soil extractions and sorption/desorption experiments for conventional chemicals. 

Recommendation 2 
Better assessments of ENP speciation in solid media can aid to validate mechanistically 
accurate models to recalculate total ENP concentrations into bioavailable ones. 

Recommendation 3 
Definition of exposure scenarios to be used in hazard and exposure testing, such as 
establishing dominating speciation at the time of testing and realistic concentrations to be 
known in experimental testing. The latter aspect is also of relevance in avoiding non-realistic 
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high degrees of agglomeration and non-relevant exposure levels. Assessment of realistic 
concentrations may for example be based on exposure scenarios and production volumes. It is 
to be acknowledged in this respect that effect studies aimed at quantifying adverse effects and 
understanding mechanisms, may require data points generated at high exposure levels. 

Recommendation 4 
Development of analytical methods to measure ENPs in complex soil-dominated matrices at 
environmentally relevant concentrations. Single-particle ICP-MS has shown great promise in 
this direction and the future development of multi-element techniques is likely to lead to new 
methods able to differentiate ENPs from naturally occurring particles of similar composition. 
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5.5.12 Biokinetics and Mechanisms of MN Toxicity 

Despite the extensive research in nanoecotoxicology in the past decade, exact mechanisms 

of the toxic action of MNs are still not fully understood. Several authors have described 

possible mechanisms of toxicity derived from studies on specific species and testing 

approaches. It is however unclear how this information (mechanisms of toxicity) may help in 

the design of modified OECD TGs or the interpretation of results from existing OECD TGs. 

However, understanding what might influence toxic effects may from a scientific point of view 

be helpful in the refinement of these assays. 

In general four main principles of MN toxicity have been recognised by Lynch et al. (2014):  

I. Dissolution – observed effects caused by toxic ions 

II. MN surface effects that may lead to effects on the conformation of 

biomolecules 

III. MN structure effects for example photochemical and redox properties 

resulting from bandgap or crystalline form  

IV. Capacity of MNs to act as vectors for the transport of other toxic chemicals to 

sensitive targets - i.e. MN Trojan horse effects  

For metals that dissolve, there is much discussion regarding the apportioning of effects to the 

nanoparticulate fraction and released ions. Very few studies have investigated this issue in a 

rigorous manner and although it is clear that, at least in the short term, the equivalent 

dissolved ions tend to be of higher toxicity. Over the long term this question has not been 

fully investigated. Xiu et al (2012) and Newton et al (2013) working with different species 

(microbes and daphnids) indicated that observed effects could be attributed solely to the 

dissolved fraction, however other studies (e.g. Khan et al, 2015; Kalman et al., 2015) indicate 

a less clear picture. Croteau et al (2011) studying accumulation of different forms of silver in 

Lymnaea stagnalis exposed via water and MN, indicate that ingestion of Ag associated with 

particulate materials appeared to be the most important mode of uptake.  

Interestingly, studies where organic matter (or some kind of chelator, such as cysteine) have 

been included seem to result in lower toxicity, indicating that toxicity may be caused primarily 

by the dissolved fraction, although, as stated above, that is not always the case. 

For metal and metal oxide NPs, the ability to generate ROS such as superoxide, hydroxyl 

radicals, and hydrogen peroxide, and induce oxidative stress are considered the major 

mechanisms responsible for their cellular effects in aquatic organisms (Ivask et al., 2014; 

Juganson et al., 2015; von Moos and Slaveykova, 2014). Since the formation of extra- or 

intracellular ROS can trigger a cascade of cellular events (Fu et al., 2014; von Moos and 

Slaveykova, 2014) it can be hard to pinpoint the exact effect during each test setup, unless 

careful planning and measurements are performed in order to establishment causality, as 

well as the identification of MN properties governing these effects. In some cases dissolution 

can explain the ROS generation, however for PtNPs the effects were not attributed solely to 

dissolved Pt (Sørensen et al. 2016). Consequently, care has to be taken in order to address 

the issue systematically before conclusions on the mechanism of toxicity can be drawn. The 

conduction band energy level of metal oxide MNs has been found to correlate with toxicity for 

24 metal oxides MNs in human cells and bacteria (Zhang et al., 2012) (see Chapter 5.8). For 

MNs of TiO2, CuO and ZnO the correlations were found to be inaccurate (Zhang et al., 2012) 

which could be due to other effects dominating their toxicity such as dissolution for CuO and 

ZnO MNs and/or photoreactivity of TiO2. 

These examples can be used to target the design and streamlining of future testing 

strategies as highlighted in Lynch et al. (2014), Arts et al (2015), Hund-Rinke et al. (2015), 
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and others. The approaches described by these authors are somewhat different but they all 

include considerations on what may be the main factors driving toxicity. 

While the main factors driving toxicity may be described by the processes described above it 

is important also to focus on the nature of the substances being tested (i.e. particles versus 

dissolved chemicals) under the current TGs, as described earlier in this chapter. These 

different response types have been highlighted by Skjolding et al. (2016) and relate to the 

intrinsic and extrinsic properties of the MNs. The response types relate to the (a) physical 

attachment of MNs to test organisms, (b) dissolution of MNs in aqueous media and (c) 

discrete localization of MNs within the test organisms (Figure 5.5.3). At the same time, if the 

test setup does not distinguish or account for the responses listed above, through either 

characterization of the behaviour of MNs in the test or through alternate test setups as 

proposed earlier in this chapter, the effects will possibly be misinterpreted and difficult to 

compare in general. 

The current approaches for MN hazard assessment do not allow an assessment of the MOA 

to be made. This is in line with current regulatory approaches for the hazard assessment of 

conventional chemicals. Understanding the potential MOA of MNs in environmental 

organisms is currently a scientific endeavour, which in turn may help to target more closely 

the design of assays, although at this point in time it remains unclear exactly how.  

 

 
Figure 5.5.3. 
Three types of responses that might influence or dominate the aquatic toxicity of MNs and mask the 
nanoparticle effect in aquatic organisms. The responses are related to: Effects related to the dissolved 
fraction (top left), effects of internalization and translocation of MNs because of their small size (top 
right), physical effects of the nanoparticles (bottom right), and the nanoparticle effect with a proposed 
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mode of action related to the generation of reactive oxygen species (bottom left). (from Skjolding et al., 
2016) 

As outlined by Jackson et al. (2013) there are several studies showing that aquatic and 

terrestrial organisms ingest and excrete CNTs, but that actual accumulation is limited. 

However, while CNTs are residing in the organisms or on their outer surfaces entry into the 

food web is possible and biomagnification of CNTs cannot be ruled out (Jackson et al., 

2013). This is however at present technically challenging to quantify due to the analytical-

chemical limitations detecting carbon-based MNs in tissues. Petersen et al (2011) reviewed 

releases and effects of CNTs in the environment. An interesting aspect discussed is that 

although a variety of effects have been reported following exposure of organisms in aquatic 

and terrestrial systems to different types of CNTs, it is still unclear what the 

mechanisticpathways might have been. It is unclear if CNTs are absorbed into cells and 

tissues, and instead may cause physical stress (e.g. surface, gills) or block the gut and 

impair feeding (Petersen et al 2008, 2009). It is apparent however, that depuration of these 

CNTs from the gut might be slow, with a proportion staying associated with the gut microvilli 

(Petersen et al., 2008). 

Smith et al (2007) reported on the results from fish exposure to CNTs, with oxidative stress 

measured in various tissues and vascular changes observed in the brain. It is suggested that 

these effects are the result of the disruption of gill function by accumulation of CNTs, leading 

to physiological changes in fish to compensate for decreased gill function. Decreased gill 

function leading to sub-lethal oxygen deprivation is consistent with subtle changes in 

oxidative stress indicators in tissues and dilation of blood vessels in the brain of the fish.  

Petersen et al (2011) suggest that results of CNT exposure in organisms indicate that there 

can be toxicological effects but that these effects probably occur at the surfaces of epithelia. 

However, another source of toxicity of CNTs is often their association with toxic impurities 

(Hull et al). In any case, mechanisms of toxicity of CNTs need to be further investigated in 

order to ascertain if they should be considered in a different category when assessing the 

effects of MNs.  

 

5.5.13 Extrapolation of Laboratory Results for Toxicity Estimation, Ranking and 

Dose-response Assessments 

In vitro testing provides interesting insights into mode of action of MNs. Progress in this area 

is promising (e.g. Geppert et al., 2016). However, there is a paucity of data offering a 

comparison between in vivo and in vitro systems (e.g. Connolly et al., 2015), and thus little 

validation of such tests for environmental risk assessment purposes. There is still further 

need for comparisons between in vitro and in vivo systems to evaluate the validity and the 

possible role of in vitro environmental assays in regulatory testing (Hjorth et al., 2017). 

George et al (2012) compared the toxicity of AgNPs to fish gill epithelial cell line RT-W1 with 

zebrafish embryos and suggest that the fish gill cell line is also valuable for performing 

comparative analysis with mammalian cells, including demonstrating species-specific 

differences in the sensitivity to MNs. The data has, however, to be interpreted very carefully 

because the fish gill cells and mammalian cells are not cultured at the same conditions, i.e. 

room temperature vs. 37°C, which might have a significant influence on the NM property in 

the cell culture medium.  

Replacing whole animal models requires a thorough understanding of adverse outcome 

pathways (AOPs) to facilitate accurate in vitro to in vivo extrapolation based on a mechanistic 

understanding (Gerloff et al., 2016). However, as argued by Hjorth et al. (2017), in vitro 

testing is not likely to replace in vivo models for risk assessment purposes. Instead, the focus 
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of in vitro testing should be to complement higher-tier testing, for instance by providing 

mechanistic information as well as verifying and screening novel endpoints. 

Holden et al. (2016) and Bour et al. (2015b) provide an overview of the current status on the 

use of mesocosms approach in the assessment of the effects of MNs. Most of the studies 

assess fate and bioaccumulation but few assess trophic transfers, mechanisms of toxicity 

and mode of action. The approaches are varied and range from relatively simple laboratory 

studies to field experiments. It is clear that the issues associated with the use of mesocosms 

are the same as applied to conventional chemicals (mainly that they have increased 

ecological complexity and ecosystem relevance and reduced system control). Given the 

importance of MN transformations and fate in the determination of effects, consideration of 

developing mesocosm assays should not be discarded. However, this development should 

be followed with careful characterisation and following the fate of MNs throughout the test. 

This in itself is not a trivial matter especially in the complex environmental matrices 

introduced in mesocosm studies. With regards to the regulatory adequacy of these 

approaches, the publications of Tella et al. (2014, 2015) demonstrate that mesocosm assays 

with MNs should be further developed for regulatory purposes. In the current risk 

assessment paradigm mesocosm studies do play a role in defining the PNEC value, but 

mesocosm studies will typically only be conducted for higher tier risk assessment, e.g. for 

high production volume substance or substance of very high concern, due to the very costly 

nature of these testing setups. Therefore, it is likely that mesocosm tests will play a very 

limited role in the regulatory risk assessment of MNs. 

However, whereas currently micro- and mesocosms experiments remain substantially 

unexplored for MNs (Bour et al., 2015b, 2015a; Minetto et al., 2016), there is no doubt that 

their use would be beneficial to nanoecotoxicology since a better understanding of 

ecotoxicity, in general, is obtained by using laboratory studies in conjunction with field-based 

studies (Chapman, 1995). Establishing dose-response relationships for MNs is difficult, e.g. 

due to their concentration dependent and dynamic behaviour (Baalousha et al., 2016), 

making it hard to extrapolate NOEC levels and correspondingly estimate accurate PNEC 

values. Higher-level ecosystem tests offer a platform to limit extrapolation by testing MNs in 

systems more closely related to what we are trying to protect as well as offering a more 

realistic exposure regime (Hjorth 2016). 

The debate regarding which dose metrics to use in the effect assessment of MNs in 

environmental systems continues, in parallel with studies in human toxicology (in vitro and in 

vivo). The debate is the same and the issues are not dissimilar. The real issue is the 

technical ability to determine dose metrics at exposure conditions. van Hoecke et al (2008, 

2009) suggested that the surface area of the MN they were testing was better correlated with 

growth inhibition of algal cells than was the mass concentration. However, they did not 

measure surface area during the assay, so these calculations are just a result of 

mathematical calculations which were not experimentally validated. Similar assertions are 

often made in other studies trying to relate MN characteristics to effects observed. It is 

therefore difficult to ascertain which dose metrics may correlate better with effects observed. 

Recent work on dose metrics applied to environmental studies include Hull et al (2012), 

Delmaar et al (2015), Hua et al (2016) but these proposals need to be further appraised and 

developed, in parallel with developments in technical assays to measure such metrics during 

assay development. 

A number of authors have indicated the need for the development of HTS or HCS for the 

assessment of MN safety (Hjorth 2016). These include Damoiseaux et al (2011), Nel et al 

(2012, 2013), and others. More recently Jung et al (2015) proposed a model based on the 

nematode C. elegans. This approach includes an ability to study the effects of MNs on the 
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whole organism using several endpoints. These include food consumption (as a surrogate of 

fitness), body length, locomotion speed, and lifespan. HTS/HTC approaches are still in the 

early stages of development in ecotoxicology but they show promising results as screening 

tools for a large number of MNs and concentrations over a limited time span.  

5.5.14 Methodological and Knowledge Gaps – Recommendations 

In general linking biological responses observed to MNs in currently available TGs for 

aquatic toxicity, to particle properties and exposure/dose is complicated by difficulties of 

keeping stable exposure conditions during testing. In carrying out the tests, a number of 

technical challenges arise from the inherent differences between MNs and conventional 

dissolved chemicals for which the tests were originally developed. The behaviour of MNs 

under testing conditions is very difficult to control and the reliability of test outcomes depends 

on extensive characterization of MNs, the procedure of the preparation of test dispersions, 

and the description of the observed biological responses in the test systems.  

It is important to underline that today there is not a full scientific understanding of the 

importance of either each parameter or interactions between them for the toxicity endpoints 

in current guideline tests. Thus, the current recommendation is that as much data on the 

characterization of MN as possible should be reported in order to be able to look back and 

re-evaluate results at a later stage. This represents a move from the traditional focus on 

controlling exposure in TGs applied to dissolved chemicals toward a focus on describing 

exposure through a range of different techniques. This is identified as the way forward to 

obtaining data that on the one hand is adequate for regulatory purposes and on the other 

hand may disclose nanoparticle effects.  

The draft OECD guidance document on aquatic and sediment toxicological testing of 

nanomaterials (OECD 2017) represents a major step forward with regards to relevant 

guidance for aquatic toxicity testing of MN. Throughout this chapter we have highlighted 

additional points of improvements for the OECD guidance document. We also discussed the 

current knowledge on terrestrial and sediment test systems. Our major recommendations are 

summarized below: 

 While multiple methods for characterization are proposed in the draft guidance 

document (OECD, 2017) and some guidance for use is provided, the pros and 

cons of these methods have not been clearly described. The method selection 

has to rely on the expert judgement and literature reviews carried out by the 

reader. 

 Dissolution has continuously been mentioned as one of the key parameters to 

consider but it is important to note that the dissolution kinetics ideally should be 

measured in the presence of the test organisms, in order to account for the effect 

of exudates or similar artefacts which would not be accounted for by doing a 

parallel dissolution test as also presented in Chapter 5.3. 

 For tests in soils and sediments there is a need to develop analytical methods for 

measurement of MNs at environmentally relevant concentrations. Single-particle 

ICP-MS has shown a certain potential in this direction and further development of 

multi-element techniques may improve our ability to differentiate MN from 

naturally occurring nano-sized particles of similar chemical composition 

(Peijnenburg et al., 2016). 

 For soil and sediment tests the issue of spiking method has been a topic of 

discussion for some years now.  It seems reasonable to follow the 

recommendation of the draft OECD GD (OECD, 2017) i.e. to disperse the MN in a 
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liquid media prior to spiking into the sediment to obtain a homogeneous exposure 

over time and higher reproducibility of results.  

 Recommendations on methods for determining MN dissolution in testing media 

should be aligned with the methods recommended in the draft OECD TG 

dissolution rate in aqueous media (OECD, 2014). 

 Test setups with modified media should be considered to comply with the current 

requirement of maintaining 80% of the initial test concentration in suspension. 

Furthermore, clarification to the 80% requirement should be stated, i.e. whether 

the requirement is with regards to initial size, agglomeration/aggregation and/or 

ongoing dissolution. 

 It is evident from the reviewed literature that the addition of organic matter may 

mask toxicity and it is generally discouraged (OECD, 2017). However, on a case-

by-case basis the possibility of using NOM to stabilize MNs during testing may be 

considered, but if this is chosen a range of appropriate controls must be included 

to document the influence of OM on the MN toxicity.  

 The influence of the addition of food has to be clearly specified since literature 

reviewed has shown different toxicity and uptake dependent on food levels 

applied. 

 As suggested in the OECD guidance document for MN testing (OECD, 2016a), 

potential phototoxicity should be investigated when suspected for the MN in 

question. This at least, could entail metal oxides. In general, the different 

approaches and test setups in the available studies hamper the comparability, i.e. 

different sources of light compared, and different light conditions applied either 

before or during incubation. However, currently there is no clear guidance of the 

best standardization approach or assay to apply. 

 More information on other endpoints (e.g., genotoxicity , neurotoxicity, 

immunotoxicity, indication of oxidative stress, haematology) than those 

traditionally used in guideline tests (e.g., immobility, lethality, growth rate 

inhibition) should be collected (Hund-Rinke et al., 2015), since the literature 

reviewed proposes that current endpoints may not be suited for identifying all 

nanoparticle effects. 

 

In general, guidance on separating different types of effects caused by either physical 

interactions or by dissolved ions is necessary to elucidate the toxic mechanisms, but also in 

addressing concentration dependent effects which do not correspond to the dose-response 

paradigm. Physical effects must be accounted for, by e.g. including shading controls in algal 

tests as addressed in the OECD guidance for aquatic testing of MNs (OECD, 2016a).  

In general, the literature reviewed shows that the lack of characterization under actual testing 

conditions makes it very difficult, if not impossible, to make meaningful comparisons between 

studies – even if they are carried out in accordance with OECD TGs – and this questions the 

regulatory reliability of the data currently available (Lützhøft et al., 2015). 

A number of transformation processes during testing may furthermore influence the effective 

concentrations experienced by the test organisms. These transformations have furthermore 

been found to be both concentration and time dependent. These processes do also take 

place in the natural environment, but may hamper the interpretation of test results and hence 

data reliability.  
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Chapter 5.6 

5.6 Human health effects and biokinetics in vivo 

Günter Oberdörster
21

  

with contribution from Thomas Kuhlbusch
22

 [Section 5.6.2.1 and 5.6.4.1] 

5.6.1 Introduction 

Among the three common exposure routes for manufactured nanomaterials (MNs), inhalation 

is most important, followed by oral and dermal exposure. Exposure of the respiratory tract as 

point-of-entry includes also exposure via the gastro-intestinal (GI) tract with MNs that are 

cleared by mucociliary clearance towards the oro-pharynx to be swallowed into the GI-tract. 

Whereas inhalation of MNs is the only physiological mode of exposure, bolus-type 

intratracheal inhalation or oro-pharyngeal as less expensive and easy to execute dosing 

methods are used as alternatives to evaluate effects of MNs in the respiratory tract. 

However, it has been shown that a dose administered to the respiratory tract as bolus within 

less than one second will induce much greater lung inflammation compared to the same 

dose administered over several hours or days. This is due to the huge difference in the dose 

rate which has to be considered (Baisch et al., 2014). Nonetheless, bolus-type delivery is still 

useful for hazard identification and ranking as shown by Warheit et al. (2005), but the results 

cannot be used for risk characterization (Driscoll et al., 2000). 

 

 

Figure 5.6.1:  
Risk assessment and risk management paradigm for manufactured nanoparticles (MNs) (modified 
from Oberdörster et al., 2005). Both Hazard Characterization and Risk Characterization are two key 
components of risk assessment, the former providing information for grouping or ranking, the latter 
quantifying the degree of a risk, e.g., establishing exposure limits. Whereas bolus-type dosing studies, 
appropriately performed (multi-dose), are useful for ranking/grouping purposes, results of inhalation 
studies are required for a full assessment (both hazard and risk characterization). 
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The National Academy of Sciences suggested four steps in the risk assessment paradigm 

(NAS, 1983): Hazard Identification; Hazard Characterization; Exposure Assessment; and 

Risk Characterization. Figure 5.6.1 shows the inter-relationships between these steps 

specifically adapted for manufactured nanoparticles (NPs), and with the added step of Risk 

Management. 

Other important determinants for regulatory decision-making include knowledge about the 

correlation between physico-chemical MN properties and biological/toxicological properties, 

including also results of functional assays determined using in vivo as well as cellular and 

non-cellular in vitro studies such as dissolution and inherent ROS-inducing capacity of MNs 

(see Chapter 5.1). Such data are valuable for an initial categorization of MNs to inform 

regulators or manufacturers about a potential hazard so as to guide decisions regarding 

either additional testing requirements or no further action.  The difficulties associated with 

establishing a perfect grouping were summarized by participants of a multi-disciplinary 

workshop on nanomaterial risk potential and regulatory decisions. “Although no single 

categorization strategy is likely to work for all classes of engineered nanomaterials (ENMs) in 

all regulatory situations, it may be possible to develop a general framework that can be 

adapted and customized for specific ENM compositions and specific regulatory contexts” 

(Godwin et al., 2015). Of great consequence for the design of any study assessing the 

toxicity of inhaled MNs, in vitro or in vivo, is the selection of relevant doses. For example, it is 

not appropriate and scientifically not justifiable to perform an acute short-term study, in vivo 

or in vitro, a single dose that is equivalent to the predicted total dose, accumulated over 45 

years of inhalation exposure at a workplace (Gangwal et al., 2011). This is highly misleading 

and results cannot be considered as relevant (Oberdörster, 2012). High, irrelevant 

experimental doses not only “make the poison”, but also determine the mechanism, as 

pointed out by Slikker et al. (2004). Validation and scientific acceptance of toxicological 

results is essential for regulatory acceptance. 

An understanding of dosimetry and extrapolation modelling is essential for translating results 

of inhalation tests with MNs to be applied for regulatory purposes. Figure 5.6.2 shows the 

individual components of Exposure-Dose-Response relationships to emphasize the 

importance of expressing and analysing data in the form of Dose-Response relationships.   

 

Figure 5.6.2:  

                                                           
 The term “in vitro“ is used in this article in its literal sense to include both cellular and non-cellular (cell-free; 
acellular; abiotic) assays (see also Fig. 5.6.1, Hazard Characterization). 
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Factors Involved in Respiratory Tract Dosimetry 

Most often, results are reported as Exposure-Response correlations. This does not consider 

the all-important Dose, making it difficult to use the results as input for extrapolation 

modelling where the deposited and long-term retained doses are needed. 

5.6.2 Inhalation Protocols for Risk and Hazard Characterization 

The OECD recommends recording toxicity and ecotoxicity relative to at least three metrics, 

mass, particle number and surface area (OECD, 2012). However, for mammalian toxicity, 

solubility (dissolution rates) and specific surface reactivity, should also be assessed as 

functional endpoints. Necessary information before conducting a test, e.g., 90-day inhalation 

study, include MMAD, GSD, mass concentration, agglomeration/aggregation state, shape, 

chemistry, density, and several others as shown in Table 5.6.1 (Oberdörster et al., 2015). 

Table 5.6.1:  
Recommendation for exposure characterisation of sampled and airborne CNT/CNF (modified from 
Oberdörster et al., 2005) 

 

 

The authors discuss objectives for acute/subacute vs. subchronic vs. chronic inhalation 

studies, concluding that acute inhalation studies will give important information for the design 

of subsequent subchronic 90-day studies. However, chronic effect protocols are often more 

of a priority for toxicological effects relative to acute protocols because - if appropriately 

designed - a full risk assessment including risk characterization for regulatory actions can be 

performed. Acute studies, though, should be designed with the same attention to detail. 

Moreover, subchronic data are currently thought to reflect better the potential responses in 
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workers producing or handling MNs who are exposed to low concentrations of aerosolized 

nanomaterials over long periods of time.  

The question as to whether data from different animal models allow reliable interspecies 

extrapolations needs to recognize that differences between animal species and subsequent 

extrapolation to humans will not be straightforward. For example, it is well-known that the 

overload-induced lung tumours in rats resulting from chronic inhalation exposure of poorly 

soluble particles of low toxicity (PSLT particles) are not even extrapolatable to mice or 

hamsters, which makes it very questionable as to whether overload-induced lung tumours in 

rats caused by inhaled PSLT particles can be extrapolated to humans. Thus, the concept 

aiming for an exposure concentration and associated retained lung burden that does not 

induce inflammation or fibrosis makes much more sense, since these are preconditions for 

overload induced tumours in rats. 

Currently, lacking chronic 2-year inhalation studies, a generally accepted alternative 

approach for assessing the inhalation toxicity of MNs for regulatory use are results from a 

subchronic inhalation study. Examples of 90-day inhalation studies include: three multi-

walled carbon nanotubes, one with carbon nanofibers, three carbon black studies, two TiO2 

studies and a nanosilver study (Kasai et al., 2015; Pauluhn, 2010; Ma-Hock et al., 2009; 

DeLorme et al., 2012; Bermudez et al., 2004; Creutzenberg, 2013; Sung et al., 2009). The 

draft of the new revised OECD TGs 413 and 412 provides information for all endpoints that 

are required for regulatory use of subchronic and subacute inhalation study findings for 

chemicals, including nanomaterials. These endpoints include mandatory measurement of the 

retained lung burden in order to establish Exposure – Dose - Response relationships. These 

mandatory lung burden measurements apply when there is indication of pulmonary retention 

of the inhaled material and with the provision that there is an appropriate analytical method 

available. This and also the inclusion of mandatory lung lavage are important additions for 

extrapolation modelling with respect to risk characterization by establishing NOAELs or 

LOAELs rather than only NOAECs or LOAECs. 

Knowing the retained lung burden, the following can be determined: MN lung clearance and 

retention kinetics, critical dosimetric comparisons to well established benchmark materials 

(allowing comparative Dose - Response relationships to be analysed), and the dosimetric 

integration of in vivo and in vitro responses. The availability of lung burden data from 

subchronic inhalation tests is of critical importance for a comparison to in vitro and shorter-

term inhalation/bolus administration studies. 

Not all of the subchronic studies cited above included the most recent suggested/adopted 

additions of OECD TG 413 such as retained lung burden measurement and lung lavage 

analysis, which would be necessary for an appropriate determination of an NOAEL or 

LOAEL. The draft 412/413 OECD test guidelines for inhalation also address the need for 

preparing rodent-respirable aerosols in addition to measuring retained doses when designing 

and executing subchronic inhalation studies. 

With regard to the need to have more explicit inhalation guidance for different nanomaterials 

(regarding sample preparation, dosing and dosimetry as suggested by Oberdörster et al., 

2015), no further guidance for sample preparation for inhalation studies is needed at this 

time: the focus for other MNs is that they also be prepared and administered as rodent-

respirable aerosols, and that all related data on the size of the administered material must be 

reported.  

                                                           
 NOAEL (LOAEL) = No (Lowest) Observed Adverse Effect Level;  
  NOAEC (LOAEC) = No (Lowest) Observed Adverse Effect Concentration        
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For other modes of exposure, such as non-physiological bolus-type delivery, in in vivo and 

generally in vitro studies, dispersants are often used. This raises the problem of 

altering/changing the surface characteristics of the pristine MNs and affecting their 

interaction with cells. Hence the relevancy of the results for regulatory risk assessment 

purposes must be questioned.  

Longer-term protocols for assessing chronic and carcinogenic effects of nanomaterials have 

not yet been addressed by the OECD, although there are OECD test guidelines for 

conventional chemicals that may apply to assessment of chronic MN effects. The question 

about the need for having nanomaterial-specific test guidelines for chronic exposures can for 

now be answered that the same nanomaterial specific requirements detailed in the 

subchronic guideline can readily be included in longer-term test guidelines for inhalation 

testing.   

However, there may be a need to establish nanomaterial-specific guidelines once there is a 

better consensus and realization of the need for creating guidelines directed at 

grouping/categorization of nanomaterials. These could include the testing for 

solubility/dissolution as well as for assays determining the specific inherent ROS-inducing 

capacity of MNs (see section 5.6.4). 

The possibility of deriving a NOAEL or LOAEL from shorter 5-day inhalation studies (STIS) in 

lieu of longer-term studies has been considered by Landsiedel et al. (2014) for purposes of 

hazard characterization. Replacing longer-term studies by STIS, though, requires validation 

of their reliability for obtaining sufficient information regarding chronic toxicity in the primary 

organ of entry as well as in secondary remote organs. Keller et al. (2014), when comparing 

5-day short-term inhalation of ceria NPs to subacute 4-week inhalation, found that there was 

a fast return of the initial inflammatory response after the end of the 5-day exposure whereas 

the inflammatory response after 4 weeks of exposure (at the same lung burden) showed a 

much longer and persistent inflammatory state. Thus, although 5-day inhalation is not 

predictive for longer-term effects, it still provides information for hazard ranking and grouping. 

Keller et al. (2014) also found that the metric “surface area” correlated best with the results 

rather than mass or volume of the NPs. 

A 5-day STIS study in rats with different carbon-based MNs (MWCNT; graphene, graphite 

nano-platelets, carbon black) at 3 concentrations with 3-week post-exposure observation 

time, was designed by Ma-Hock et al (2013) to assess comparative hazard ranking by using 

different dose metrics. Carbon black was the least biologically active material, yet attempts to 

rank the different carbon-based MNs by either retained volume, surface area or mass did not 

identify a preferred metric, possibly due to the difficulty of reliably determining the retained 

lung burden of the carbonaceous MN. 

Gosens et al. (2016) reported results of a multi-dose STIS (5-day) inhalation study in rats 

based on the CxT (exposure concentration x exposure time) concept: Using a single 

concentration of CuO NPs of 13.2 mg/m3, they exposed 4 groups for different time periods 

each day resulting in four exposure groups ranging from 0.6 - 13.2 mg/m3 for 5 days. They 

established both exposure-response and dose-response correlations for the highly soluble 

CuO NPs, confirming the potential of STIS for hazard identification and grouping.  

Landsiedel et al. (2014) when using short-term inhalation studies (STIS) with 3-week post-

exposure observation for 13 metal-oxide MNs concluded that STIS allowed ranking of the 

MNs regarding their potency by establishing a No Observed Adverse Exposure 

Concentration (NOAEC) as threshold for dividing MNs into active and passive materials. 

They further concluded that STIS results provide information on biokinetics and pulmonary 

and extra-pulmonary effects that is essential for designing subsequent longer-term studies. 



 

 
ProSafe Deliverable 5.08 

Page 180 of 367 

In a recent follow-up study, Wiemann et al. (2016) expanded on these STIS results by 

comparing results of an in vitro alveolar macrophage assay for predicting the short-term 

inhalation toxicity of MNs (see also Chapter 5.7). They used 18 inorganic MNs to expose a 

rat macrophage cell line at 4 concentrations under protein-free culture conditions with 16 

hours incubation time. This study includes several important highly desirable design features 

that should be considered prototypical for guidelines to be developed as standard for this 

kind of short-term assay:   

(i) separation of active from passive MNs by establishing an in vitro threshold based 

on the dosemetric particle surface area (specific surface area might be 

preferable);  

(ii) requirement that two of four toxicity endpoints show significant effects below the 

threshold for a nanomaterial to be categorized as active (endpoints are LDH;  

β-glucuronidase; TNFα; H2O2 release by macrophages); 

(iii) inclusion of a positive (crystalline silica) and negative (corundum) benchmark 

particle against which the MNs to be tested can be compared (more basic data for 

corundum have to be established, e.g., lung retention kinetics, to validate its use 

as negative benchmark); and 

(iv) comparison of results against those generated using the STIS protocol performed 

with the same materials. 

The outcome showed that this macrophage assay was highly predictive for the STIS results 

and also allows grouping the MNs by biological activity. Further validation is still necessary 

before this assay can be generally accepted as a predictive tool for regulatory grouping 

based on hazard ranking and thereby reduces animal usage. One shortcoming, though, is 

that this assay establishes Exposure-Response data rather than Dose-Response 

relationships, both for the in vitro and the STIS data. As an example, cellular uptake of the 

different MNs within the 16-hour incubation in vitro was not uniformly the same, which affects 

the comparability of cellular responses; incorporation of in vitro (e.g., DeLoid et al., 2017) 

dosimetry should eliminate this shortcoming. Similarly, expressing STIS results as dose-

response rather than exposure-response will improve the in vitro – in vivo comparison. 

The limitation of STIS and acute in vitro studies with respect to risk characterization and 

evaluation of long-term effects are overcome by performing subchronic and chronic 

inhalation studies. However, the use of animals and very high costs present both ethical and 

economic restrictions.   

In contrast to STIS, subacute (28 day) studies may be a preferable alternative for predicting 

long-term effects by extrapolation models. Many of the needs related to modification of this 

protocol for nanomaterials have already been addressed under the OECD Draft TG 412 for 

nanomaterials (as noted above; the draft TG also recommends an extended recovery period 

of 90 days). Further, the 28-day test may more accurately reflect longer-term effects due to 

improved data obtained on retained lung burdens, inflammatory responses, and biokinetics. 

Table 5.6.2 outlines objectives and designs of subacute to chronic inhalation studies. This 

table also includes a suggestion to limit the highest exposure concentrations in subchronic 

and shorter studies to avoid unrealistic exposure scenarios, which would not be useful for 

regulatory decisions. The proposed highest concentration for a subchronic inhalation study of 

50 mg/m3 in Table 5.6.2 is in stark contrast to the draft OECD Guidelines 412 and 413. The 

limit concentration of 5 g/m3 (100 times higher!) in these guidelines has questionable 

regulatory and no practical or scientific relevance, given what is known about nanomaterials. 
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An intratracheal instillation or oropharyngeal aspiration study cannot replace the need for 

subchronic or chronic inhalation testing as discussed in the introductory section. Dose rates 

are very different, in addition to the non-physiological mode of dosing the respiratory tract 

with a bolus all of which is of very questionable relevance for real-world conditions. Bolus-

type delivery represents extremely high dose rates, with the associated effects of altering 

mechanism.  Although useful for hazard ranking it is scientifically not acceptable to use the 

respective results for risk characterization (setting exposure limits). For example, to illustrate 

the difference in exposure, a recent editorial by Shatkin and Oberdörster (2016) clarified that 

a bolus-type intratracheal delivery of 3.3 µg nano-cellulose per mouse would be equivalent to 

a one minute inhalation of an exposure concentration of 1.73 g/m3, which is completely 

unrealistic and meaningless. 

Table 5.6.2:  
Acute to chronic inhalation exposures of rodents to CNT/CNF for toxicity testing (rat as preferred 
species, 4-6 hrs/day; 5 d/week; whole body), modified from Oberdörster et al., 2015. 

 

5.6.2.1 Generation of Aerosols 

Aerosol generation including the way of exposure of animals are of special importance for 

inhalation studies. A constant, reproducible method delivering the requested particle 

concentrations and size distributions is a prerequisite for long term studies. Basically, three 

different aerosol generation methods can be differentiated, dry, wet and in-situ generation. 

Examples for all three types of generation are given for nano-TiO2 aerosol generation: dry 

and wet generation (Noël et al. 2013), wet generation (Gomez et al. 2013) and in-situ (Jang 

and Kim 2001). Briefly described, dry aerosol generation can be done by brush or fluidized 

bed generation (Noël et al. 2013) or Vortex shaker using mechanical forces to bring powders 

into a moving gas phase to which the animals are exposed. Wet aerosol generation is done 

by producing suspensions of the nano-objects of interest, and subsequent nebulization by 

forcing the suspension through nozzles followed by aerosol drying. Nozzles can vary 

significantly in size, which, together with the nano-object concentration in the suspension, 
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determines the state of agglomeration of the aerosol. In situ production of nano-object 

aerosols is done by fresh generation of the nano-objects e.g. in flames or by spray pyrolysis. 

In this case, feed rates of the precursor as well as the cooling and dilution rate after nano-

object formation determine particle concentration and size distribution. 

 

Each of the above methods have their advantages and disadvantages. Dry aerosol 

generation does not alter the chemical surface composition while wet generation often leads 

to changes due to impurities in the suspension. On the other hand, aerosols with lower mean 

particle diameters are often achieved by using wet aerosol generation compared to dry 

generation since higher dispersion energy levels can be applied in the liquid phase. The 

purest way of producing aerosols for exposure studies is the in situ production, which on the 

other hand may contain some compounds stemming from the precursors of the nano-object 

production. It is obvious from this brief summary that for each nanomaterial the aerosol 

generation method has to be carefully chosen. While for TiO2 an appropriate way of aerosol 

generation is by flame pyrolysis, this is not an option for Carbon Nanotubes (CNT). 

Oberdörster et al. (2015) evaluate diverse examples of CNT aerosol generation. In this case, 

no in situ production method is available, and wet aerosol generation has the problem that no 

appropriate CNT suspension can be achieved. Instead, different dry aerosol generation 

methods are seen as the best suitable.  

Beside aerosol generation the delivery of the aerosol to the port of the inhalation system also 

has to be considered and carefully designed, as well as the aerosol well characterized: 

agglomeration processes and losses to walls, for example, can significantly alter the aerosol 

from the point of generation to the nose of the animals (Oberdörster et al. 2015). 

The different methods to generate aerosols outlined above could be expanded by adding 

more examples and details. However, it is beyond the scope of this document trying to list 

more specifics. Inhalation toxicologists have to be inventive to achieve aerosolization of new 

NMs by adapting/revising/combining existing generation methods. One general principle of 

aerosol generation to consider for toxicity testing in rodents is: If information on aerosol 

characteristics is available from human workplaces then the aim would be to reproduce them 

for the rodent study, keeping in mind that the aerosols need to be respirable for the rodent 

species. To evaluate this, the MPPD model (Miller et al., 2016, ARA, 2017 [www.ara.com]) 

can be used to determine which region in the human upper (naso-pharyngeal) or lower 

(trachea-bronchial, alveolar) respiratory tract are targeted at the workplace, and then the 

particle size distribution (PSD) can be adjusted accordingly for the rodent species. This PSD 

selection procedure should also take into account aerosol aggregation and agglomeration 

state. Without any information from human exposures, observing the principle of rodent 

respirability is essential, as spelled out in the revised OECD TG 412/413 guidelines. NMs 

may sometimes agglomerate to large MMADs, changing deposition efficiency throughout the 

respiratory tract.  

5.6.3 Integrating Subchronic Inhalation with Simpler Approaches to Facilitate 

Risk Characterization 

Due to ethical and cost reasons, it is not possible to design new subchronic inhalation 

studies for every nanomaterial. For such untested nanomaterials that are very similar 

(categorization) in terms of the physical and likely toxicological characteristics to a previously 

tested MN, it may be possible to leverage the results of subchronic inhalation study results 

that have already been completed with results from alternative toxicity test methods (STIS or 

in vitro) of the untested MN. This will provide relative ranking data on the similar 

nanomaterial to satisfy the needs of enabling regulatory human health risk assessments.  
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The question as to whether it is acceptable to replace a subchronic inhalation study with a 5- 

or 28-day inhalation study to characterize a risk still needs to be thoroughly discussed.  As 

discussed before, results of presently available 5-day inhalation studies (STIS) are not 

satisfactory for this purpose (Keller et al., 2014); for a subacute 28-day study with 

appropriate post-exposure observation it still needs to be validated as to whether it will be 

sufficient for predicting longer-term effects and associated risks. Suggestions of how to 

extrapolate results of a shorter-term or a subchronic inhalation study to predict chronic 

outcomes have been made, relying heavily on dosimetric extrapolation using available 

predictive particle deposition models for different animal species as well as humans (Figure 

5.6.3). 

 
 
Figure 5.6.3:  
Estimation of chronic NOAEL from subchronic rodent study using MPPD modelling of experimentally 
determined subchronic NOAEC and associated NOAEL (modified from Oberdörster 2002) 

As pointed out above, bridging acute studies with subchronic studies may be considered if a 

new MN is to be tested, and a reliable subchronic study of a related MN has already been 

done. This bridging concept could be integrated into a more complete risk assessment and 

grouping framework to address pulmonary effects of MNs. The bridging approach to arrive at 

a HEC value (without performing a new subchronic study on the new MN) could involve the 

following steps, based on the hypothesis that HECs of different MNs are ranked in the same 

order as their hazards: Determine the difference in hazard characterization derived from an 

appropriately designed short-term study (in vitro; instillation; 5-day STIS: slopes of the dose-

responses) between the untested MN and the MN with available subchronic results and 

apply the difference (x-fold lower or higher dose for same response) to the HEC derived for 

the MN in the subchronic study. However, this is very speculative at this point and requires 
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new studies and validation for this kind of extrapolated risk characterization. With respect to 

hazard characterization only, bridging in vitro or other short-term tests (instillation, STIS) with 

subchronic studies can be considered useful as a basis for grouping. Nevertheless, studies 

characterizing hazard and comparing results from different short-term tests should be done 

to confirm the same outcome in terms of ranking order from the different tests.  
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5.6.4 Functional MN Properties for Ranking 

5.6.4.1 ROS-inducing Capacity 

Poorly soluble particles react with their tissue/cell surroundings via the surface area. Whether 

and how they react depends on the environmental conditions and especially the reactivity or 

specific reactivity (per unit dosemetric) of the particle, an extrinsic particle property. The term 

reactivity describes the very general concept of the capability of particles to undergo 

chemical reactions, e.g., generating or cleaving chemical bonds or act as electron donor or 

acceptor. Methods of determining reactivity are the measurement of redox potentials, the 

ability to act as a catalyst, or the potential of a particle to produce reactive oxygen species 

(ROS). The latter reaction is considered especially important since ROS are also generated 

in cells during e.g. inflammation. Acellular measurement methods have been developed to 

determine the potential of particles to produce ROS.  

ROS refers to a number of reactive molecules and free radicals derived from molecular 

oxygen. Consequently, different measurement methods and assays are available for 

detection of the ROS formation potential. A recent overview on acellular and cellular 

detection methods has been published and a tiered assessment approach suggested 

(Riebeling et al 2016). The tiered approach suggests to use first acellular test methods 

(Figure 5.6.4), namely the ferric-reducing ability of serum (FRAS) assay and the electron spin 

resonance (ESR) spectroscopy with different spin traps (He et al., 2014). In a second step a 

cellular assay like DCF can be considered, accompanied by an assessment of protein 

carbonylation (see Chapter 5.1). 

 

 
Figure 5.6.4:  
Examples of Cell-free (acellular) Assays Determining ROS Activity. 

An explicit indication which acellular or combination of acellular assays should be used is 

given by Riebeling et al. (2016) and outlined in Chapter 5.1. Studies like those from Pal et al. 

(2014) and projects like nanOxiMet (www.nanOxiMet.eu) are needed to determine which 

combination of acellular assays best to use. Combinations currently considered are e.g. the 

ESR method with two different spin traps (DMPO and CPH) since they reflect two 

independent reactivity mechanisms. One of the outcomes envisaged for nanOxiMet is the 

recommendation of a set of test methods and further elaborations of a tiered approach to be 

used for the assessment of oxidative stress. 

Cell-free assays to determine NM-bound ROS activity have been used as a screening tool to 

categorize NPs in cellular or cell-free assays for hazard ranking (Figure 5.6.5). Results of 

these assays are expressed as H2O2 equivalent of the released ROS. ROS-inducing capacity 

http://www.nanoximet.eu/
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(H2O2 equivalents) can be expressed by different metrics, based on mass, surface area or 

number of NPs.  

 

 

Figure 

Figure 5.6.5 a/b:  
Cell-free assays with carbon based NPs:  H2O2 generation based on a) particle mass correlation, and 
b) particle surface area correlation (from Oberdörster et al., 2017) 

Figures 5.6.5 a and b show results for different types of carbon NPs using the DCFH-DA 

assay. ROS activity, expressed as H2O2 equivalents, are normalized by particle mass or 

particle surface area, revealing that surface area is a better fitting metric, allowing grouping 

into different activity categories. There is also a good correlation between the cell-free ROS 

activity (DCFH-DA assay) and acute pulmonary inflammation, and ROS activity ranking 

induced by intratracheal instillation of NPs in rats (Figure 5.6.6) when results of both the in 

vitro and in vivo effects are normalized per unit surface area (Rushton et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
Figure 5.6.6:  
Correlation of in vivo pulmonary inflammation and cell-free in vitro ROS activity expressed per unit 
particle surface (from Rushton et al., 2010). 
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This normalization per cm2 surface (specific surface reactivity) is essential for purposes of 

ranking unknown NMs against well-established benchmark materials. As indicated before, it 

is advisable to use two or three different assays available for measuring ROS activity (see 

Figure 5.6.4 above) because each performs slightly differently with respect to the species of 

oxygen radicals generated by specific NMs. For example, the DCFH-DA assay seems to be 

very sensitive towards detecting nanoparticle size-dependent surface area defects (Jiang et 

al., 2008) (Figure 5.6.7). Thus, the default assumption that the specific ROS surface 

reactivity for a specific NM is independent across the nano-size range (1-100 nm) needs to 

be critically assessed. Still, measuring specific surface reactivity – abiotically, or in vitro with 

cells – seems to be a promising tool for predicting in vivo reactivity, but further validation 

though using additional NMs is necessary. For MNs that are soluble at different dissolution 

rates in vivo, - discussed in next section - surface area normalization may be difficult 

because of changing surface area with decreasing particle size. 

 

Figure 5.6.7:  
ROS/cm

2
 response of anatase TiO2 in cell free assay as function of particle size showing that the 

surface reactivity can be size-dependent (from Oberdörster 2009a, Jiang et al., 2008) 

5.6.4.2 Biodissolution and Biodurability 

Physiochemical and functional properties that affect the toxicity of MNs are shown in Figure 

5.6.8. Among these, dissolution is of specific interest since it represents an extrinsic property 

affecting MN biopersistence and biokinetics (Figure 5.6.9),. This includes the overall 

retention, because the pulmonary retention half-time (T½) of MNs is not only determined by 

alveolar macrophage-mediated clearance and translocation processes, but for biosoluble 

MNs is strongly influenced by intracellular and extracellular dissolution of retained particles in 

the lung (see text of this section).  

Knowing the in vivo (bio)dissolution rate will allow prediction of the overall clearance rate and 

associated overall T½ of particles of different solubilities, provided the dissolved fraction 

(ions) are cleared from the lung within a short period of time (see Chapter 5.1). In vitro cell- 

free assays to determine particle dissolution or solubility involve static (solubility) and 

dynamic (dissolution rate) systems using artificial fluids simulating extracellular conditions 

(pH 7.4) or intracellular (phagolysosomal, pH 4.5) conditions. Common to all static systems - 

also referred to as bio-elution (Henderson et al., 2014) - is establishing the equilibrium 

solubility. Thus, the static system reflects conditions that are present in in vitro cell cultures 
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exposed to MNs (µg/L at equilibrium). The dynamic system establishes a dissolution rate, 

resembling in vivo conditions (ng/cm2/day dissolved) which is more relevant and applicable to 

in vivo dissolution behaviour. Phagolysosomal fluids (pH 4.5) generally lead to faster 

dissolution, which will shorten the overall lung clearance rate of MN and their respective 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.8:  
Physicochemical and functional NP properties of relevance for toxicology 

 

 

Figure 5.6.9: 
Determinants of pulmonary biopersistence of inhaled particles 

retention half-times considerably, because generally the total pulmonary clearance rate is the 

sum of the rates of mechanical and dissolution clearance (Fig. 5.6.9). 

However, the actual in vivo retention characteristics of dissolved metal MNs (metal ions) will 

depend also on the subsequent fate of the metal ions. Will they bind to specific proteins, e.g., 
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metallothionein or cysteine (Cd, Zn), SOD (copper, Zn) or undergo chemical interactions at 

subcellular compartments with P or S, including formation of new, possibly persistent 

compounds? Such “bioprocessing” can be detected by ultra-high resolution TEM and STEM 

and EELS analysis, as was recently reported at this year’s (2016) SOT Annual Meeting in 

New Orleans for inhaled SiO2 nanoparticles (Graham et al., 2016). Thus, even if the dynamic 

dissolution assay may predict accurately the in vivo dissolution rate (bdiss) in the lung – which 

needs to be verified – it cannot be assumed that the overall lung clearance (btot) can be 

estimated from the results of such assays because the statement of overall clearance rate in 

Figure 5.6.9 is strictly applicable only for soluble particles whose ions are rapidly cleared 

from the lung. Without knowledge of the fate of their ions, btot estimates for soluble metal 

particles derived from in vitro bdiss require confirmation by in vivo studies.   

In this context, a recent in vitro study with a human T-lymphocyte cell-line demonstrated 

complete and rapid transformation of ZnO and CuO NPs due to biodissolution into cysteine 

complexes, almost identical to the results seen when the cells were exposed to the soluble 

ZnSO4 and CuSO4 salts (Ivask et al., 2017). Thus, in the case of rapid transformation the 

question raises as to whether effects induced by ZnO and CuO NPs should still be 

considered NP specific – probably not – and importantly, is there a threshold in terms of the 

in vivo dissolution rate above which a MN should no longer be considered a nano-object 

toxicologically? 

Wohlleben et al. (2013) tested a 28-day static abiotic solubility assay using a 

phagolysosomal fluid simulant, water and HCl, in addition to several other assays, when 

comparing different physico-chemcial properties of 15 MNs with respect to identifying assays 

for grouping. Although the authors noted some correlation between known in vivo 

inflammatory potency and reactivity and ion release, they pointed out the need for more 

detailed investigations of such correlations. Of interest is their observation of morphological 

changes of all MNs by Ostwald ripening and their recrystallization in acidic fluids. This finding 

raises immediate questions about the dependence of the recrystallization phenomenon seen 

in the abiotic solubility assay on the MN concentration used, and also as to whether such 

Ostwald ripening may also occur under realistic in vivo conditions? Refinements and 

standardization of abiotic solubility/dissolution assays, e.g., the choice of MN concentration, 

need to be explored in order to obtain and validate in vitro results that are predictive for in 

vivo MN dissolution and associated bioprocessing. 

The relevance and appropriateness of the composition of simulated lung fluids has to be 

considered as well. Stefaniak et al. (2005) reviewed the impact of variations in 

phagolysosomal fluid simulant composition that can influence dissolution rates. They 

emphasized the importance of a fluid simulant to mimic the chemical properties of the fluid in 

the biological environment in which they are present. Guldberg et al. (1998) suggested a 

serum ultrafiltrate as acidic fluid simulant that has been accepted as a standard in the 

European Certification Board for Mineral Wool Products (EURIMA) test guidelines (Sebastian 

et al., 2002). 

It is not known as to whether the lack in simulant fluids of specific proteins and other 

components, existing in vivo, cause significant differences between in vitro and in vivo 

results. There are no data to compare dissolution of the same metal compounds when using 

differing fluid compositions. Studies comparing the importance of the individual constituents 

of fluid simulants need to be designed. Even with that knowledge though, it remains to be 

determined as to whether and how specific metal ions interact with respiratory tract tissues. 

More studies/data are needed to accept static or dynamic acellular in vitro 

solubility/dissolution assays as standards. An existing OECD draft report on biodurability of 

MNs is still in a very preliminary stage (OECD, 2016a). Lacking is a critical discussion about 
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the uncertainties associated with the assumption that dissolution rates determined in cell-free 

assays are equivalent to in vivo dissolution rates. The finding of a wide range of dissolution 

rates among the different MNs needs to be emphasized, rather than simply assuming there 

are only two classes - soluble and poorly soluble particles. In addition, the intra- and extra-

cellular dissolution of MNs in vivo needs to be considered. Cellular and cell-free in vitro 

assays for predicting intra- and extra-cellular in vivo dissolution of MNs need to be developed 

and validated for standardization. 

As mentioned above, advanced high resolution TEM/STEM studies can shed light on the 

subcellular fate, chemical transformations and subcellular localization (nucleus; 

mitochondria) of metals and ions and thereby assist in our efforts to characterize and model 

the biokinetics of inhaled metal MNs, which contributes to the understanding of mechanisms. 

Cell-free dynamic dissolution assays are promising tools for predicting in vivo dissolution 

rates but require validation and standardization. Ranking results against well-characterized 

positive and negative Benchmark materials should be considered and be made a rule. 

Validation via comparison with in vivo dissolution rates and information about the interaction 

of metal particles and their released ions with lung tissue components (bioprocessing) is 

desirable. 

At this year’s Nanotoxicology Conference in Boston a case study with inhaled SiO2 

nanoparticles was presented for obtaining in vivo dissolution rates of inhaled particles of 

unknown in vivo solubility with the goal to use the result as input into a dosimetric 

extrapolation model for deriving a Human Equivalent Concentration (Figure 5.6.10) 

(Oberdörster et al., 2016). The obvious advantage of determining dissolution from an in vivo 

inhalation study is that the result is the “effective” in vivo dissolution, including interactions 

with potential targets in the lung. The conceptual approach starts with an important initial 

step involving characterization of the generated SiO2 aerosol to determine the effective 

aerosol density, ρeff, “in vivo”. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 5.6.10:  
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Dosimetric extrapolation of inhaled particle exposure concentrations and doses in the respiratory tract  

 

from rats to humans (modified from Oberdörster, 1989). 

Figure 5.6.11:   
Approach for deriving ρeff in vivo using a 4-hour rat inhalation study with aerosols of 
agglomerated/aggregated nanoparticles.  

Particles generated for inhalation studies or at workplaces exist generally as agglomerates or 

aggregates; this reduces the actual effective airborne density of the agglomerate aerosol 

because of the void spaces between the agglomerated particles. Figure 5.6.11 outlines the 

approach for deriving ρeff in vivo using a 4-hour rat inhalation study with aerosols of 

agglomerated nanoparticles. In the case of nano-SiO2, the resulting ρeff = 0.165 g/cm3 is 16 

times less than the material density of SiO2.  

The more realistic value of ρeff should be applied for interpreting results of a subsequent 

longer-term exposure-dose-response study in rats to determine the “effective” in vivo 

dissolution rate. With respect to grouping, it is not sufficient to use only one characteristic – 

solubility/dissolution - for grouping or read across, for reasons mentioned before 

(interaction/binding of dissolved ions with cellular components). Even the dynamic abiotic 

dissolution rate does not necessarily predict the in vivo rate. When considering the use of 

dissolution as a grouping tool, the question has to be asked - what is the correlation with 

toxicity ranking? As an example, consider ZnO and CuO, both of which are very soluble in 

vivo, but with very different in vivo toxicity. Using only one physico-chemical characteristic 

alone for grouping of metal MNs for regulatory purposes is not sufficient and can be 

misleading, but using solubility/dissolution in combination with other physico-chemical 

properties makes good sense. For example, Arts et al. (2014) discuss several endpoints, 

including solubility in their recommendations for groupings; however, they suggest solubility 

in water in their paper, but water solubility as a metric is likely to be very different and can be 

very misleading. In addition, in this paper solubility is determined using the static aqueous 

solubility method which is different from the dynamic in vivo dissolution rate. 

Older studies reporting the in vivo dissolution of vitreous fibres (Potter and Mattson, 1991) 

seem to show a very good agreement between dynamic acellular dissolution rates and 

measured in vivo dissolution (Eastes et al. 2000). However, there are no well-designed 

studies with nanomaterials showing similarly good agreement between results of cell-free in 

vitro and in vivo measurements. The greatest problem is the binding of dissolved ions to 

specific proteins/lipids during in vivo dissolution of metallic MNs which makes it difficult to 
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use in vitro data for deriving and predicting overall retention characteristics in the respiratory 

tract and secondary organs. 

A number of questions still need to be answered: How well can dynamic cell-free in vitro 

dissolution serve as a surrogate for in vivo dissolution? What is the difference compared to 

results from static solubility assays? What is the importance of individual constituents and the 

lack thereof in simulated fluids? Key is to first validate the appropriateness of the composition 

of the simulant fluids so that results of cell-free in vitro dissolution rates reflect the true in vivo 

dissolution in the lungs. Then, secondly - the pulmonary retention kinetics of the dissolved 

metals has to be determined. A goal could be to establish a library of in vivo extracellular and 

intracellular dissolution rates for different metal compounds for determining their contribution 

to grouping. This includes the significance for biokinetics and other effects because the fate 

of metal compounds depends on their interactions with cellular and tissue proteins in vivo 

which will be investigated in advanced in vivo studies of bioprocessing. Clearly, more data 

are needed to understand in vitro (acellular and cellular) – in vivo correlations and to 

optimize, validate and eventually standardize assays.  

5.6.5 Comparative Risk Assessment 

Figure 5.6.12 illustrates several concepts involved in the design and execution of subchronic 

inhalation studies, which also includes a response to the question of replacing or bridging 

available subchronic studies with shorter duration studies when new MNs are to be tested. 

The suggested approach is based on comparative hazard and risk characterization 

incorporating several concepts when designing a three-month subchronic inhalation study: 

(i) A positive and/or negative benchmark material should be selected, against which 

the test material can be compared. Participants of a multi-stakeholder workshop 

defined such benchmark materials as being toxicologically well-characterized, to 

be contrasted with reference materials which are metrologically well-characterized 

(Nel et al., 2013). Ideally, a material may serve as both benchmark and reference 

material. Benchmarks could be a material that has been identified in a previous, 

appropriately designed subchronic study. Its inclusion will save both costs and 

animals required for a new study. Wiemann et al. (2016) used the same principle 

in their in vitro macrophage assay and selected crystalline silica and corundum as 

positive and negative controls (benchmarks) – see section 5.6.2. 

(ii) Quantitative endpoints (e.g., lung lavage parameters), and measured retained 

lung burdens (recently introduced as mandatory in the new OECD draft guidelines 

for subchronic inhalation) both have to be included. Without lung burden analyses 

– as discussed before - the following cannot be determined: MN lung clearance 

and retention kinetics, critical dosimetry comparisons to well established 

benchmark materials (allowing comparative Dose - Response relationships to be 

analyzed), and the dosimetric integration of in vivo and in vitro responses. 

Incorporating measurement of retained lung burden in the study design allows a 

coupling of subchronic and subacute inhalation data with other appropriate test 

data (from shorter-term inhalation, and cellular and acellular assays) which can 

facilitate grouping and may result in saving animals. 

(iii) Exposure-Dose-Response relationships should be established, requiring a 

minimum of three exposure concentrations, with the lowest ideally showing no 

effect (NOAEC) or minimal effect (LOAEC) and the highest concentration not 

exceeding a Maximum Tolerated Dose (MTD, Oberdörster et al., 2015). 

Expressing the Dose-Response by different dose metrics will help in the analysis 

of specific mechanisms.   
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Figure 5.6.12:  
Approach for comparative hazard and risk characterization of inhaled nanoparticles based on 
subchronic (3 months) rat inhalation studies. NOAEL: no observed adverse effect level; BMD: 
benchmark dose; OEL: occupational exposure level; ATS: alternative testing strategy. 

(iv) The hazard should be assessed by analysing Dose-Response slopes and 

comparing and ranking them against benchmarks; and risks be characterized 

against benchmarks by using the NOAEL (or if LOAEL only is available - using a 

Benchmark Dose (BMD) estimation (EPA:  http://epa.gov/ncea/bmds/dwnldu.html; 

updated 2016) to determine a “safe” subchronic exposure level for the rat. 

(v) A chronic “safe” level for rats should be estimated by dosimetry-based 

intraspecies extrapolation (Figure 5.6.3) and the Human Equivalent Concentration 

(HEC) determined via interspecies dosimetry extrapolation (Fig. 5.6.10). A further 

calculation to an Occupational Exposure Level (OEL) requires the application of 

uncertainty or assessment factors for different endpoints (e.g., between species; 

subchronic to chronic; inter-individual sensitivity; LOAEL to NOAEL) as part of the 

regulatory process.  

(vi) Consider comparison with - and possibly expansion to - in vitro studies indicated 

in the lower left corner of Figure 5.6.12. This involves a comparison of hazards 

from in vitro studies with those derived from the subchronic study and a dosimetry 

comparison between in vivo and in vitro data, based on dose-response (versus 

exposure-response) subchronic inhalation data. 

https://urldefense.proofpoint.com/v2/url?u=http-3A__epa.gov_ncea_bmds_dwnldu.html&d=BQQFAw&c=4sF48jRmVAe_CH-k9mXYXEGfSnM3bY53YSKuLUQRxhA&r=m_-Q9nn-hrX-OGSgNiKp-p8c3mB6T5wuE1EAPWM0D1ewG81-d-qVAlUFIvgAG7nV&m=2VUeywGjFOWnVkwncKhTaI2L23ImIB3MiBX3bp4Ip48&s=jTq54uVRYhhKbcSBrNywGYUaerTgpyNdJ3Z7Ily7Gnw&e=
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Such an in vitro - in vivo dosimetric exposure comparison is shown in Figure 5.6.13. The 

challenge is how in vitro and in vivo doses can be aligned. One proposal is to express the 

dose per cell surface area or per cell number by several dosemetrics, such as MN mass, 

surface area, volume, or specific surface area reactivity. Both the deposited dose (external) 

and the uptake dose (internal) need to be considered in in vitro assays when establishing 

Exposure-Dose-Response relationships. While at first glance the dose equivalence based on 

cell surface (or cell number) sounds reasonable, one has to consider significant differences 

in terms of a static in vitro cell cultures (no clearance) vs. a dynamic in vivo system, and the 

short-term acute nature of in vitro studies vs. longer-duration in vivo studies. Thus, a 

dosimetric comparison of in vitro/in vivo hazard ranking may be most meaningful if compared 

to short duration in vivo studies (bolus dosing, single 2-6 hr. inhalation, or even 5-day STIS).  

Figure 5.6.13: 

In vitro – in vivo dosimetric extrapolation in nanotoxicology for respiratory tract exposures (modified 

from Oberdörster 2015). VCM: Volumetric Centrifugation Method (DeLoid et al., 2014). ISDD: In vitro 

Sedimentation, Diffusion, Dosimetry: (Hinderliter et al., 2010), DG: Distorted Grid (soluble):  (DeLoid et 

al., 2015), MPPD:  Multiple Path Particle Dosimetry: (Miller et al., 2016) 

Such acute hazard may – or may not - be similar to a chronic hazard, which needs to be 

determined in order to further validate in vitro/in vivo extrapolation (further in vitro dosimetry 

please see Chapter 5.7). 

 

5.6.6 Other Exposure Pathways 

Other exposure pathways include oral and dermal exposure, and in addition, if medical 

applications are considered as well, intravenous, ocular, and potentially parenteral injections 

might have to be considered. Taking oral exposure first, the issue is again that of doses, and 

delivery as bolus (gavage) vs. mixing with food and/or drinking water. Additionally the time of 

day is important given that rodents are nocturnally active animals, so that gavage delivery 

during daytime is non-physiological and may cause differences in GI tract effects and 

associated translocation to secondary organs. Several studies have applied oral gavages of 

diverse MNs to rats, including three 28-day gavage studies, and reported very little systemic 

uptake and no treatment related adverse responses (Buesen et al., 2014; Hendrickson et al., 

2016; van der Zande et al., 2012; Heringa et al., 2016). 
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For example, Heringa et al, (2016), developed a biokinetic model for oral intake of 

pigmentary TiO2 applied as food additive (micro-TiO2), and reported maximally 0.02% uptake 

for nano-TiO2 on day 6 after dosing, although with uncertain TiO2 detection sensitivity. For 

developing a biokinetic model following oral intake, data after intravenous injection of nano-

TiO2 was used. However, the recent publications by Kreyling et al. (2017 a,b,c) clearly 

demonstrated that the biodistribution  of nano-TiO2 following intravenous injection is 

significantly different than after oral or respiratory tract administration. These authors had 

delivered radio-labelled TiO2 particles (12 nm) to rats by gavage (30-80 µg/kg BW), 

intratracheally (40-240 µg/kg BW) and intravenously (40-400 µg/kg BW) and performed a 

complete mass balance of biodistribution to organs and associated retention kinetics up to 28 

days post-exposure. Although administered bolus doses were different (highest for i.v.) these 

unique studies convincingly show that biodistribution after i.v. injection cannot be used to 

predict biokinetics following oral or respiratory tract exposure.  

Results from dosing the respiratory tract and administration of MNs intravenously show 

distinct differences in terms of accumulation in secondary organs (Kreyling et al., 2014; Hirn 

et al., 2012; Schleh et al., 2013). Konduru et al (2015) also observed that the relative 

distribution of ceria NPs to secondary organs was different between intratracheally, orally 

and intravenously administered ceria NPs; additional silica coating and ex vivo incubation 

with lung lavage fluid and plasma altered biodistribution of ceria, suggesting that protein 

corona formation affects biodistribution. 

Furthermore, the assumption that the biodistribution of micro- and nanoparticles is the same 

could not be verified by Hendrickson et al. (2016), who found that biodistribution of a daily 

very high dose (250 mg/kg rat) of micro- and nano-TiO2 for 28 days was indeed different, but 

very low. No indications of toxicity were observed. Thus, at present there are no data 

showing any risk from oral intake of MN at realistic exposure scenarios. 

With respect to dermal exposure, studies have shown that healthy skin is generally protective 

against translocation of dermally administered nanoparticles. However, damage caused by 

sunburn or other injury has been shown to result in minimal translocation of administered 

nanomaterials as was shown by Mortensen et al. (2008) with quantum dots (see also 

Chapter 5.2 discussing oral and dermal exposure). 

5.6.7 Other Endpoints 

Based on available peer-reviewed literature, adverse cardiovascular effects of nano-sized 

particles have been observed which could be as important as those in the respiratory tract, 

specifically in susceptible parts of the population as shown in epidemiological studies 

involving ambient ultrafine particles (Pekkanen et al., 2002; Zareba et al., 2009) as well as in 

animal studies with MNs (Nurkiewicz et al., 2009). Other endpoints, such as neurological or 

immunological ones, need to be considered as well. There are a number of studies 

demonstrating such effects following exposure via the respiratory tract. (Calderon et al., 

2004; Oberdörster et al., 2009b, Stone et al., 2016).  

Associations with neurodegenerative effects have been suggested and studies are ongoing 

to confirm translocation via olfactory and trigeminal neuronal pathways to the central nervous 

system. Such neuronal delivery of inhaled MNs to the CNS bypasses the very tight blood-

brain barrier, which blood-borne MNs have to overcome. Retrograde neuronal transport to 

the hypoglossus and facial nuclei of the CNS of nano-sized particles (ferritin and iron-

dextran) following injection into the tongue and vibrissal muscles of mice has been reported 

(Malmgreen et al., 1978; Olsson and Kristensson, 1978, 1981). Within the CNS, retrograde 

neuronal transport of iron-dextran from the Corpus striatum to the Substantia nigra was 

reported by Nguyen Legros et al. (1981).Most recently a study involving human subjects by 
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Maher et al. (2016) indeed observed the appearance of nano-magnetite particles originating 

from combustion processes that had translocated to the brain of Alzheimer ’s disease 

patients, suggesting a causal relationship. 

In general, threshold concentrations for inhaled MNs for avoiding pulmonary effects also 

seem to be protective for secondary organs. However, as was recently shown, inhalation of 

AgNPs in subchronic rat studies induced greater effects in the liver than the lung (Weldon et 

al., 2016). 

A specific question relates to induction of carcinogenicity by fibrous nanomaterials such as 

CNTs. Although several studies allege that CNTs, due to their fibrous nature, may be acting 

like asbestos, this association in terms of asbestos-like underlying mechanisms (based on 

the Dose, Dimension, Durability paradigm, DDD) should be viewed with caution: Multi-walled 

and single-walled carbon nanotubes and carbon nano-fibres do not conform to the WHO 

definition of a fibre (longer than 5 µm).Thus, observed carcinogenic activity in rodent studies 

may be due to a non-fibre mechanism similar to that which is known from high dose studies 

of TiO2 and carbon nanoparticles involving the particle lung overload phenomenon. However, 

certain MWCNT may be more reactive. A recent IARC classification of a specific MWCNT 

(MITSUI-7) has confirmed this to be an animal carcinogen and was classified as a possible 

human carcinogen (Group 2B) (IARC, 2014), based on mesothelioma induction following 

intraperitoneal bolus injection into the pleural and abdominal cavities of rodents. A most 

recent chronic multi-dose inhalation study by Kasai et al. (2016) involving two years 

exposure of rats to MITSUI-7 multi-walled carbon nanotubes showed for two higher 

concentrations the induction of lung tumours, but no mesothelioma.  On the other hand, a 

published Japanese study of different multi-walled carbon nanotubes using an intratracheal 

administration of only one single extraordinarily high dose of a MWCNT in rats reported that 

in addition to lung tumours, there was also mesothelioma induction. (Suzui et al., 2016). 

Questions and problems associated with different modes of administration, such as bolus-

type instillation vs. physiological inhalation, should be addressed in the respective guidelines 

for long-term exposure studies of the respiratory tract, because long-term inhalation is the 

only way to determine induction of malignant tumours in animal studies using realistic 

exposure modes. For clarification, a thorough discussion of pros and cons regarding dosing 

to determine carcinogenicity of nanomaterials introduced into the respiratory tract would be 

necessary and is highly recommended. Convening an international scientific workshop with 

members from academia, industry, and regulatory agencies would be extremely beneficial to 

discuss this issue in order to get some clarification about MN study design and interpretation, 

and understanding the distinction between hazard identification and risk characterization and 

between scientific acceptance and regulatory needs. 

Regarding the adequacy of testing the mutagenic potential of nanomaterials, a key issue 

with MN mutagenicity assays again is the appropriateness of administered doses since most 

of them are done as acute in vitro studies; this is not addressed in a workshop report of 

OECD dealing with nanomaterials (OECD, 2014). In vitro mutagenicity tests need to be 

validated by in vivo tests. However, in vivo acute or short-term mutagenicity studies are 

generally also using very unrealistic high doses, requiring critical review. 

5.6.8 Dosemetrics/Modes of Action (MOA) 

The fact that physicochemical properties of MNs affect their biological/toxicological 

responses raises the question as to the most appropriate or most useful dosemetric. For 

example, MN surface area has been suggested as a proper metric (Duffin et al., 2007; 

Wiemann et al., 2016; Brakkhuis et al., 2016; Rushton et al., 2010), whereas this could not 

be confirmed in other studies (Gosens et al., 2016, 2014; Warheit et al., 2006). Surface 
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reactivity, or ROS-inducing potential, seems to be a valuable predictor for in vivo toxicity, 

since it combines a physical property (surface area) and a functional endpoint, the MN 

capacity to induce ROS (MN-bound ROS). The biodistribution of MNs delivered to a point-of-

entry (e.g. respiratory tract) and changing their surfaces due to corona formation upon 

deposition will be different compared to delivery via a different point-of-entry which may have 

to be assessed using different dosemetrics. However, as long as physicochemical properties 

of nanomaterials have been characterized appropriately, the main metrics of mass, surface 

area, volume, and number counts can be expressed relative to each other in order to 

determine the appropriate metric for a given exposure route. Although MN surface area, as 

intrinsic property, is widely considered as the appropriate metric, it is questionable whether 

specific surface area (cm2/g) is indeed a universal metric. While this is useful for different 

sizes of the same MN or between different MNs of low (cyto)toxicity, specific surface area 

per se is a crude indicator for more reactive MNs. In this case, as discussed earlier, specific 

surface reactivity, as functional or extrinsic property, should be considered as a meaningful 

metric to express the response per cm2 MN. However, as discussed before, additional 

information involving dissolution (in vivo) and biopersistence have to be taken into account. 

Another question should also be considered: Are there nano-specific MOAs? The most 

prominent mechanism is based on ROS-induction, which in turn is due to the aforementioned 

inherent ROS-inducing capacity of nanomaterials as well as specific molecular activation 

pathways resulting in ROS-production in the cells. Comparative studies, macro vs. nano, 

would be needed to define a nano-specific MOA, one of which would be related to 

bioprocessing or biotransformation effects seen in in vivo exposure studies (Graham et al., 

2014, 2017). For example, generation of secondary nanoparticles in tissues due to 

dissolution and bioprocessing will contribute to the retention kinetics of nanomaterials in 

specific organs which could eventually be another endpoint for categorization of 

nanomaterials. 

In addition to trying to determine the “most meaningful” metric, one needs to consider also 

the most practical metric for exposure surveillance, which generally is the airborne mass 

concentration (see Chapter 5.2). Again, having well-characterized physico-chemical 

properties of a given nanomaterial will allow us to define OELs and other limit values based 

on the usefulness of an exposure metric for practical applications. Among the most 

appropriate dosemetrics, functional measures, such as specific surface reactivity (ROS 

activity per unit MN surface area) and biopersistence (solubility and dissolution rate in vivo) 

should be highlighted as influencing both effects and biokinetics (see section 5.6.4). 

Is it helpful to establish MOAs/AOPs for nanomaterials or groups of them? Probably yes, but 

it may not be as useful for ranking: For example, it is likely that there are the same or similar 

MOAs underlying fibrotic effects of crystalline silica and TiO2 with obvious different rankings 

of toxicity between the two. This implies that MOAs/AOPs have to be critically analysed with 

respect to the dose inducing a specific mechanism. Here again, specific surface reactivity 

could be the decisive metric. 

5.6.9 Biokinetics and Extrapolation Modelling 

An important aim of inhalation studies, short-term or long-term, relates to obtaining 

information on respiratory tract kinetics and quantitation of systemic biokinetics identifying 

potential target tissues. An OECD workshop on toxicokinetics (OECD, 2016b) noted that 

OECD TG 417 addresses chemicals and should be revised for nanoparticles. The workshop 

report contains some points, which should be considered in a revision or supplement to TG 

417 dealing with the toxicokinetics of nanoparticles after inhalation and oral exposure. The 

workshop report, however, does not consider the difference between solubility and 

dissolution rate in its question and answer (Q&A) section. For example the question: “If 
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highly soluble, would a nano-sized material no longer have to be considered as NP?” could 

be rephrased more directly: “If the in vivo dissolution rate is high (e.g. > 2.8 day-1 equivalent 

to a dissolution half-life T1/2 of 25 days [actual value requires discussion!]) would a nano-

sized material no longer have to be defined as NM?”. The relevance of this question was 

previously introduced in Section 5.6.4.2 by citing the most recent publication by Ivask et al. 

(2017): This article showed the remarkable similarity of effects and biotransformations when 

either rapidly dissolving metal NPs or their soluble salts were administered to cells. 

Some text in the Workshop Report is not correct, such as considering exposure as an 

“external dose”. Exposure is not equivalent to a dose. Moreover, there is no 

emphasis/discussion about the impact of dose and dose-rate on biokinetics in the OECD 

Workshop Report, - a significant omission. Importantly, though, the workshop participants 

acknowledged the need for more in vivo data, including developing new methods.  

Other new draft guidelines for inhalation testing (OECD TGs 412/413) describe toxicokinetic 

endpoints as optional. The OECD Workshop report supports the inclusion of toxicokinetic 

parameters in the subacute inhalation test TG 412. Serial sacrifices during and post 

inhalation exposure with sampling of secondary organs should be part of the study design as 

should be the availability of sensitive analytical tools. The decision as to whether to include 

respective endpoints in the study design should be made based on preliminary or range 

finding studies for identifying sensitive target tissues, e.g. the CNS as critical organ, 

cardiovascular system, or reproductive organs. 

The biopersistence of inhaled manufactured nanomaterials is significantly influenced by 

dissolution in lung lining fluid and intracellularly in phagolysosomes. Figure 5.6.8 shows the 

different components of biopersistence as a function of physiological clearance and 

biodurability. The term “biodurability” as used in the OECD document (2016a) very broadly 

should not be used for cell-free solubility or dissolution studies. These determine just 

solubility or dissolution, depending on the system used; as to whether they mimic in vivo or 

inside cell (biological systems) remains to be verified. 

Parameters governing nanomaterial biodistribution can differ from those of conventional 

chemicals, because of differences in nanomaterial sizes as solids and, most importantly, 

there can be large differences in in vivo dissolution rates. These can differ significantly 

between different nanomaterials, yet the biodistribution and fate of dissolved ions are likely to 

be the same or similar to those of the same chemical solute. This includes distribution 

systemically, but also binding locally to cell/tissue components affecting pulmonary retention 

times when combined with mechanical particle clearance. 

Specific factors controlling barriers to biodistribution of nanomaterials include particle size 

and size distribution, in vivo dissolution rates, surface characteristics, but also inflammatory 

conditions and disease states in specific primary or secondary target organs. 

Organs that should be examined as a priority in studies that focus on biokinetics following 

inhalation or oral exposure include liver, spleen, kidney, bone marrow, CNS, and local and 

systemic lymph nodes. Depending on the study objective, other tissues may be included, 

e.g., heart, reproductive organs, bone, aortic tissue, CSF (cerebrospinal fluid) and any other 

potential target tissue. As indicated earlier, the choice of target tissues may depend on the 

outcome of preliminary studies: guidance may have to be developed as to when measuring 

accumulated burden of specific target sites should be required; for example, based on 

accumulation and retention kinetics in certain target tissues, or adverse effects observed 

there. Being able to correlate effects with the retained dose is essential for dosimetric risk 

extrapolation. 
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Regarding the importance of protein corona formation in primary and secondary organs, 

there are no published studies with adequate in vivo data to validate results of numerous in 

vitro studies showing the impact of protein or lipoprotein corona on particle cell interactions 

and biodistribution.  Nevertheless, in vitro results are to be viewed critically as to their in vivo 

relevance and usefulness for extrapolation. 

The statement that systemic availability of MN after subchronic inhalation exposures is low 

and, therefore, unlikely to contribute to significant doses of nanomaterials in distal organs is 

not necessarily correct: Indeed, present studies of nanomaterial exposure report very low 

translocation rates, but the accumulated retained dose depends on the retention kinetics in a 

specific tissue; for example, it is well known that cadmium binds to metallothionein which 

accumulates in the long term in both liver and kidneys in humans and animals, and – after 

exceeding a critical concentration – may cause adverse effects (Nordberg and Nordberg, 

1988; Oberdörster, 1992) Even though low doses may accumulate in a target tissue, it 

depends on the sensitivity of a target organ as to whether effects are induced. (Is it the 

critical organ? See Weldon et al., 2016 discussed below, where not the lung, but the liver 

was the more sensitive organ for inhaled AgNPs).  

A more recent finding in a two-year rat inhalation study at a high concentration of nano-

BaSO4 (50 mg/m3) was that in the early exposure phase hardly any Ba retention in the 

respiratory tract was seen, but high accumulation of barium was found in bone. However 

after several months of exposure, Ba retention in the lung strongly increased, eventually 

causing inflammatory effects very similar to those seen with any other nanoparticle 

repeatedly administered at high doses (Landsiedel, et al., 2016). Thus, apparent high initial 

dissolution rates of BaSO4 in the lung were followed later by lower dissolution associated 

with increased retention in the lung after continued inhalation exposure, possibly as result of 

saturation processes in the lower respiratory tract. 

In line with this finding, an earlier intratracheal nano-BaSO4 rat instillation study by Konduru 

et al. (2014) reported rapid pulmonary clearance, suggestive of dissolution (pulmonary 

retention halftime 9.6 days) of intratracheally-instilled BaSO4. The authors also observed high 

translocation to the bone and low pulmonary inflammatory responses following a 4- and 13-

week inhalation exposure at 50 mg/m3. In a parallel gavage study, nearly 100% of gavaged 

BaSO4 was excreted via faeces. Another study by Konduru et al. (2015) using intratracheal, 

intravenous and gavage exposure of rats to CeO2 nanoparticles, with or without silica 

coating, revealed a significant influence of coating on pulmonary retention post-instillation. In 

vitro incubation of these particles with alveolar lining fluid showed significant differences in 

protein adsorption, and the authors concluded that protein corona formation after 

intratracheal and intravenous administration contributed to the different retention behaviour.  

However, no direct in vivo verification of the formation of corona was provided. 

The biokinetics of nanomaterials following intravenous exposure is different from the 

systemic biokinetics from uptake of nanomaterials administered to the respiratory tract as 

described earlier (Kreyling et al., 2014, 2017 a,b,c, Hirn et al., 2011; Schleh et al., 2013; 

Rinderknecht et al., 2007). Figure 5.6.14 shows the significant differences in dose rates and 

point-of-entry between these two routes of exposure, which significantly affects nanomaterial 

biodistribution to secondary organs, and which additionally may be governed by the 

formation of a changing protein corona.  

Thus, the results of intravenous bolus administration of high doses - and associated very 

high dose rate! - should not be assumed to reflect systemic distribution from acute or long-

term dosing via the respiratory tract. High doses may not be relevant in a regulatory context. 

The study by Geraets et al. (2014) used intravenous doses in rats ranging from 2 to ~10 mg 
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TiO2 nanoparticles per animal, which would be equivalent to over 600 mg up to over 3 g 

intravenously given to humans. The relevance of these doses can be questioned.  

 

 
 
Figure 5.6.14:  
Intratracheal and intravenous delivery of NPs: Impact on biokinetics (modified from Oberdörster 2009a).  

Detailed data on biokinetics following inhalation exposure are extremely valuable for 

purposes of risk assessment when deriving exposure limit values, as has been exemplified in 

a study by Weldon et al. (2016). They derived occupational limit values for silver 

nanoparticles based on results of subchronic rat inhalation studies. It turned out that the most 

sensitive (critical) organ following subchronic AgNP inhalation was the liver, requiring data to 

establish a biokinetic model. The authors of this study still had to make several assumptions 

– contributing to uncertainty - when extrapolating from rats to humans, modelling silver 

biodistribution involving both soluble and particulate forms. Likewise, a recent draft of a 

NIOSH Current Intelligence Bulletin for silver nanoparticle exposure (NIOSH, 2016) relied 

heavily on nano-Ag biodistribution data established by Bachler et al. (2013). In this biokinetic 

model, silver biokinetics were modelled based on many unproven assumptions about Ag 

clearance behaviour following different exposure routes. Clearly, if inhalation is the mode of 

exposure, then biokinetic data should be based on inhalation studies rather than intravenous 

data when deriving and modelling exposure limits. There will always be significant 

uncertainties when extrapolating from animals to humans with respect to species-specific 

sensitivity, for causing effects, raising questions about the applicability of data regarding 

biodistribution. In general though, deriving a human equivalent concentration (HEC) for 

inhaled nanomaterials using dosimetric extrapolation modelling (Figure 5.6.9) is relatively 

straightforward and well established using available validated particle deposition models 

(MPPD). However, incorporation of uncertainty or assessment factors to derive an OEL from 

a HEC involves large uncertainties which has to be recognized, as done by the use of 

assessment/uncertainty factors (Figure 5.6.12). 

Two portals of entry into body = 

two different points of entry into blood circulation

at two different doses and dose rates

Lung

Liver,
other

organs

intratracheal

intravenous

DOSE AND 

DOSE RATE

Design       i.v. i.tr.  inh.

Dose             hi hi lo/hi

Dose rate     hi         hi lo

Sec. coat.    plasma      ELF

Entry Circ. venous    arterial

Entry rate    hi             lo

Intra-arterial

 



 

 
ProSafe Deliverable 5.08 

Page 201 of 367 

The availability of particle dosimetry models (MPPD, ICRP, NCRP) for inhalation is essential 

for deriving exposure limits as indicated above. The question as to whether such models also 

exist for inhalation of fibres has to consider the following points: It is a common 

misunderstanding thinking that fibrous nanomaterials, like multi-walled carbon nanotubes or 

single-walled nanotubes or carbon nanofibres, require the use of a fibre-specific deposition 

model. When aerosolized at the workplace, these materials occur in agglomerates without a 

specific fibrous structure; individual fibres, straight and curved, are highly entangled forming 

low-density agglomerates (Tsai et al., 2009; Methner et al., 2010) implying that the 

aerodynamic properties are not determined by the individual fibre shape. Rather, determining 

MMAD (Mass Median Aerodynamic Diameter) and GSD (Geometric Standard Deviation) 

using impactors is - in lieu of better data - appropriate when applying present particle 

dosimetry models to aerosol agglomerates generated from tangled fibrous nanomaterial in 

animal studies (Asgharian, personal communication). It is important though, to determine the 

effective density of the airborne agglomerates, which is obviously much lower than the 

density of the material forming the agglomerates. Several papers suggesting methods to 

determine effective density have been published (Charvet et al., 2014, 2015; Maricq et al., 

2004; Spencer et al., 2004; Miller et al., 2013; Park et al., 2003; Hering and Stolzenburg, 

1995; Wang et al., 2015). However, what matters is knowing the actual density present 

during the inhalation study (see discussion in section 5.6.4.2, Figure 5.6.11). 

5.6.10 Beyond Mammalian Model Testing 

A question was raised regarding key triggers that indicate that biological monitoring or health 

surveillance of exposed individuals is needed? The short answer is: Obvious triggers are 

high exposure concentrations (by mass and number concentrations); particle size distribution 

data in the thermodynamic and aerodynamic range of respirability; worker complaints, and, 

of course, red flags raised by toxicity data from appropriate animal studies as well as 

information from toxicity data bases of related compounds in question. 

5.6.11 Conclusions 

5.6.11.1 Risk Assessment and Physicochemical Properties 

Among the three most common exposure routes for manufactured nanomaterials (MNs), 

inhalation is the most important, followed by oral and dermal exposure. Assessing risk as a 

function of hazard and exposure requires specific information about physico-chemical 

properties of MNs to be combined with the identification and characterization of a hazard and 

the assessment of exposure. These initial steps in the risk assessment process serve as 

inputs for the final step of quantitative risk characterization. Intrinsic (physico-chemical) and 

extrinsic (functional) MN properties have to be considered as determinants of 

biological/toxicological properties of MNs, the latter providing important information about 

functional characteristics, such as ROS-inducing property and dissolution behaviour in vivo. 

5.6.11.2 Predictive MN Testing/Risk Assessment/Modelling 

Benchmarking 

Comparative hazard and risk characterization done against positive and negative 

benchmarks such as crystalline nano-silica or corundum, is a useful approach to categorize 

new MNs. Benchmark materials need to be toxicologically well-characterized and validated, 

ideally they should also be certified as reference materials (metrology). 

In Vivo Assays 
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Inhalation studies in general (STIS to chronic) can be used for hazard identification and 

characterization of inhaled MNs, best when dose-response data are available, but limited 

when only exposure-response data are available. Information is also provided for biokinetics 

and for identifying secondary targets with sufficient post-exposure observation. 

For subchronic and chronic inhalation, dosimetric extrapolations are accepted methods to 

derive HECs (risk characterization) and eventually OELs when appropriately designed as 

Exposure-Dose-Response with sufficient post-exposure observation. Subacute 28-day 

studies with post-exposure time may be of sufficient duration as well, which requires further 

validation though. A most critical item which has now been accepted in revised OECD 

inhalation TGs is the measurement of retained lung burdens of MNs. Knowledge of lung 

burden data allows to determine MN lung clearance and retention kinetics, to perform critical 

dosimetric comparisons to well established benchmark materials (allowing comparative 

Dose-Response relationships to be analyzed), and to establish the dosimetric integration of 

in vivo and in vitro responses.  

Bolus-type dosing (intratracheal instillation; oropharyngeal aspiration) can be useful for 

hazard characterization, but not for risk characterization. Identifying secondary targets 

beyond the port of entry (biokinetics) has to consider the extraordinary high and unrealistic 

dose rate of bolus dosing. 

One question to consider is whether results of short-term tests (bolus dosing; STIS, in vitro) 

of benchmark MN X and untested MN Y (assuming both are considered to belong to same 

“group”) can be used to predict the outcome of subchronic inhalation for MN Y from the 

results available for subchronic inhalation of MN X? This could be accomplished by applying 

the ratio of slopes of short-term dose-responses of both MNs to the dose-response slope of 

the subchronic study for MN X. Again, as suggested in Figure 5.6.12, the choice of different 

dosemetrics should be considered. 

Cellular In Vitro Assays 

These present many challenges. Cellular dose equivalency to in vivo (see Fig. 5.6.13) is 

difficult to achieve because of static, mostly acute in vitro systems with no clearance. Are 

they predictive for chronic effects? The dose dependency of mechanisms (the dose makes 

the mechanism) has to be considered as well. In vitro tests are suitable for toxicity ranking 

against well-characterized benchmarks (Hazard identification). However, one caveat is the 

impact of solubility in the static in vitro system (e.g., ZnO NPs) affecting the outcome in 

contrast to the dynamic in vivo conditions. 

Abiotic (acellular) Assays 

Predictive toxicity ranking via specific MN surface reactivity (ROS assays) is a promising 

screening tool, but requires further validation and standardization (i.e., comparing abiotic test 

ranking vs. in vivo vs. in vitro cellular is needed). Dynamic dissolution assays are also a 

promising tool for predicting in vivo dissolution rates but require standardization. A caveat to 

this is that we need to take account of interaction of dissolved ions with subcellular structures 

and proteins in vivo (binding, retention), which does not occur in cell-free in vitro assays. 

5.6.11.3 Biokinetics; Biodissolution 

 

Route of Exposure 

Systemic biodistribution depends on the point-of-entry. For example, MNs deposited by 

inhalation or instillation in the respiratory tract distribute differently than intravenously 
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administered MNs; thus biokinetic models based on data from intravenous MN administration 

should not be used to model biodistribution following inhalation. 

Biodissolution/Biodurability 

Static (equilibrium solubility, µg/L) and dynamic (dissolution rate, ng/cm2/day) abiotic 

solubility assays provide different information about the solubilization of MNs reflecting either 

the static conditions in in vitro cell assays or the dynamic in vivo conditions. Results of both 

assays may be useful for categorization if performed in physiologically relevant fluids.  

The in vivo solubilization behaviour of MNs can differ widely. It is too simplistic to group MNs 

just into soluble and poorly soluble materials. Static (equilibrium solubility) and dynamic 

(dissolution rate) abiotic assays are based on different concepts, which have to be kept in 

mind. The static system reflects the in vitro situation, the dynamic system the in vivo 

behaviour. However, even with the latter system longer retention times may occur in vivo 

than predicted by abiotic in vitro dissolution results because of possible binding of dissolved 

ions to subcellular structures or proteins in vivo. Still, results from dynamic dissolution in 

relevant physiological fluids - rather than just water - add valuable information to the extrinsic 

functional characteristics of MNs. Expressing the dissolution rate per cm2 MN surface per unit 

time could be considered as a grouping tool into high, moderate, low and insoluble MNs.  

The significance of biodissolution for biokinetics, effects and underlying mechanisms has to 

be assessed in separate studies, involving determining biopersistence/biodurability and ultra-

high resolution imaging for analysing bioprocessing and biotransformations at sub-cellular 

level. 

Grouping 

Several categorization strategies are necessary to cover all classes of MNs of different 

compositions and different exposure routes, all of which are to be considered in regulatory 

decision-making. The grouping and HEC extrapolation framework in Figure 5.6.12 could be 

pivotal in leveraging subchronic inhalation data with data from alternative test methods (such 

as those derived from appropriate cellular and cell-free in vitro tests), thus leading to more 

efficient, cost-effective, and – in the long run – animal and cost-saving methods to obtain 

needed inhalation data for regulatory use.  
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Chapter 5.7 

5.7 Health effects and Biokinetics in vitro 

Barbara Rothen-Rutishauser
23

 and Barbara Drasler
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5.7.1 Introduction 

Endpoints for health effects and in vitro tests of regulatory interest for conventional chemicals 

are contained in the OECD TGs and Guidance Documents (OECD, 2015a). These in vitro 

tests are narrow in their coverage of endpoints: they address genetic toxicity, adverse effects 

and/or penetration of the skin, endocrine disruption, and a few other selected endpoints. 

While genetic toxicity is of interest for MNs, the protocols must be carefully considered in 

view of potential interferences between test components and MNs. Moreover, skin 

penetration has not been a major concern for MNs while endocrine disruptor effects for MNs 

are also not currently a focus of research or regulatory concern. Rather, the most relevant in 

vitro protocols for MNs align with the current major routes of MN exposures: effects due to 

inhalation exposures are perhaps most relevant, with oral exposures also of concern. Given 

the likelihood of genetic toxicity of some MNs due to cellular interactions of MNs with DNA, 

spindle fibres, and centrosomes (Magdolenova et al. 2014, Oesch and Landsiedel 2012, 

Siegrist et al. 2014), this set of endpoints is of interest here. Other endpoints for MNs which 

may be of greater concern include those which test for the biological fate of MNs at the 

cellular or multicellular levels such as size exclusion criteria for given key cell types (Zhu et 

al. 2013), and adverse effects such as fibrogenicity at these levels of organization (Azad et 

al. 2013). Goals include near-term use to clarify MOAs and biokinetics for categories of MNs 

(e.g. transport through interfaces like air-liquid interface), with later use in weight of evidence 

analyses or tiered testing schemes in combination with other in vivo data, leading to eventual 

replacement of in vivo tests (e.g. NAS, 2007; and efforts of ECVAM in the EU and ZEBET in 

Germany). These approaches may help to replace and reduce animal testing according to 

the 3R strategy. With all these goals, it is critical to use environmentally or occupationally 

relevant MN concentrations, and to be able to relate these in vitro test concentrations to in 

vivo test exposures so that results can be correlated and used in a regulatory context. 

5.7.2 Test Methods 

Nanomaterials 

The description of the source of MNs and characterization data is usually given with sufficient 

details in publications, because most of the journals in the field require a thorough 

characterization of the pristine materials as well as the MN dispersions used for the 

experiments.  

Physicochemical properties of NMs in the scope of in vitro human studies correspond well to 

those listed in Chapter 5.1, however the importance of individual properties differs with 

respect to the exposure scenarios. For inhalation – which is accepted as the most likely route 

for MNs entering the body – the physico-chemical properties of MNs affecting material 

deposition and clearance from the lungs are of particular importance. It is important to 

understand that there is no individual particle property dictating this, but rather a combination 

of them, predominantly: (i) size of individual particles or agglomerates present in aerosols 

which influences the region of deposition in the respiratory system, (ii) surface reactivity as a 

predictor for induction of oxidative stress and pulmonary inflammation, and (iii) shape which 

has gained attention especially regarding the fibrous MNs which are prone to cause 
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asbestos-like effects due to the diminished clearance/increased biopersistence24 in the lungs 

(Utembe et al. 2015). With submerged in vitro studies, the biodurability, e.g. dissolution rate, 

is also important, particularly for fast dissolving particles (as the effect is driven by their 

chemical composition). When such dissolving MNs are phagocytized by alveolar 

macrophages the dissolution rate might even be accelerated compared to that in the 

epithelial lining fluid which can lead to enhanced inflammation in the lungs (reviewed in 

(Braakhuis et al. 2014). 

Until now, there has been no optimal set of techniques proposed neither for specific MN type 

nor for a general assessment of variety of MNs. In addition, the practical aspect of the 

techniques available at the researcher’s organization needs to be taken into account. 

However, it is recommended that not only one single technique, but a variety of the 

appropriate ones should be employed for an accurate description of MNs; such a strategy 

has also been proposed in a review from the NanoTEST project (Dusinska et al. 2015). The 

properties considered to be the most relevant for the toxicology of MNs include size, size 

distribution, shape, agglomerate/aggregate state, density, surface area, surface charge, 

surface reactivity, solubility and crystalline phase (Gordon et al. 2014). In addition, the 

effective density which is an indicator of possible agglomerate formation (DeLoid et al. 2014), 

hydrophobicity (Farcal et al. 2015) and the extent of impurities/ contaminants (Pulskamp et 

al. 2007) are important factors which can determine the hazard of the MNs.  

Characterization methods applied: The majority of the reviewed in vitro studies report the 

primary sizes of MNs (transmission electron microscopy (TEM), hydrodynamic diameter 

(dynamic light scattering, DLS) and zeta potential in water, and/or phosphate-buffered saline 

(PBS) and/or cell culture medium (Anguissola et al. 2014, Huo et al. 2015a, Shannahan et al. 

2015, Stoehr et al. 2011), specific surface area (Armand et al. 2016b, Huk et al. 2014). In 

addition to DLS, in some cases, nanoparticle tracking analysis (NTA) (Di Cristo et al. 2016) 

and differential centrifugal sedimentation (DCS) have been used (Monopoli et al. 2011, Wan 

et al. 2015). Regarding light scattering techniques, careful data interpretation is required as 

agglomeration and sedimentation can occur simultaneously, particularly in cell culture media 

which causes an increased and reduced intensity of the scattered light. In addition, NM 

agglomeration in cell medium can be investigated by photon cross correlation spectroscopy 

(PCCS) (Gliga et al. 2014). Specific surface area can be determined using the BET method 

(Brunauer–Emmett–Teller theory) (Huk et al. 2014), however this approach requires 

relatively high material masses and MNs in a dried state and this is not always feasible in 

nanotoxicological studies. Surface reactivity of MNs can be measured by the electron spin 

resonance (ESR) technique as described by (Driessen et al. 2015). Depending on the MN 

type, Inductively Coupled Plasma (ICP) techniques including ICP-optical emission 

spectroscopy (OES) and ICP-MS (mass spectrometry) can be applied for mass 

concentration and particle number, and Ultraviolet–visible spectroscopy (UV-Vis) for size 

determination of plasmonic nanoparticles (NPs) such as silver (Ag) or gold (Au) (Huk et al. 

2015b, Pang et al. 2016, Stoehr et al. 2011). For soluble MNs (e.g. Ag or ZnO) kinetics of 

dissolution in cell culture media needs to be assessed over time (Huk et al. 2014, Mu et al. 

2014). Additionally, so called ‘aging’ of MNs has been suggested as one of the most 

significant contributors to the contradictory toxicity results observed in the literature for 

identical MNs. Therefore ageing of MNs, particularly in suspension, should be assessed in 

parallel with the assessment of MN effects (Izak-Nau et al. 2015). 
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Cell cultures 

In order to repeat previously published experiments, and for interlaboratory comparisons, it is 

important to report the cell source, passage number, and precise cell culture method 

(Gstraunthaler and Hartung 2002). This also includes e.g. the brand of the laboratory plastics 

used for culturing and in the assays, as well as a thorough description of the cell growth, 

morphology and differentiation before and during the test performance. Such a detailed 

description and characterization of the cells used is unfortunately missing in most of the 

reviewed publications, which makes replication or comparison very difficult.  

The cell source and the cell culture methods are usually only briefly described. The use of 

cell culture medium, fetal calf or bovine serum, choice of the cultivating material (cell culture 

flasks in which the cells are grown) is not standardized at all. Also, the time of the cells in 

culture, meaning the passage number of cells in the experiment and the exposure duration, 

significantly differs among most of the publications. Moreover, the selection of the cell type is 

not always justified. However, fibroblasts (usually cell lines) are commonly used to assess 

pro-fibrotic signals, whereas the rationale behind the selection of macrophages is based on 

the fact they are primary cells as well as they act as the first responder’s upon exposure to 

MNs (Azad et al. 2013, Herd et al. 2015, Palomaki et al. 2015, Wang et al. 2015). In addition, 

many studies use intestine or lung epithelial cells because they represent the primary organs 

of entry for MNs (Rothen-Rutishauser et al. 2012). Overall, the typical cell lines applied to the 

assessment of MN interaction with cells and effects are mouse macrophages (such as 

RAW264.7) (Di Cristo et al. 2016, Herd et al. 2015), rat alveolar macrophages (NR8383) 

(Wiemann et al. 2016), mouse embryonic fibroblasts (NIH/3T3) (Brautigam et al. 2014), 

human lung fibroblasts (CRL-1490) (Azad et al. 2013), adenocarcinomic human alveolar 

basal epithelial cells (A549) (Armand et al. 2016b, Izak-Nau et al. 2015), human lung 

epithelial cells (BEAS-2B) (Chen et al. 2015, Wang et al. 2015), human colon 

adenocarcinoma cell line (HT29) (Paget et al. 2014), human keratinocytes (HaCaT) (Mu et 

al. 2014), human B-lymphoblastoids (TK6) (Huk et al. 2015b), human microglia cells (N9) 

(Goode et al. 2015), renal tubular epithelial cells (NRK-52E) (Driessen et al. 2015), the 

human THP-1 macrophages (Wan et al. 2015, Wang et al. 2015), HEPG2 human 

hepatocellular carcinoma (Anguissola et al. 2014, Huo et al. 2015b), human bronchial 

epithelial cells (16HBE) (Huo et al. 2015a, Huo et al. 2015b) and human umbilical vein 

endothelial cells (HUVEC) (Huo et al. 2015b). One study has described the use of primary 

cells such as the human monocyte-derived macrophages to assess the impact of MNs in a 

proteomic study (Palomaki et al. 2015), or primary immune cells are being used together with 

epithelial cells in a 3D lung model (Lehmann et al. 2011, Klein et al. 2013). However, in most 

of the studies screened, cell lines are preferred over primary cells due to their homogeneity, 

and greater stability, hence better reproducibility as the batches of primary cells differ 

considerably – it is impossible to exactly reproduce the isolates. Primary cultures also face 

limitations, such as the lack of availability of tissue, the limited number of cells that can be 

yielded from each isolation, and a certain donor variation. But the advantage of primary cells 

is that they can, depending on the cell type, survive for prolonged periods of time thus 

making in vitro subacute or subchronic duration effects analyses possible. In addition, the 

use of human cell lines is supported since they more closely mimic human responses in 

comparison to rodent cell lines; rodent cell lines might, however, be important to include in 

order to compare the results with animal data. If a new MN is tested the use of primary cells 

might, however, be preferred over cell lines since cell lines might not be responsive for 

certain cell reactions because of their de-differentiation in culture.  

Cell characterization is also rare and not standardized. In some of the publications the cell 

proliferation rate, i.e. cell growth, was assessed (Armand et al. 2016b, Huk et al. 2015b, Izak-

Nau et al. 2015) and the morphology has been observed by bright field microscopy (Huk et 
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al. 2014). One publication was found where cell polarization of macrophages into M1 or M2 

phenotype was assessed by measuring interleukin(IL)-10 and IL-12 release into 

supernatants as well as arginase and nitric oxide evaluation (Herd et al. 2015). 

Relevant conditions for specific disease-related endpoints have recently been reported. One 

example is the human pulmonary edema model on a chip which is a co-culture of human 

alveolar epithelial and pulmonary microvascular endothelial cells stimulated with interleukin-2 

(Huh et al. 2012). It is also emphasized that more advanced human in vitro models should be 

used to assess NM interactions and possible effects (Wick et al. 2014). However, so far no 

standardized and validated 3D (neither healthy nor diseased) model has yet been accepted 

or approved for any NM type and application.  

It is well-known that traditional in vitro cell monocultures can lack phenotypic details, 

physiological functions or only partially depict the complex cross-talks between cells. 3D 

culture models have been described to have the potential to be more predictive in toxicology 

testing thus filling the gap between 2D system and animal experiments (Alepee et al. 2014). 

There are multitudes of new co-culture or 3D cell culture systems for different tissues 

developed during the last years, combining several relevant cell types for the same organ 

into one model-system which can be used to assess the interaction with NMs (Wick et al. 

2014). However, only a few were carefully validated to whole organ or in vivo responses 

(Astashkina and Grainger 2014). As an example, co-cultures of skin tissue composed of 

human epidermal keratinocytes and dermal fibroblasts which have been described in the 

90’s (Osborne and Perkins 1991). Since 2013 the OECD guideline 431 recommends to use 

this in vitro system allowing the identification of non-corrosive and corrosive chemical 

substances and mixtures. More efforts are required to develop and validate such advanced 

in vitro models also for other tissues. 

Recommendations: 

(i) MNs: We recommend that physico-chemical characterisation of MNs is performed before, 

but also during and after the test performance. In addition to physical or chemical, also 

biological transformation of MNs is likely to occur due to the presence of cells (e.g. secreted 

proteins and other biomolecules, pH change, etc.) which needs to be considered in the 

characterisation approach. We advise the use of multiple methods to characterize NMs, 

including but not limited to: primary MN core size, hydrodynamic size (DLS, and/or DCS), 

agglomeration state over time, effective surface charge (zeta potential), surface proteins 

(protein corona analysis), hydrophobicity, etc.  

(ii) Cells: Thorough description and characterization of the cell cultures as well as in-depth 

elucidation of the methods used is recommended. In addition to the passage numbers, 

studies should report the differentiation state of the cells applied, along with clear 

descriptions of the corresponding procedure. Overall, standardization of cell culture protocols 

is advised also with respect to the cell source (cell banks, including the batch of cells and 

special characteristics, if applied) and the fetal calf/bovine serum used. We recommend to 

enforce the use of “gold standards” for serum source and/or to focus on serum-free cell 

culture medium, when applicable. The use of cell lines for standardization and interlaboratory 

comparison is recommended, however, in parallel one should also try to do more research 

with primary cells which are offered by different companies world-wide including a full 

characterization of the cell cultures. The applicability of more predictive 3D models mimicking 

different tissues has to be forced.  

5.7.3 Dosimetry, Dose Metrics 

Dispersion of MNs and physico-chemical NM characterization in suspensions 
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Harmonized protocols for NM suspension preparation are particularly important for the in 

vitro tests as the both dispersion protocol and the cell culture media significantly alter their 

characteristics. For example, the SOP developed under the Nanogenotox project aims to 

produce a highly dispersed state of MNs by ethanol pre-wetting to handle hydrophobic 

materials followed by dispersion in sterile-filtered 0.05% w/v BSA-water (Nanogenotox report, 

also commented in (Farcal et al. 2015). However, probe sonication can induce production of 

reactive oxidative species (ROS) in suspension, hence, if applied, ROS content must be 

checked (e.g. using the cell free DCF-DA assay) (Zhao and Riediker 2014). Otherwise, the 

Nanogenotox SOP is well described, repeatable and inter-lab compared, it considers 

removal of agglomerated/sediment MNs. 

The use of stabilizers with mutagenic or toxic potency in the synthesis and dispersion 

preparations of MNs should be avoided where possible. In some reports, for example, 

sodium citrate and detergent Tween 80 caused a strong mutagenic effect at relatively low 

concentrations of 0.0002% and 0.0008% (w/v), respectively, whereas sodium dodecyl 

sulphate (SDS), Disperbyk and Chitosan were found to be only weakly mutagenic (Huk et al. 

2015b). Also Pluronic F127 has been described to effectively disperse carbon nanotubes 

(CNTs) (Wick et al. 2007); however, it also has been reported that the Pluronic F127 alone 

can induce adverse effects (Clift et al. 2014). It is difficult to recommend an optimal 

dispersant for all NMs since they differ in physicochemical properties and it is, therefore, 

mandatory to include appropriate controls with the dispersant alone.  

MN suspensions need to be tested for endotoxin presence such as lipopolysaccharide (LPS) 

using commercially available assays, for instance the Limulus Amebocyte Lysate 

Endochrome (LAL) test (Farcal et al. 2015, Goode et al. 2015).  

Most of the in vitro experiments require a dilution of the MN stock solution in complex media, 

i.e. serum supplemented cell culture media. A standard complete cell culture medium can be 

described as a buffered solution containing proteins such as serum albumin, globulins, other 

biomolecules such as vitamins and amino acids, and ionic salts (e.g. Minimum Essential 

Medium (MEM), Dulbecco's Modified Eagle Medium (DMEM) or Roswell Park Memorial 

Institute (RPMI1640), and supplemented with 10% fetal bovine serum (FBS) as well as 1% 

antibiotics (usually penicillin-streptomycin), v/v. Thus, the behaviour of MNs in such a 

complex environment will be dictated by the interaction with these components and can lead 

to dissolution, aggregation, protein adsorption, i.e. the formation of a protein corona, or 

detachment of ligands (Reviewed in: Moore et al. 2015, Urban et al. 2016). It is therefore 

absolutely mandatory to characterize the MNs in the respective cell culture media because 

this will strongly affect the MN-cell interactions. 

It has been noted that the type of particle protein corona established by a specific test 

medium can strongly influence the uptake and toxicity of individual MNs such that the in vitro 

results may be test system-specific (Docter et al. 2015, Kim et al. 2014). Individual 

laboratories have their own validated protocols for e.g. cell culture medium composition or 

cell density used in the tests which both affects MNs doses thus impact the final toxicological 

results and cause difficulties in the inter-laboratory comparisons. The most important medium 

components which influence MN behaviour in cell culture media are the proteins (type and 

content, usually deriving from the serum source) which are affecting their aggregation and 

sedimentation as well as their overall biological identity. The latter is well-known as the 

“protein corona paradigm” (Cedervall et al. 2007, Monopoli et al. 2012, Monopoli et al. 2011, 

Walczyk et al. 2010, Wan et al. 2015). For instance, it has been pointed out that the low 

protein content such as in a serum free cell culture medium could partially explain the 

agglomeration of the citrate coated silver NPs upon dispersion and the role of protein corona 

in cell uptake of MNs (Gliga et al. 2014). It has also been reported that serum from bovine 
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and human induce completely different adsorption patterns to silica NPs, therefore each 

specific condition has to be investigated thoroughly and individually for each MN type (Izak-

Nau et al. 2015). 

Some examples for the analysis of MN surface adsorbed proteins are: micro Lowry protein 

assay and/or sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel 

approach coupled with electrospray liquid chromatography mass spectrometry (LC-MS/MS) 

(Wan et al. 2015), coupled with a Personal Densitometer SI Molecular Dynamics for 

determination of the protein bands intensity (Di Cristo et al. 2016) or followed by an analysis 

using e.g. matrix-assisted laser desorption/ionization (MALDI-TOF) (Izak-Nau et al. 2015). 

Recently, hyperspectral imaging was used as a tool to follow the extra-and intracellular 

alterations such as biomolecule adsorption and alteration in surface chemistry (Shannahan 

et al. 2015). In parallel to all these analyses, the ability or a potential of MNs to adsorb 

proteins can be simply evaluated using, for example, the bicinchoninic acid assay (BCA) 

protein assay which can readily show the degree of protein adsorption on MNs (Pang et al. 

2016).  

Realistic NM concentrations and dose delivered onto the cell surface, i.e. dosimetry 

In order that the outcomes of in vitro studies can be useful in a regulatory context the results 

must be transformed to concentrations that would be meaningful in an in vivo setting. 

Concentrations/doses should be realistic, i.e. relevant to human exposure scenarios such as 

occupational exposure limits for MNs (Gordon et al. 2014). There have been models 

published which can be used to calculate from the in vitro liquid culture MN concentration the 

deposited NM concentrations on the cell surface and compare it then to concentrations in a 

rodent inhalation test (Hinderliter et al. 2010).  

Overall, due to high agglomeration and sedimentation potential of MNs, the concentration of 

MNs in tests should not exceed the level at which agglomeration is enhanced (Huk et al. 

2015a). In some studies, hydrodynamic NP size is compared in a time course before and 

after the exposure in cell culture media (Di Cristo et al. 2016, Farcal et al. 2015, Gliga et al. 

2014). An example for a time-resolved MN concentration evaluation in complex matrices 

such as cell culture media is a colorimetric detection assay based on MNs’ surface redox 

reactivity. Briefly, the catalytic activity of MNs in the presence of an organic dye, methylene 

blue (MB) and a reducing agent, sodium borohydride (NaBH4), is measured via UV-Vis 

absorbance. The proposed system enables detection as low as a part per billion (ppb) or 

ng/mL and it is economical and accessible, applicable to a variety of MNs with different core 

compositions (Au, Ag, CeO2, SiO2, and VO2), surface coatings (tannic acid (TA), 

polyvinylpyrrolidone (PVP), branched polyethylenimine (BPEI), polyethylene glycol (PEG)), 

and sizes (5−400 nm) (Corredor et al. 2015). The applicability of this method to routinely 

assess the MNs concentration and reactivity has, however, not yet been shown.  

In the majority of studies concentrations of MNs are expressed in mass units, i.e. [µg/ml], 

[µg/cm2] or [µg/cell]; in the reports under review mostly in mass of MNs/volume cell culture 

medium. The use of 1 – 100 µg MNs/mL has been recommended for suspension 

experiments, with the lower and higher limits at 0.125 and 200 μg/mL (Krug and Wick 2011). 

This has to be considered regardless of the fact that the maximum effect (100% cell death) 

cannot always be achieved as the administration of too high doses of MNs could cause 

interferences with the assays. The MN’s effect can be categorised depending on the 

calculated half maximal inhibitory concentration (IC50) and the concentration that gives half-

maximal response (EC50) values (Farcal et al. 2015). A review article by Landsiedel, et al. 

(2014) noted that high concentrations in vitro do not correlate with in vivo test concentrations. 

Most studies test acute exposure with high MN concentrations, and there are only a few 

describing long-term exposures over weeks or months to sub-chronic MN concentrations 
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(Armand et al. 2016a, Armand et al. 2016b, Chen et al. 2015). Some in vitro methods, such 

as air-liquid interface (ALI) systems and other systems which examine how MNs cross other 

barriers, can largely avoid reverse dosimetry models as they offer determination of deposited 

MNs dose, and at the same time more closely have recently emerged as an optimal solution 

to overcome the issue with suspension cultures by a direct deposition of the MN onto the 

lung cell surface (Chortarea et al. 2015, Huh et al. 2012, Paur et al. 2011, Polk et al. 

2016).The advantage of such systems is that the material characteristics can be fully 

controlled with monitoring the mass deposition on the lung cell surface on-line, allowing the 

determination of a dose-effect correlation. Different companies have evolved during the last 

years offering commercially available cell exposure systems such as e.g. CULTEX or 

Vitrocell (for a review see (Secondo et al. 2016), and range between about $ 40,000-

100,000, of course depending on the modules (size, aerosol unit etc.) which are needed.  

In addition to extracellular biological transformation of MNs in cell culture medium also 

intracellular MN alterations such as biomolecule adsorption, alterations in surface chemistry, 

and dissolution may influence cellular responses to MNs. Thus, for instance, using the 

hyperspectral dark field microscopy, alterations of MNs in different intracellular 

compartments can be observed (Shannahan et al. 2015). The spectra of internalized MNs 

are compared to that of MNs alone, or in conditions mimicking cellular compartments, e.g. 

artificial lysosomal fluid, or in other relevant biological environment such as lung or intestinal 

fluids.  

The relevance of some in vitro assays should be examined if (i) the administered and 

deposited dose of MNs is not the same and/or (ii) the information about human exposure 

concentrations are unknown, making a reliable or realistic experimental design difficult. Both 

issues have been extensively discussed in the past and improvements are possible.  

The interpretation of MN-related cellular effects requires thorough understanding about the 

dose and number of MNs deposited on the cell surface. It has been reported that when 

comparing MNs with different properties – such as with the same chemical composition but 

different size, shapes or surfaces – reverse trends for cytotoxicity have been reported for the 

results presented as mass vs. surface area MN or number (Huk et al. 2015b, Huk et al. 

2014). The use of mass or number concentration per cell seems to be particularly 

appropriate for MN testing; however it is recommended to express concentrations in at least 

two different units, such as surface area and number of MNs (Dusinska et al. 2015, Huk et al. 

2015a). 

Nevertheless, in comparison to bulk particles MNs usually do not sediment but are delivered 

to the cell surface via diffusion (Limbach et al. 2005). As one of the first groups, the authors 

described that deposition of MNs onto the cell surface is the dominant factor determining the 

rate of uptake and not particle number concentration or total surface area of the material. 

Hinderliter and colleagues have developed a model, the “In vitro Sedimentation, Diffusion 

and Dosimetry model” (ISDD), to estimate the deposited MNs dose by a computational 

approach (Hinderliter et al. 2010) if experimental methods are not available. Applying a 

simulation approach, the ISDD model calculates the delivered dose and rate of transport of 

MNs using readily available parameters such temperature, media height, particle size in 

solution, agglomeration state and particle density. The model has been developed for 

spherical particles, though for fibres such a modelling approach does not yet exist. For 

instance, the ISDD model has been used to calculate the deposited concentration of silver 

NPs on lung cells showing that 30 µg/mL applied for 24 h under submerged conditions reflect 

rather a working lifetime than an acute exposure scenario and have shown a cytotoxic and 

inflammatory influence (Herzog et al. 2014). Some other studies have recently been 

published on the improvement of the prediction of in vitro dosimetry, for instance by 



 

 
ProSafe Deliverable 5.08 

Page 216 of 367 

measuring the effective density of nano-agglomerates in suspension (DeLoid et al. 2014) or 

to improve the detection of particle size and agglomeration in complex biological media by 

using depolarized DLS (Balog et al. 2015). Although all these efforts to describe and 

measure the deposited MN concentration have increased and proved to be relevant within 

hazard and/or risk assessment, not many publications have employed such approaches thus 

far.  

It is difficult to provide the justification for a defined concentration of MNs in in vitro assays; 

however, there are some approaches to understand the relation between real-world 

exposure scenarios and in vitro test concentrations. Since inhalation is assumed to be the 

major route for MNs entering the human body, the majority of dosing methods are found for 

the respiratory tract (Oberdorster et al. 2015). One approach describes the measurement of 

MN concentration in the air in manufacturing laboratories to identify input levels for 

estimating MN mass retained in the human lung using the multiple-path particle dosimetry 

(MPPD) model. With this method it has been found that the alveolar retention for all MNs 

investigated, i.e. TiO2, Ag and CNTs, for a working-lifetime (45 years) exposure duration can 

be expected in the range of 10 to 50 g/cm2 which corresponds to high-end concentrations 

(30 to 400 μg/mL) typical of in vitro testing reported in the literature (Gangwal et al. 2011). 

Experiments with such high concentrations have, however, to be carefully interpreted since 

one has to consider that the cells receive a high concentration within a brief 24h period.   

Only a few publications have been found that consider such calculations. Occupationally 
relevant in vivo exposures (10 to 80 μg/mouse) and pulmonary fibroblast in vitro exposure 
studies, using in vivo dose equivalents (0.02 to 0.2 μg/cm2), resulted in a dose-dependent 
transient pulmonary inflammation followed by fibroblast cell proliferation, alveolar wall 
thickening, and collagen I production culminating in persistent pulmonary fibrosis (Shvedova 
et al. 2008, Wang et al. 2010). Some studies justify the tested concentrations with the 
relevance to in vivo experiments on mice (Chen et al. 2015). 

Recommendations: 

(i) The use of concentration of MNs per cell (deposited on the surface or intracellularly) 

seems to be particularly appropriate for MN testing; however it is recommended to express 

concentrations in at least two different units: mass and number of MNs or as surface area. 

(ii) Deposition of MNs onto the cell surface has to be determined either by modelling 

approaches and/or experimentally. 

(iii) Individual MN concentrations tested have to be justified, and, when possible, linkage to 

real-world exposure scenarios should be applied. 

5.7.4 Biokinetics 

Kinetics and MOA 

The uptake of MNs occurs via endocytotic pathways, i.e. phagocytosis which involves the 

ingestion of large particles or MN agglomerates (generally > 0.25 µm in diameter) and 

pinocytosis including macropinocytosis, clathrin-, and caveolin-mediated endocytosis and 

clathrin- and caveolin-independent endocytosis involving the ingestion of smaller particles  

(< 0.15 µm in diameter) (Conner and Schmid 2003). MNs have been shown to be 

internalized in the cells mainly by pinocytosis, however the specific mechanisms differ with 

respect to the particle characteristics and cell types (Mahmoudi et al. 2012, Unfried et al. 

2007); surface charge is currently considered as one of the most important parameters 

(Huhn et al. 2013). Both cationic and anionic MNs are generally taken up by clathrin-

mediated endocytosis. In addition, a small fraction was observed to be taken up by 

micropinocytosis; however it has been suggested that in most instances cationic particles 
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penetrate more easily through mammalian cell membranes in comparison to positive 

charged particles (Harush-Frenkel et al. 2008). One hypothesis is that aggregation of cationic 

particles in culture media is higher than that of the anionic ones, thus more NPs reached the 

cell surface and/or induce higher cytotoxicity. In addition, the uptake mechanisms for the 

same MNs into different cell types can also vary. For instance, the particle uptake of FBS-

treated TiO2 NPs into A549 cells and H1299, two human lung cell lines, is different, and it 

has been shown that in A549 cells uptake of TiO2 NPs involves a clathrin-dependent 

pathway, whereas in H1299 a caveolin- and clathrin-independent pathway was observed 

(Tedja et al. 2012). 

All of the previously presented endocytotic pathways do have at least one aspect in common, 

that the internalized particle is ultimately located in an intracellular vesicle. Endocytosis of 

MNs results in the localisation of the particles first in early endosomes, then late endosomes, 

and those finally fuse with lysosomes (Li et al. 2013). The particular uptake pathway 

determines the time it takes until the MNs are present in lysosomal compartments (Huang et 

al. 2002).  

Intracellular localization of MNs 

The intracellular distribution pattern of MNs is an important factor in investigating 

(nano)toxicological responses, however different NM types need different analytical methods. 

The method of choice for the intracellular detection of MNs depends on the characteristics of 

the particles (chemical composition, fluorescence, size, and structure or electron density) as 

well as on the cellular structure of interest (for a review see (Vanhecke et al. 2014)). The 

assessment of uptake is especially challenging for carbon MNs due to the detection 

difficulties in complex biological environments. For example, such internalized or adhered 

particles can be assessed indirectly via UV-Vis spectroscopy of the extracellular environment 

(cell culture medium) or live-cell imaging, scanning electron microscopy (SEM) and TEM 

(Goode et al. 2015). 

Confocal laser scanning microscopy (LSM) and flow cytometry have been frequently applied 

for studying MN uptake, intracellular trafficking and semi-quantitative estimation of the uptake 

(Armand et al. 2016b). However, a drawback with these techniques is that they require 

fluorescently labelled MNs. In addition, especially with flow cytometry, the results can be 

misleading as it is difficult to distinguish the association of MNs with cells from the actual 

cellular uptake. Alternatively, “imaging flow cytometry” is an integrative approach combining 

flow cytometry analyses with confocal microscopy. This has been proven appropriate for 

detection of TiO2 NPs based on the principle of the higher the side scatter signal (granularity 

of cells), the higher the NM content in the cells observed (Vranic et al. 2013).  

Inductively coupled plasma-mass spectroscopy (ICP-MS) (Armand et al. 2016b, Huo et al. 

2015b, Pang et al. 2016) or ICP-Atomic Emission Spectroscopy (ICP-AES) (Albanese et al. 

2013) cannot distinguish between internalised MNs, extracellularly associated and/or just 

located between cells or within the extracellular fluid (Reviewed in Collins et al. 2016). 

Whereas imaging techniques, such as hyperspectral dark field microscopy, enable 

intracellular detection of MNs based on the scattered light from the sample, in other words, 

NMs which can strongly scatter light can be imaged intracellularly (Shannahan et al. 2015). 

Similarly, ion beam microscopy (IBM) techniques such as micro-proton-induced X-ray 

emission (µPIXE) and micro-Rutherford backscattering (µRBS) are powerful tools for 

spatially resolved elemental imaging and quantitative analysis at the single cell level (Armand 

et al. 2016b). Moreover, TEM (Gliga et al. 2014, Goode et al. 2015, Huk et al. 2015b, Huk et 

al. 2014, Mu et al. 2014) and confocal Raman microspectroscopy (CRM) are examples of 

semi-quantitative space-resolved imaging approaches for simultaneous visualisation of MNs 

and biological environment at a sub-cellular level (Armand et al. 2016b, Brautigam et al. 



 

 
ProSafe Deliverable 5.08 

Page 218 of 367 

2014), and reviewed in (Collins et al. 2016). Namely, TEM with a resolution range from 

Angstrom to nanometer is the method of choice for resolving electron dense MNs, but 

requires a complex and long sample section preparation, including fixation of the cells (Gliga 

et al. 2014, Goode et al. 2015, Huk et al. 2015b, Huk et al. 2014, Mu et al. 2014). Both TEM 

and also SEM can be coupled to X-ray energy-dispersive spectrometry (EDS) that allows for 

chemical identification of MNs present inside or around the cells. However, TEM is relatively 

cost-intensive and time-consuming, and is also not applicable for non electron dense MNs 

therefore it is not recommended for the first step evaluation of NM hazard assessment. 

Whereas CRM can overcome restrictions of optical microscopy (low resolution) and electron 

microscopy (cell destructive approach), and it is economical and relatively fast (involving 

minimal sample preparation). Even though spatial resolution is limited compared to electron 

microscopy, the detection of unlabelled MNs and agglomerates in cells and tissue with CRM 

is sensitive and specific enough for the regulatory purposes (Brautigam et al. 2014). It is 

applicable also for time course imaging of individual cells and tracking cell metabolism of 

most cell types upon exposure to most MNs. Overall, all the techniques which enable to 

distinguish between the internalised MNs and those attached to the plasma membrane are 

proposed as the second stage regulatory approaches (Collins et al. 2016).  

Translocation of MNs across tissue barriers 

Numerous reports have shown that MN may overcome existing barriers such as lung and gut 

and enter the blood circulation (Muhlfeld et al. 2008) (Lundquist and Artursson 2016). 

Several in vitro models are available to test the translocation of MN which can help to 

estimate the in vivo internal exposure (Braakhuis et al. 2015). However, validation of these 

systems using animal data is still lacking. Another approach is to use experimental data 

combined with in in silico models allowing to predict the human bioavailability of NPs in vivo 

from their in vitro translocation rate (Bachler et al. 2015) but again, in vivo data is required to 

test the power of such systems. 

Biopersistence of MNs in relevant environments 

The behaviour of MNs in physiological fluids – such as in mucus resembling the environment 

in gastro-intestinal and respiratory tract, the aqueous lining layer covered by surfactant (lung 

parenchyma), the blood or the lymphatic fluid – is important to study because this might 

change size, aggregation, zeta potential etc. (Urban et al. 2016). The evaluation of MNs’ 

biodegradability and biodurability is also recommended in mimicked intracellular lysosomal 

compartments (using either artificial lysosomal fluid or cell lysates (Gliga et al. 2014, 

Shannahan et al. 2015).  

Regarding the inhalation route of exposure in situ, pulmonary surfactant is the first biological 

structure with which MNs interact in the alveolar compartment. Thus the interaction between 

NM and surfactants is an important consideration also for the NM impact at the alveolar air–

liquid interface (Marchetti et al. 2015). It is difficult to compare the existing experimental data 

as different surfactant models have been used, including both the semi-synthetic or natural 

surfactant preparations. For example, evaluation of the surfactant protein D adsorbed to MNs 

with SDS-page and immunoblotting is a recommended approach (Marchetti et al. 2015). It is 

applicable to a variety of MNs regardless of their composition, shape and size. Also, for 

instance, the degradation of CNTs in lysosomes has been tested using a combination of cell 

assays and incubation in peroxide or enzyme containing buffer solutions (Andon et al. 2013, 

Kagan et al. 2014), such an approach is, however, not commonly used.  

Among the studies under review, we have not found one applying the mineral fibre 

biopersistence protocol (Bernstein et al. 1994) to MNs directly. However, since length, 

thickness and biopersistence of fibre shaped MNs, i.e. carbon nanotubes, is an important 
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factor for the prediction of the pathogenicity of fibres (Donaldson et al. 2013), biodurability of 

the NM in relevant biological fluids needs to be addressed not only in NM inhalation studies, 

but in any outcomes related to intracellular fate and distribution of MNs in other cell types. 

One publication considered biopersistence of fibrous MNs (CNTs) upon interaction with brain 

microglia cells (Goode et al. 2015). Even though the experiments were performed in the 

scope of the potential of MNs to cross the blood-brain barrier (BBB), the authors highlighted 

the need for further correlative studies considering the role of aggregation in both the cellular 

uptake and biopersistence of fibrous MNs. In particular regarding the pulmonary exposure 

(Goode et al. 2015) as the agglomeration state and thus biopersistence of not only fibrous 

MNs, but also other types of MNs, is important especially for uptake and particle processing 

in alveolar macrophages.  

Key physico-chemical parameters of MNs determining cellular uptake and fate 

As recommended by the OECD the physico-chemical properties of MNs, including primary 

particle size, size distribution, composition, surface chemistry, shape, specific surface area, 

zeta potential, crystallinity, crystalline size, dissolution and solubility and redox potential 

should be considered in hazard assessment studies. In addition, agglomeration and 

aggregation, stability, protein bio-corona, dosimetry or the biokinetics of the tested MNs are 

also recommended for consideration (Monopoli et al. 2012, Monopoli et al. 2011, Walczyk et 

al. 2010). Since most of the publications do not provide a detailed characterization of the 

MNs in complex cell culture media the correlation of MN properties with cell uptake and 

intracellular fate is difficult. One publication addressed the time-resolved understanding of 

the physico-chemical changes of MN in cell culture medium and their surface charge and 

solubility has been identified as the most critical parameter. It has been described that 

negatively and positively charged silver NPs induce toxic responses in A549 cells; this was, 

however, also related to the changes of the particles during storage (Izak-Nau et al. 2015). In 

addition it has been shown that surface charge cannot alone explain cell uptake and 

subsequent cell activation such as pro-inflammatory responses (Fytianos et al. 2015); 

therefore it is not possible to give a clear answer on the most important MN properties. 

Omics approaches for identification of MOA 

Omics tools such as transcriptomics, proteomics, genomics/epigenomics, and metabolomics 

have mainly been used in effects-oriented nanosafety research for the purpose of hazard 

identification, and less for biomonitoring, or identification of specific biomarkers. Such 

approaches can present a supporting tool in understanding underlying mechanisms of MN 

toxicity, however improvements in the correlation of such omics data sets with in vitro studies 

are required (Haase 2016). Nevertheless, some promising outcomes have been reported. It 

is, however, important to keep in mind that the approaches can present biases by the 

researcher and not the methods themselves, meaning that the researchers tend to view their 

data generated by high-throughput omics methods in the light of the prevailing paradigms 

(e.g. “the oxidative stress paradigm” (Costa and Fadeel 2016). Also, it has often been 

suggested that some biological effects of MNs can be manifested only after a normal cellular 

function has been challenged (e.g. after pathogen recognition) (Costa and Fadeel 2016, 

Kodali et al. 2013). 

When coupled with an appropriate bioinformatics evaluation, some omics approaches have 

resulted in the indication of novel and/or low-dose effects that had not been captured by 

conventional cellular assays, reviewed in Costa and Fadeel (2016). For example, a 

secretomic approach which is a proteomic analysis of proteins released into the supernatant 

has revealed some key events in the MN effect; some major differences were observed in 

the inflammation-related proteins and apoptosis induced in macrophages upon exposure to 

CNTs with respect to asbestos materials (Palomaki et al. 2015). Also, based on a 
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microarray-based approach combined with secretomics, a so-called “no observed 

transcriptomic adverse effect level” (NOTEL) was introduced. This suggests transcriptomics 

could be applied to benchmark potentially any type of toxicant, alone or in a mixture, in a 

predictive risk assessment framework (Pisani et al. 2015).  

In another study, a genome-wide microarray analysis showed extensive transcriptional 

“reprogramming” in response to bacterial lipopolysaccharide (LPS) upon exposure to iron 

oxide NPs yet absence of acute cytotoxicity was observed; the outcomes were confirmed 

with quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis. 

Namely, a global gene expression profiling using RNA sequencing followed by a connectivity 

map analysis can enable identification of the predominant, transcriptional effects of the MNs; 

these findings have been validated in biological experiments (Feliu et al. 2015, Lucafo et al. 

2013).  

Overall, generation of this type of omics data presents the first step in identifying adverse 

outcome pathways (AOPs) describing toxicological key events starting from the first 

molecular interaction to the ultimate adverse outcome that can be quantitatively modelled 

using bioinformatics approaches. The combination of omics methods will support the 

knowledge of MOA that can then give evidence for grouping approaches for MNs. The 

NanoToxClass approach suggested by the ERANET SIINN project cluster intends to use 

such system biology approaches in combination with established toxicological endpoints to 

develop grouping principles for MNs, however, so far no final results have yet been reported 

(Haase 2016).  

Omics tools can be used for comparison of different in vitro settings, or compared to in vivo 

scenarios: After exposure to MNs, gene expression profiling approaches have confirmed 

closer resemblance of co-cultures in vitro to the in vivo situation, compared to monocultures 

in vitro. This suggests that co-cultures of relevant cell types can provide an improved system 

for high-throughput in vitro testing, and may reduce the need for animal testing of MNs 

(Snyder-Talkington et al. 2015). The bottlenecks so far are that only limited numbers of MNs 

have been tested, and costs and protocols for nanomaterial omics analyses are emerging. 

Therefore, different cell types and animal experiments should be included and more data is 

needed to validate individual co-culture systems before clear conclusion and 

recommendations about the applicability of these methods can be made. 

Recommendations: 

In the papers under review we have not found any results showing MN biokinetics and a 

relationship between localisation and MOA.  

(i) Time points: We emphasize the importance of several time points being included in the 

assessment of MN internalization and subsequent cell response. The selection of each time 

point(s) tested needs to be justified in the studies. 

Based on the existing data, a clear recommendation regarding optimal time points cannot yet 

be given: the cell cultures experiments differ in most of the variables, already in e.g. cell 

culturing, seeding densities and exposure times. In addition, each cell type reacts differently 

already in the absence of MNs as well as individual MNs behave differently in the cell culture 

media; therefore for example MN deposition on cell surface significantly differs among the 

experiments. Furthermore, the kinetics of soluble or agglomerated NMs is thus not alike. 

(ii) Intracellular localization: To assess cellular uptake and intracellular fate of MNs the use of 

multiple methods is recommended in order to avoid gathering information and interpretation 

from the potential artefacts. We recommend the use of a combination of approaches 



 

 
ProSafe Deliverable 5.08 

Page 221 of 367 

enabling us to distinguish between MNs associated with the outer cell membrane and those 

present inside cells. 

(iii) Biodurability: According to the target organ and cellular compartment the biopersistence 

should be analysed in the respective biological environment (such as the lung, intestinal or 

lysosomal fluid) before in vitro or in vivo tests are performed. In addition, long-term analysis 

in such fluids is recommended in order to obtain detailed information about the possible 

degradation/dissolution/aggregation of the MNs in such physiological environment.  

(iv) Omics approaches: The use of different “omics technologies” seems to be a promising 

approach to identify MOAs. However, more experimental data should be compared to in vivo 

outcomes before any clear guidelines could be defined. Also, it is recommended to aim 

towards a non-biased selection of endpoints.  

5.7.5 Cytotoxicity 

Cytotoxicity of a substance can be determined at different levels: (i) cell membrane leakage 

(e.g. Trypan Blue exclusion or neutral red uptake (NRU) assays), (ii) metabolic pathways 

(formazan-based assays), and (iii) survival of cells or cell death. The latter approach has 

been recognised as the most reliable endpoint as it provides information on the overall 

toxicity of the substance. At the moment the Colony Forming Efficiency (CFE) assay, (also 

referred as plating efficiency (PE), colony forming ability, clonogenic assay), is considered 

one of the most promising tests for general MN toxicity evaluation. As results of the 

interlaboratory comparison study performed and reported by the JRC’s Nanobiosciences 

Unit, the method has been proven reliable, transferable and has been suggested useful as 

an early/first stage screening method (Kinsner-Ovaskainen et al. 2014). It has also been 

implemented in the OECD TG 476 (OECD, 2013) for determination of mutant frequency for 

both cytotoxicity as well as viability of cultured cells as the first step in the genotoxicity 

assessment of chemicals. The assay is non-colorimetric and non-fluorescent, and is 

designed to assess the cytotoxic and cytostatic potential of tested materials. The CFE assay 

has been recommended as preferred over a test where interference with MNs cannot be 

excluded. The advantages of this approach are: absence of cellular dyes which diminishes 

possible interference of MNs with the assay components, general cell death evaluation rather 

than measurement of a specific biological effect. CFE/PE have been used in some studies 

under review (Huk et al. 2014), (Farcal et al. 2015), also reviewed in (Dusinska et al. 2015). 

However, in the majority of studies under review other assays have rather been used to 

assess cell growth activity or cell death. In addition, it is not known if the CFE assay can also 

be used for multi-cellular systems.  

It is based on plating cells in small inoculums on the Petri dishes or 6 well-plates followed by 

determination of the colony formation on such solid substratum (tissue culture plastics) of 

adherent mammalian cell population upon exposure to a tested substance. Thus, it gives 

information both on cytotoxicity as well as on viability of cells. At the end of the exposure 

period, cells are washed and sub-cultured in small inoculums to determine clonogenic 

efficiency for 5-8 days – by this time each viable cell is expected to create a colony. The 

method is very sensitive, it is often used to study the cytotoxic effect on a single cell-level, 

their ability to adhere to the surface and proliferate. Colony forming ability is then expressed 

as the number of colonies versus number of inoculated cells (PE = % of colonies from the 

total number of inoculated cells). Cytotoxicity is determined with respect to the PE of 

negative controls. Small colonies indicate reduced cell viability.  

Besides CFE, also the Trypan Blue based proliferation assay i.e. relative cell growth (RGA) 

measures the overall toxicity by survival or cell death as the endpoint. The Trypan Blue dye 

is often used to determine the number of viable cells in a suspension as it is based on the 
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principle that live cells possess intact cell membranes that prevent certain dyes, such as 

trypan blue, eosin or propidium iodide (PI), to be internalized whereas the dyes can pass 

plasma membranes of dead cells (Strober 2001). The RGA assay uses the trypan blue 

staining to determine the percentage of living (unstained) cells and stained cells after 

exposure to MNs (Goode et al. 2015, Huk et al. 2015b, Huk et al. 2014). The percentages of 

unstained and stained cells with damaged membranes can be assessed manually or with 

automated cell counters. Even though manual assessment is time consuming it is preferred, 

for example when researcher’s input is required in order to overcome interference of MNs 

with automated reading. In both the cases, the counting needs to be performed immediately 

upon staining (Huk et al. 2015b, Huk et al. 2014).  

Similarly to CFE, also with the RGA assay there is no or little risk of interference between the 

assay and the MNs (Guadagnini et al. 2015, Huk et al. 2014). However, a problem with the 

CFE assay can occur as the MNs internalised during the exposure remain in the cells, 

although gradual dilution of the particle load occurs as a result of cell division as the MNs are 

split between daughter cells (Huk et al. 2014, Salvati et al. 2011). Hence, some important 

differences in the IC50 values obtained with the CFE and RGA can be observed and must be 

interpreted carefully. For instance, the initial damage caused by exposure to MNs can be 

repaired after the end of exposure if the cells are further cultivated in a MN free medium and 

thus the initial NM concentration is diluted over time due to cell division (Huk et al. 2014).  

The majority of the reviewed studies use colorimetric or fluorimetric dyes as markers for 

determination of cell viability.  

(i) Cytotoxicity assessment: tetrazolium salt based assays 

Frequently, they are based on a colorimetric measurement of tetrazolium dyes.  

The membrane integrity is often assessed using the lactate dehydrogenase (LDH; cytosolic 

enzyme) release assay. The increase of the enzyme presence in supernatants due to cell 

lysis and cell death correlates with the amount of soluble formazan formed as a result of the 

enzyme activity and the tetrazolium salt introduced (Farcal et al. 2015, Gliga et al. 2014, 

Goode et al. 2015, Stoehr et al. 2011).  

Cellular metabolism can be evaluated based on the tetrazolium salts. The most commonly 

used compounds include: MTT (Armand et al. 2016b, Mu et al. 2014), which is positively 

charged and readily penetrates viable eukaryotic cells. Cells with active metabolism convert 

MTT into a purple coloured formazan product (absorbance peak near 570 nm); the quantity 

of formazan assessed spectrophotometrically is directly proportional to viable cells. The so-

called second generation of tetrazolium dyes which is negatively charged (MTS, XTT, and 

WST-1) (Anguissola et al. 2014, Goode et al. 2015, Shannahan et al. 2015) and typically 

used with an intermediate electron acceptor that can transfer electrons from the cytoplasm or 

plasma membrane to facilitate the reduction of the tetrazolium dye into the coloured 

formazan product. Also, the resazurin reduction assay is used for an indication of active cell 

metabolism as viable cells can reduce resazurin into the resorufin product which is pink and 

fluorescent (Farcal et al. 2015, Gliga et al. 2014) 

Another commonly used assay for estimation of viable cells in cell culture is the neutral red 

uptake assay (NRU) based on the ability of viable cells to incorporate and bind the supravital 

dye neutral red in the lysosomes; however, this assay has been proven to be not sensitive 

enough (e.g. compared to the resazurin assay) (Farcal et al. 2015).  

Additionally, commercial assays can be used, some of them also enabling multiple 

endpoints. For example, CellTiter-Blue (Stoehr et al. 2011) and CellTiter-Glo® luminescent 

are being used as cell viability assays (Pang et al. 2016), or CellTiter-Blue®cell viability kit 
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(Stoehr et al. 2011) which allow detecting and quantifying changes in cell count, lysosomal 

mass/pH, and cell membrane permeability (Di Cristo et al. 2016).  

All those assays are based on the detection of dehydrogenase activity in viable cells. 

Therefore, all the conditions – presence of MNs or chemicals – can affect dehydrogenase 

activity or react with the reducing agents to generate formazan. This can cause discrepancy 

between the actual viable cell number and the cell number determined. In the studies, the 

light absorption due to the presence of MNs can be corrected for particle dispersion alone in 

the absence of cells, as a background subtraction step (Mu et al. 2014). This is, however, not 

always accurate as agglomeration and sedimentation of MNs can be different in the 

presence or absence of cells. In addition, even though the methodological performance of 

the assays is generally straightforward, even a small amount of bubbles introduced to the 

wells causes interference with the optical density reading. False outcomes have been 

reported especially for NRU, LDH and WST-8 assays when assessing TiO2 NPs (Farcal et al. 

2015, Guadagnini et al. 2015, Kroll et al. 2012). 

Overall, high potential for MN interference with different cytotoxicological assays has been 

proven. Therefore,  each in vitro test system has to be evaluated for each individual type of 

MN to accurately assess for possible interferences (Kroll et al. 2012). For instance, a dose-

dependent interference was observed for some MNs with the LDH assay (TiO2 NPs), 

however, surprisingly, the observed interferences did not significantly affect the outcome of 

the toxicity testing (Farcal et al. 2015). On the other hand, false negative LDH results may 

occur for different MN types, e.g. unstable AgNPs, since Ag ions have been shown to inhibit 

the catalytic activity of the LDH enzyme in the analysed supernatant (Stebounova et al. 

2011). 

(ii) Cytotoxicity – Embryotoxicity evaluation  

Embryonic Stem Cell Test (EST) is a validated test for predicting embryotoxicity of chemical 

compounds (Asharani et al. 2012 and its possible extension to MNs has been recently 

reported {Kim, 2011 #2590) (reviewed in: (Farcal et al. 2015)). In the EST assay, 

morphological analysis of beating cell areas, so-called contracting embryoid bodies (EBs) is 

assessed using the proposed cell types, NIH3T3 fibroblasts and mouse embryonic stem 

(mES) cells, representing differentiated and undifferentiated tissue, respectively. The IC50 

values are assessed with mathematic models and MNs can be classified as “weak 

embryotoxic” and “non embryotoxic”, but further studies to elucidate the applicability of EST 

for MNs are still needed (Farcal et al. 2015).  

(iii) Cell death evaluation: apoptosis and necrosis assays 

The evaluation of apoptosis and necrosis, i.e. programmed vs. accidental cell death, is often 

used as the first stage of NM toxicity evaluation. The apoptotic/necrotic cell proportion is 

usually estimated by flow cytometry, namely Annexin-V for loss of membrane asymmetry 

(apoptosis) coupled with PI to detect necrotic cells. However, it is not always proven as a 

reliable assay as false negative results have been reported due to interference with MN 

(unpublished data; reviewed in Collins, (Collins et al. 2016)). Therefore, the evaluation of 

apoptotic gene expression would be more accurate, for instance, apoptotic genes Bcl 2 and 

Caspase 3 can be detected by RT-PCR (Pang et al. 2016). Apoptosis can also be measured 

in the scope of broader cytotoxicity evaluations using commercial Apoptosis1 kit (Cellomics 

VR HCS reagents) that assesses mitochondrial activity, cytoskeletal actin reorganisation, 

nuclear intensity, and nuclear size (Di Cristo et al. 2016). 

(iv) Estimation of epithelial cell barrier damage: impedance-based measurements 
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Another approach which enables the overcoming of interferences of MNs with cytotoxicity 

assays are impedance-based devices. They enable label-free alternatives to be used for 

evaluation of adherent cells (when adhered = viable) and integrity of (epithelial / endothelial) 

cell barrier. There are several commercially available impedance devices allowing for 

sensitive real-time observations of cell changes (cell viability, motility, adhesion) upon 

exposure to MN throughout an experiment without the need for destructive cell sampling. It is 

applicable for a range of MNs and cell types. Reliability and efficiency of impedance-based 

methods have been compared with conventional cytotoxicity assays used for assessment of 

MN induced cellular damage. Just recently, such approaches have been recommended for 

initial, first step, evaluation of material toxicity (reviewed in (Collins et al. 2016)). The 

transepithelial electrical resistance (TEER) is often applied for e.g. Calu-3 and Caco-2 cells 

(Farcal et al. 2015) and lung epithelial barrier (Bachler et al. 2015, Muhlfeld et al. 2008).  

(v) Oxidative stress evaluation 

Oxidative stress is the prevailing paradigm in the MN induced effects in vitro as it is linked to 

various adverse outcomes such as (pro-)inflammation, DNA damage, and general 

cytotoxicity. Cells generate reactive oxygen species (ROS) to maintain normal 

metabolism/homeostasis, but its overproduction can interfere with a variety of signal 

transduction pathways, even induce cell apoptosis. ROS detection in cells often uses 

fluorescent or non-fluorescent probes such as dihydroethidium (DHE) or dichlorofluorescein 

(DCFH-DA) (Driessen et al. 2015, Gliga et al. 2014, Goode et al. 2015). On one hand, this 

approach allows for investigation of early intracellular ROS indicators at much lower NP 

concentrations than those needed for standard cytotoxicity assays, but on the other hand 

interference with MNs is highly probable and thus can limit the range of tested particle 

concentrations. Therefore, an alternative method to report on cellular ROS generation is 

highly needed, such as a proteomic-based analysis of protein carbonylation as an oxidative 

stress measure. One suggestion is 1D and 2D immunoblotting coupled with matrix assisted 

laser desorption time-of-flight mass spectrometry (MALDI-TOF/TOF) (Driessen et al. 2015). 

The approach circumvents all interferences with dyes or assay systems, possesses higher 

sensitivity compared to the fluorescent based approaches, enables subcellular localization of 

oxidative processes, and also comparison of in vitro and in vivo systems. As a 

complementary approach to this, electron spin resonance (ESR) spectroscopy can be 

applied for pre-assessment of reactivity of MNs. The redox profiling of MNs might be useful 

for their classification according to the MOA. This is not an optical method, thus it is also less 

susceptible to interferences (Driessen et al. 2015).   

One of the first indications of MN reactivity can be obtained by using acellular assays, e.g. by 

measuring ROS formation or Ferric Reducing Ability of Serum (FRAS) {Pal, 2014 #3293} 

(Arts et al. 2015) (Hsieh et al. 2013) (Nel et al. 2013). However, the local environment (cell 

culture media in vitro or body fluids in vivo) may influence the reactivity of the MNs hence the 

results can only be used as a brief indication of MN reactivity (JRC 2016). For ROS 

measurements please see Chapters 5.1 and 5.6) 

With respect to the relation between oxidative stress and cell death (necrosis and apoptosis), 

changes in intracellular free calcium levels [Ca2+] upon exposure to MNs are also evaluated 

since increased levels of calcium can be associated with oxidative stress. It is usually imaged 

using Ca2+-sensitive fluorescent dye Fura-2- acetoxymethyl ester or Fluo-4 (Anguissola et al. 

2014, Stoehr et al. 2011). 

(vi) Secretion of cytokines and chemokines: enzyme-linked immunosorbent assay  

In addition to the conventional cytotoxicological methods, analysis of the secreted soluble 

factors i.e. proteins such as cytokines, chemokines and growth factors are usually 
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determined by the enzyme-linked immunosorbent assay (ELISA) (Farcal et al. 2015, Goode 

et al. 2015, Huk et al. 2014, Wan et al. 2015). It is based on the enzymatic reaction analysed 

with flow cytometry, chemoluminescence or fluorescence measurements. However, also with 

this approach interference with MNs in cell culture supernatants or tissue/cell lysates is 

possible. Thus, the outcomes must be interpreted with respect to the cell viability data as the 

loss of cell viability at higher doses of MNs could prevent the cytokine secretion and thus 

lead to false negative results. Instead of, or in parallel with, the cytokine release assessed 

with ELISA, the gene expression can be evaluated using RT-PCR (e.g. for IL-6, Il-8, and/or 

TNF-α mRNA expression) (Shannahan et al. 2015). Additionally, so called “reporter cell 

lines” can be used for that purpose. For example, stably transfected A549 cell lines which 

possess a luciferase reporter gene under the regulation of the promoter of a specific cytokine 

(interleukin (IL)-6, IL-8 or tumour necrosis factor-α (TNF-α)) or the nuclear factor kappa B 

(NF- κB) response element have been proven suitable for this approach (Stoehr et al. 2011). 

(vii) Multiple endpoint approaches 

The combination of multiple endpoint-approaches such as the high throughput screening 

(HTS) – the use of automated tools to facilitate rapid generation of a large number and 

variety of biological assays – and the high content analysis (HCA) – cell-based multi-

parametric image analysis techniques with the high-throughput and quantitative data 

processing ability from acquired fluorescent and bright field microscopy image data – have 

been proposed as promising approaches in the assessment of MN cytotoxicity. HTS/HCA-

based approaches enable fast, reliable and sensitive testing of a panel of MN types and 

concentrations, and on different types of cells, and also reduce the effect of inter-

experimental variation, making substantial savings in time and cost. They enable 

incorporation of robotic handlings as well as optional regulation of environmental settings 

such as humidity, temperature, atmosphere (Anguissola et al. 2014, Huo et al. 2015a). 

Conventional cytotoxicological parameters such as changes in nuclear and cellular 

morphology, membrane permeability, mitochondrial membrane potential, oxidative stress 

monitoring (ROS production), cellular and lysosomal acidification/pH levels, and plasma 

membrane integrity can be evaluated at individual cell or whole cell population levels for 

most of the cell types. In addition, the interaction of fluorescently labelled MNs with cells can 

be investigated (Anguissola et al. 2014, Collins et al. 2016, Huo et al. 2015a).  

For instance, mitochondrial activity measured by the HCA approach (TMRM fluorophore) has 

been proven to be as sensitive as traditional toxicology assays MTS (OECD, 2013). Although 

the MTS cell viability assay and the TMRM fluorophore monitor different aspects of 

mitochondrial functionality, i.e. the reductase enzymatic activity and the polarization of the 

mitochondrial membrane, respectively, they were compared as both depend on healthy and 

functional mitochondria). Whereas uptake of TOPRO-3, a carbocyanine monomer nucleic 

acid stain, resulting from loss of plasma membrane integrity, was compared to uptake of PI 

measured by flow cytometry (Anguissola et al. 2014). The disadvantage is that similar MN 

interference with the optical pathway/reagents as in conventional cytotoxicity methods can 

occur. The approach would be suitable for regulatory consideration in the short term as a first 

step fast cytotoxicity screening of a large panel of MNs, however specific equipment 

(software and hardware) is needed. Also, the same “rules” apply for possible NM 

interferences with reagents, and validation of in vitro tests concerning their relevance to in 

vivo results that can assess dose- and time-dependent toxicity which would predict in vivo 

adverse effects are required (Collins et al. 2016). 

(viii) Other endpoints: 

Effects of MN on the immune system have been described and recommendations from the 

2008 National Cancer Institute workshop (Workshop 2008) on immunology and 
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nanotechnology entitled 'Considerations in Preclinical Immunotoxicity Assessment of 

Engineered Nanomaterials' have been summarized describing in vitro as well in vivo testing 

for NM to assess possible immunotoxic effects (Dobrovolskaia et al. 2009). Immune cell 

models, mono- as well as co-culture systems, are available for a first evaluation of NM 

immunemodulatory effects (Fytianos et al. 2016). 

In addition high aspect ratio NMs such as CNTs have been shown to induce (pro-)fibrotic 

responses both in vivo and in vitro, whereas the severity of the response is dependent on the 

physicochemical characteristics of the CNT (Vietti et al. 2016)). Therefore this endpoint is 

recommended to be tested for fibre shaped NMs. 

Positive and negative controls 

It is very important to mention that for all the assays described above positive and negative 

controls have to be included. Particularly, MN-based positive and negative controls should be 

systematically included in cytotoxicity and genotoxicity experiments in order to confirm the 

sensitivity of the techniques, to benchmark the MN biological effects, and in some cases also 

to assess potential MN interferences with the assay (Collins et al. 2016). Usually, untreated 

cells are used for negative controls and the assay data are presented normalised to these 

values (Huk et al. 2014)), whereas in some cases, the respective bulk materials are used 

(Wiemann et al. 2016). The majority of the studies under review compare the MN-induced 

effects with those caused by chemicals, e.g. H2O2 for cell viability, oxidative stress, 

genotoxicity, tert-butyl hydroperoxide for oxidative stress) (Armand et al. 2016b), LPS or 

TNF-α for the onset of inflammation, or salts corresponding to individual MNs adjusted to the 

same molar content of the respective element (Mu et al. 2014, Stoehr et al. 2011). In the 

respiratory exposure-related studies, the same positive controls are applied for all the 

endpoints tested, mostly chemicals (Clift et al. 2014) or e.g. quartz DQ 12 (Chortarea et al. 

2015, Wiemann et al. 2016). Only in some studies has MN-based reference material been 

reported. For example iron oxide NPs were used as positive control for cytotoxicity, oxidative 

stress and genotoxicity endpoints and poly-lactic-co-glycolic acid–polyethylene oxide 

copolymer (PLGA-PEO) coated NPs as negative control (Cowie et al. 2015, Dusinska et al. 

2015), and reviewed in (Collins et al. 2016)). Also amine modified polystyrene NPs (PS-NH2) 

have been proposed as a positive control for acute toxicity and apoptosis (Paget et al. 2014), 

(Anguissola et al. 2014), and activation of the inflammasome pathway (Farrera and Fadeel 

2015). Carboxylated nanodiamonds were found to be neither cytotoxic nor genotoxic on 

several human cell lines (Paget et al. 2014) and can thus be proposed as MN-based 

negative controls. In some studies, material with the same chemical composition but different 

morphology is used for positive control such as long silver nanowires for cytotoxicity and cell 

death (Stoehr et al. 2011).  

Recommendations: 

The test to assess cytotoxicity should always consider the cell type and MNs used, so 

therefore a generalized recommendation cannot be given. Overall, a multiple endpoint 

approach and multiple approaches for individual endpoints are recommended.  

(i) Cytotoxicity: For cytotoxicity assessment a battery of tests should be employed, along with 

an appropriate medium, time of exposure, appropriate controls and reference standards 

used, at least two to three cytotoxicity assays (including dye-free approaches), two to three 

representative cell lines, five concentrations of MNs, and must include corresponding 

negative and positive controls (Dusinska et al. 2015).  

(ii) CFE: The CFE test seem to be a good alternative dye-free test, however, the applicability 

for multi-cellular systems needs to be evaluated.  



 

 
ProSafe Deliverable 5.08 

Page 227 of 367 

(iii) For suspension experiments for all assays that need a dye, interference tests are 

mandatory.  

(iv) Multiple endpoints: Besides the combination of the selected endpoints (e.g. cell viability, 

oxidative stress, intracellular distribution of MNs, and also genotoxicity – addressed in the 

next section), a combination of multiple approaches for individual endpoints is 

recommended. For example, () cytotoxicity and cell viability (MTT, Trypan Blue exclusion 

assay, and PI), () intracellular distribution and accumulation of MNs (microPIXE and TEM), 

() oxidative stress ( intracellular ROS formation (H2DCF-DA), total GSH concentration, 

antioxidant enzyme activity: glutathione reductase, glutathione peroxidase, superoxide 

dismutase and catalase), and () genotoxicological effects by evaluating DNA damage using 

for example the alkaline modified version of the comet assay, p53-binding protein 1 sites for 

double stranded breaks, and micronucleus assay) (Armand et al. 2016b). Finally, () 

immunotoxicity and () (pro-)fibrotic potential have to be addressed, the latter especially for 

high aspect ratio MNs.  

A very good example of a systematic (comprehensive) evaluation of in vitro MN toxicity 

testing is Farcal et al. (FP7 MARINA project, nine laboratories) on a battery of cellular 

systems and test assays: 6 representative oxide MNs (EC-JRC NM Repository), 12 cellular 

models representing 6 different target organs/systems (immune system, respiratory system, 

gastrointestinal system, reproductive organs, kidney and embryonic tissues), 10 different 

assays for cytotoxicity, embryotoxicity, epithelial integrity, cytokine secretion and oxidative 

stress (Farcal et al. 2015). 

5.7.6 Genotoxicity 

Genotoxicity describes the potential damage of MNs to the genetic material in a cellular 

nucleus, i.e. the DNA. Primary genotoxicity is induced in the absence of an inflammatory 

response, while secondary genotoxicity is driven by the activation of inflammatory cells which 

can generate substantial amounts of reactive species in the so-called oxidative burst. In 

addition, genotoxicity of MNs can be directly or indirectly induced. The direct genotoxicity can 

result from physical interactions of the materials with the genomic DNA, and the indirect 

genotoxicity can result from increased ROS generation upon interaction with other cellular 

components (e.g. mitochondria, cell membrane) where ROS can accumulate and damage 

the mitochondrial DNA (Kemi 2016, Schins and Knaapen 2007, van Berlo et al. 2012). 

Several assays are described to assess the genotoxic potential of MNs. One is the bacterial 

mutagenicity test (Ames, OECD 471) which is approved to assess chemicals, however, it is 

not recommended for genotoxicity assessment due to the possible lack of MN uptake in 

bacterial cells. No studies under review used bacterial based tests. However, several other 

studies have shown MN uptake in bacterial cells. For instance, Kumar et al. used flow 

cytometry and TEM imaging and showed uptake as well as a weak mutagenic potential of 

ZnO and TiO2 NPs (Kumar et al. 2011); Clift et al. showed that various MNs, including CeO2 

NPs, SWCNTs and MWCNTs, were able to enter bacterial cells (TA98 S. typhimurium strain) 

yet the results on mutagenicity of MNs were negative (Clift et al. 2013). Most other studies 

have shown a lack of uptake suggesting the use of mammalian cells for testing mutagenicity 

is a better solution.  

The OECD workshop findings (OECD 2014d) provide very useful recommendations on 

genotoxicity testing in vitro. We agree on the inappropriateness of the bacterial based tests 

(such as Ames test (OECD TG 471)) for genotoxicity of MNs due to the reasons stated in the 

OECD document (OECD 2014d). Namely, uptake of MNs in bacterial cells can be limited due 

to the lack of endocytoticability of bacteria used in the assays and diffusion of MNs across 

the bacterial cell wall may be limited. In addition, some MNs have antibacterial properties 
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which can lead to misinterpretations of the outcomes. In some cases the size of bacteria is 

not as big as some MNs (Doak et al. 2012, Huk et al. 2014).   

Furthermore, the workshop’s findings suggest an alternative in vitro mammalian cell gene 

mutation assay OECD TG 476 (OECD, 2013). The assay uses the hypoxanthine-guanine 

phosphoribosyl transferase (Hprt in rodent cells and HPRT in human cells) or the xanthine-

guanine phosphoribosyl transferase transgene (gpt, XPRT) genes for the detection of 

mutational events (base pair substitutions, frameshifts, small deletions and insertions) and 

also  mutations resulting from large deletions and possibly mitotic recombination due to the 

autosomal location of the gpt transgene, respectively. For that assay, the use of an 

appropriate cell type is recommended, for example lung fibroblasts isolated from hamster 

(V79-4 cells9 which have shorter cell cycle (12 h) compared to e.g. A549 cells (24 h). 

However, to date, there are only few studies using the mammalian in vitro hprt gene mutation 

test OECD TG 476 (OECD, 2013) (Huk et al. 2015b, Huk et al. 2014). There have been no 

reports yet identified regarding specific limitations when testing MNs, and the advantages are 

including, but not limited to the () lack of interference with MNs, ( closer resemblance of 

the mammalian cell model to human physiology, ( simple selection of mutants with 6-

thioguanine,  the capacity to characterise the diverse range of possible mutations, () 

inactivation of only one allele required for the mutation to be expressed (Huk et al. 2015b, 

Huk et al. 2014).  

While the HPRT test detects mutational events such as base pair substitutions, frameshifts, 

small deletions and insertions, the XPRT assay also allows for the detection of mutations 

resulting from large deletions and possibly mitotic recombination due to the autosomal 

location of the gpt transgene. However, in a study under review, a greater number of hprt 

mutants were observed in viable cell populations than in the AgNPs exposed ones. This 

observation can be explained by the fact that larger genetic malformations induced by higher 

concentrations of MNs consequently reduced cell viability of the mutant cells resulting in the 

lower mutant frequency observed (Huk et al. 2014). Similar reverse concentration response 

has been observed also for other MNs suggesting extreme mutations occur at higher 

concentrations resulting in lower mutant cell viability and thus lower observation of mutant 

frequency. So far, there has been no evidence in interference of MNs therefore the approach 

should be recommended, but further testing is required.  

Another recommendation from the workshop was to consider specific modifications of the in 

vitro mammalian cell micronucleus assay (OECD TG 487) which is used for evaluation of 

chromosome breakage leading to the formation of an additional nucleus (micronucleus) 

during cellular division and thus aneuploidogenic effects. To prevent cytokinesis in the test, 

treatment with Cytochalasin-B has been used (in order to score MN in once-divided cells), 

however this has been proven to strongly affect NP-uptake. Therefore, post-treatment or 

delayed co-treatment has been suggested (Kemi 2016). The OECD started to develop a 

guidance document on the adaption of the in vitro mammalian cell micronucleus assay to 

nanomaterials (OECD, 2015) 

Among the studies under review, the most commonly used approach for genotoxicity testing  

were the micronucleus assay (Armand et al. 2016b) and different versions of the comet 

assay (Gliga et al. 2014) (Huk et al. 2014 {Mu, 2014 #1945)}. The comet assay and its 

variations are applied to study specific DNA lesions such as single and double strand breaks, 

oxidation, alkylation of DNA, cross links in mammalian cells and has been reported as a 

successfully applied approach also in nanogenotoxicology (Dusinska et al. 2015, Huk et al. 

2014, Magdolenova et al. 2014). The method is highly sensitive, but at the same time is 

capable of detecting damage only over a fairly narrow range of breaks per cell as it is limited 

with the NMs cytotoxicity (Huk et al. 2015a). False positive results have been reported due to 
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presence of MNs in the ‘comet head’ which has raised concerns of the possible interference 

of the previously uptaken MNs with the assay components. Therefore, co-incubation of MNs 

with both untreated cells and cells exposed to a known genotoxic compound in the gel is 

recommended (Huk et al. 2015a, Karlsson et al. 2015). Overestimation of the DNA damage 

due to additional damage occurring during the assay performance has been reported 

especially for high doses of MNs (CeO2, TiO2, SiO2, and polystyrene NPs) (Ferraro et al. 

2016). The additional damage was particularly pronounced for photocatalytically active TiO2 

NPs as those particles can be additionally activated by the laboratory lights. One study 

compared the Comet assay with the micronucleus test and the comet assay was criticized for 

false positive response. When compared to micronucleus assay it was seen that when 

photocatalytically activeTiO2 NPs were excluded, 81% consistency was observed (Karlsson 

et al. 2015). 

The comet assay is however relatively labour intensive, particularly at the stage of scoring – 

there is a need for automated software tools. It is recommended to perform parallel gels per 

sample and at least 50 comets per gel should be scored to allow reliable statistical analysis. 

Uptake of MNs in the cells needs to be demonstrated. Overall, MN concentrations, cell 

number, cell culture plate format and volume of treatment medium on the plate are crucial 

factors that should be kept constant during the study (Huk et al. 2015a).  

Other tests include the γ-H2AX foci formation as a marker for DNA double strand breaks 

(Gliga et al. 2014). When compared to the comet assay, AgNPs induced DNA damage (after 

24 h, but not after 4h) as assessed by the comet assay, but without γH2AX induction, 

suggesting higher sensitivity of the comet assay but with limited mechanistic insight for 

investigations of more precise mechanisms of genotoxicity (Gliga et al. 2014). Or the in vitro 

mammalian chromosome aberration test and in vivo mammalian bone marrow chromosomal 

aberration test, respectively (OECD TG 473, OECD TG 475). The most common cell models 

for genotoxicity and mutagenicity studies: V79-4 and TK6 cells (Huk et al. 2015b).  

Comparison: comet assay and in vitro mammalian cell gene mutation assays 

Correlation of the comet and in vitro mammalian cell gene mutation assay results is 

challenging as they measure different endpoints, require different cell types, exposure 

durations, cell seeding densities, etc. In the comet assay, transient DNA lesions, which can 

be repaired or can result in mutations, are measured; also outcomes might be affected by 

several biological processes (such as apoptosis or necrosis) thus it is important to measure 

at sub-cytotoxic concentrations to ensure that the effect observed is not related to MN 

cytotoxicity. In contrast the hprt gene mutation test detects permanent changes in the 

nucleotide sequence of the genetic material inherited or raised by incorrect nucleotide base 

pairing during replication or by erroneous repair. Cell survival is determined at the time of 

each mutation harvest (plating efficiency, PE) for each sample and considered in the 

calculation of mutant frequency (Huk et al. 2015b, Huk et al. 2014). 

From a regulatory perspective, genotoxicity testing requires a battery of tests addressing 

different genotoxic and mutagenic endpoints, since no single method is capable of detecting 

all the different forms of genome damage which includes DNA lesions, chromosome 

aberration and mutations (Doak et al. 2012, Huk et al. 2015b). Outcomes of the 

genotoxicological assays (particularly for the comet assay) vary significantly at intra- and 

inter-laboratory comparisons. The reasons are mostly attributed to diversity of MN 

preparation and handling, therefore parallel studies with other endpoints are important (Huk 

et al. 2015a). 

Recommendations (in line with the OECD workshop report, OECD 2014d): 
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(i) Use of mammalian tests: Bacterial cells have limited ability to engulf MNs and thus, 

mammalian cells are recommended for mutagenicity testing.  

(ii) Non cytotoxic concentrations: Appropriate cytotoxicity tests should be part of the 

genotoxicity testing strategy (Dusinska et al. 2015, Huk et al. 2015a, Magdolenova et al. 

2014). For example, RGA or CFE (see cytotoxicity section) should be assessed on the same 

cells as used in the genotoxicity test and only the concentrations above 80% viability should 

be considered. The studies under review determine the non-cytotoxic concentrations mostly 

using colorimetric approaches for cell viability evaluation (formazan based), or a combination 

of them (Armand et al. 2016b, Gliga et al. 2014). 

(iii) Time: prolonged (at least 24 h) treatment is recommended to ensure MN uptake by cells 

and access to DNA when the nuclear membrane is dissolved (Huk et al. 2015a). As, for 

example, 4 h treatment might not yet induce genotoxic effects (Gliga et al. 2014), however, 

for comet assay 2-3 h is enough for induction of positive results (Huk et al. 2015a).  

(iv) Positive and negative controls should always be included for quality control as a 

demonstration of correct performance of the assay, and to ensure reproducibility. Negative 

controls should demonstrate the background level of DNA damage whereas positive controls 

should show strongly significant effects. For example, H2O2 (Gliga et al. 2014, Huk et al. 

2015b, Huk et al. 2014) or etoposide (VP-16, anticancer drug) (Armand et al. 2016b, Gliga et 

al. 2014) are used to induce strand breaks, and for instance for the comet-FPG assay the 

photosensitizer Ro19-8022 with visible light to induce oxidised purines or riboflavin/UV A.  

Additional controls with MN solvent or MN supernatants should also be included to avoid 

false positive results due to coating/solvent/stabilising effect or ion dissolution. A challenge is 

to devise suitable nano-specific positive controls. So far no clear generally accepted 

candidate has been found and no consensus has been reached. “Building a database of 

historical positive and negative controls is good practice for quality assurance.” (Huk et al. 

2015a). 

(v) OECD activities: The OECD started to develop a „Guidance Document on the Adaptation 

of In Vitro Mammalian Cell Based Genotoxicity TGs for Testing of Manufactured 

Nanomaterials” (OECD 2015) which is focused on the adaption of the micronucleus test TG 

487. This activity should be further pursued and extended to the in vitro gene mutation test 

TG 476. 

Carcinogenicity in vitro: Colony Transformation Assay (CTA) 

Besides the abovementioned approaches for evaluation of genotoxicity of MNs in vitro, there 

has been promising new approaches proposed, i.e. Cell Transformation Assays (CTA) which 

measure potential cell transformation (that is one step in the multistep cancer process), and 

can detect both genotoxic and non-genotoxic carcinogens (JRC 2016). For example, the “In 

vitro Transformation assay in Bhas 42 cells” and the "In vitro Syrian hamster embryo cell 

transformation assay" have recently been adopted by the OECD (NANoREG, 2016), 

however no studies under review used this approach. 

5.7.7 Regulatory Relevance: Testing Strategy  

Categorization: 

The “grouping” concept of MNs aims to increase the hazard assessment of any material in a 

more efficient manner and with the possibility of prediction of endpoint specific effects. Such 

effects of an unknown substance might be predicted from endpoint-specific effects of the 

other substances classified in the same group. However, so far, no regulatory framework for 
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such grouping approaches of NMs exists, but various efforts on this are described in the 

literature (see Chapter 5.9). 

For example, the National Institute for Occupational Safety and Health (NIOSH) and the 

British Standardization Institute (BSI) distinguish between: (i) soluble, (ii) biopersistent and 

low toxicity, (iii) biopersistent and high toxicity, and (iv) high aspect ratio (HARN) MNs 

(Kuempel et al. 2012). Other grouping efforts reported by German Federal Institutes BAuA 

and BAM or the EU Commission have been reviewed by Arts et al. (Arts et al. 2016).  

The European Centre for Ecotoxicology and Toxicology of Chemicals Task Force on 

Nanomaterials (ECETOC Nano TF) (Arts et al. 2015, Arts et al. 2016) has proposed a 

functionality-driven Decision-making framework for the grouping and testing of MNs 

(DF4nanoGrouping) with the aim to group them by their specific MOA that results in an apical 

toxic effect. Briefly, data deriving from 24 tested materials were included in the specific case 

studies and the following three tiers to assign MNs into four main groups which have been 

proposed mainly based on relevant intrinsic material and function-related properties of MNs: 

 DF4nanoGrouping Tier 1 – intrinsic material properties: Water solubility, particle 

size and shape (aspect ratio) and composition (including surface functionalization, 

and noting the presence of material components or impurities; 

 DF4nanoGrouping Tier 2 – system-dependent properties and in vitro effects: 

Dissolution in biological media, surface reactivity, dispersibility, cellular effects 

and in vitro genotoxicity; 

 DF4nanoGrouping Tier 3 – in vivo effects: Apical toxic effects, toxic potency, in 

vivo genotoxicity, reversibility of effects, (primary and secondary) organ burden 

and clearance, biodistribution and biopersistence; 

 DF4nanoGrouping – qualifiers: Release (dustiness); 

 DF4nanoGrouping – supplementary criteria: Surface area, surface chemistry, 

surface charge, and hydrophobicity.  

 

The authors conclude that specific case studies covering a broad spectrum of different types 

of MNs should be conducted to provide further proof-of-evidence for the suggested grouping 

concept with the perspective to integrate this into the REACH registration process for 

substances that have to be registered in the nanoform.  

It is accepted that a single dose parameter is not sufficient to describe the toxic effects of 

MNs. Therefore other parameters such as size, surface area, surface reactivity, 

concentration and exposure time need to be included as well as different endpoints. 

Intracellular ROS has for example been shown to be an appropriate endpoint for metal oxide 

nanoparticles such as SiO2 or ZnO NPs, but not for CNTs or other MN types, such as TiO2 or 

Cu NPs, and it has been suggested to include more physico-chemical parameters in the 

analysis (Simko et al. 2015).  

In addition, surface reactivity of MNs in a cell free setting can provide a useful tool for 

prediction of material cytotoxicity. For example, it has been shown that the redox potential of 

MNs measured by ESR correlated well with the outcomes of the proteomic-based analysis of 

protein carbonylation as an oxidative stress measure. The correlation of the potential of MNs 

to induce oxidative stress, measured with ESR, corresponded well to the results on oxidative 

damage assessed by the 1D immunoblot carbonylation assay (83 %). The degree of this 

correlation is much higher compared to the proteomics evaluation and the commonly used 

approach for cell free oxidative potential assessment (the DCF-DA assay; 38%) thus ESR 
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has been suggested to be a useful approach for the prediction of carbonylation of 

cytoplasmic proteins (see also the discussions on ROS generation in Chapters 5.1 and 5.6).  

Thus, such a redox profiling approach may be used for NM classification (grouping) 

according to their MOA (Driessen et al. 2015). 

An example for ranking MNs has recently been proposed by the NANoREG project 

(NANoREG, 2016) which is in context with the European Chemicals Agency (ECHA) 

approach on the usage of (eco)toxicological data for bridging data gaps between and 

grouping of nanoforms of the same substance - elements to consider.(ECHA, JRC, RIVM, 

2016).  

First of all, it is expected that MNs are classified to have according genotoxic and/or 

sensitizing properties according to the classification of their chemical core, and the remaining 

evaluation process to be followed is presented in Fig. 5.7.1 below. 

Namely, in the first phase of evaluation, MNs are classified in 3 categories: red (the highest 
potential to be hazardous), green (MNs for which the classical i.e. the non-nanomaterial, risk 
assessment approach can be performed), and orange (further evaluation needed). The in 
vitro part of the process includes genotoxicity and immunotoxicity evaluation in the phase I 
and is continued in the phase II ranking based on occupational and consumer exposure 
scenarios.  
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Figure 5.7.1 
Stepwise approach to categorize MNs according to Deliverable 1.10 of the NANoREG project 
(NANoREG, 2016) 
Green arrows: the material is no nanomaterial or has such a high dissolution rate in water that it falls 
apart into its molecular or ionic form before it reaches its target => the classical (non-nanomaterial) 
risk assessment approach can be performed. Red arrow: the material is a “rigid and biopersistent 
High Aspect Ratio Nanomaterial (HARN)” => substitution or information gathering for targeted risk 
assessment to evaluated the potential to cause mesothelioma is needed. Orange arrows: the 
material does not meet the criteria for classical (non-nanomaterial) risk assessment or targeted risk 
assessment to evaluate the potential to cause mesothelioma => use information of phase I for 
prioritisation and/or further evaluation following the proposed elements related to the kinetics, toxicity 
and exposure in phase  II, III and further. Black arrows: evaluation of the nanomaterial following the 
proposed elements related to the kinetics, toxicity and exposure in phase I, II, III and further. PROC= 
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process and operational conditions. I: inhalation route of exposure. O: oral route of exposure. D: 
dermal route of exposure. 

Another example of an in vitro assay suitable for regulatory purposes predicting short-term 

inhalation toxicity has recently be proposed by the group of Landsiedel and co-workers 

(Wiemann et al. 2016) who tested an in vitro assay using rat derived alveolar macrophages 

(AMs) NR8383. The rationale for selection of AMs is in the fact that AMs are known to be 

much more sensitive (vulnerable) than epithelial cells, since they engulf the major fraction of 

inhaled deposited material and have a major role in clearing the lungs from the inhaled MNs. 

As a response to inhaled materials, AMs are known to produce intracellular ROS/H2O2 and 

nitrogen monoxide, and to release pro-inflammatory mediators such as TNF-α; interleukins 

(IL-1, IL-6, IL-8), monocyte chemoattractant protein-1 (MCP-1)) and diverse fibrogenic 

mediators such as transforming growth factor β (TGF- β), osteopontin, and platelet-derived 

growth factor (PDGF).The proof-of-concept was shown by the example of 20 different 

materials (18 inorganic MNs and 2 nano-sized organic pigments) and a combination of 

endpoints evaluated: (i) release of the cytosolic enzyme LDH and lysosomal β-glucuronidase 

(GLU); indicating macrophage activation and/or membrane damage), (ii) pro-inflammatory 

reactions by measuring cellular release of bioactive TNF-α, and (iii) an induction of oxidative 

stress by measuring the formation and release of H2O2. Based on the outcomes the MNs 

were classified as in vitro “active” or “passive”. This approach is suitable to serve as a first 

screening method in order to determine the relevance of further in vivo testing for hazard 

assessment, i.e. short-term rat inhalation study (STIS). For 19 out of 20 MNs the in vitro 

outcomes accurately predicted the in vivo activity or passivity assessed by STIS. 

5.7.8 Final Conclusions/Recommendations 

We fully agree with Gordon et al. (2014) who concluded that most in vitro test results we 

have available so far for MNs are not sufficient in and of themselves for final regulatory 

decisions on the possible toxicity of a given MN. However, in vitro results may be useful in 

ranking MNs for follow-on in vivo testing in certain circumstances (Wiemann et al., 2016), 

and can also contribute to the interpretation of in vivo results by identifying their mode(s) of 

action. 

(i) There are interesting and well-explained approaches to categorize NMs. However, the 

grouping has not yet considered the change of NM surface properties in the presence of 

different cell types.  

(ii) From the publications reviewed we cannot recommend one cell model which can cover 

everything, since clearly the models or endpoints might differ for different (disease) stages. It 

is also not possible to conclude if cell lines should be preferred over primary cells. For initial 

screening methods, relevant mono-cultures (i.e. oral, lung, intestine) and CFE might be 

sufficient but then more complex models and more endpoints should be included. In 

particular the long-term effects with sub-chronic NM concentrations should be included. 

(iii) Dose metrics: it is not sufficient to provide information about NM concentration (i.e. 

µg/mL) or the NM surface exposed to cells. The deposited dose and/or cell burden has to be 

given. Estimation methods are available to provide deposited doses for submerged cultures, 

and more realistic dosing methods are available to more directly measure deposited doses 

(such as ALI exposure systems). More studies should be performed using the concentrations 

expected with human exposure, namely those concentrations which are occupationally 

relevant or daily relevant. Companies should make in vivo data available that would support 

efforts to optimize and validate cell culture approaches. 

(iv) Finally, the following tiered testing strategy for cell culture assays is recommended before 

in vivo tests are performed: 
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1. In addition to the physico-chemical characterization of NMs before, during and after 

the test performance, protein corona kinetics during and after the test, analysis of 

NMs stability / biodurability in relevant physiological fluids is required. 

2. The choice of relevant cell models including thorough characterization of cell growth 

and differentiation, inclusion of endpoints mimicking the in situ cell response. 

Comparison between acute and long-term effects. 

3. Assessment of cellular uptake, biokinetics, inclusion of i.e. screening methods 

(omics) to determine MOA. 

 

Overall, the most important criteria to produce reliable and robust data from in vitro 

nanotoxicological assays is: (i) detailed MN characterization, including physicochemical 

properties before, during and after the testing, (ii) use of comparable and realistic dose 

metrics and test conditions, (iii) implementation of both internal performance controls and 

reference MNs allowing for comparison between studies, both intra- and interlaboratory. In 

order to avoid false negative or false positive results, at least two independent methods per 

individual tested endpoint need to be performed and with multiple relevant cell types or co-

culture models and a battery of standardized cytotoxicological assays (also reviewed in 

(Farcal et al. 2015)). The future direction should be driven towards standardization and 

validation of specific in vitro assays mimicking defined in vivo endpoints. Such a strategy 

should be done in close collaboration with the European Centre for the Validation of 

Alternative Methods (ECVAM). 
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Chapter 5.8 

5.8 (Q)SAR modelling of nanomaterials 

Enrico Burello
25

 

5.8.1 Introduction  

A comprehensive evaluation of the biological and toxicological effects of nanomaterials is 

necessary for meeting regulatory requirements and for the design of products that are safe 

and operate as intended (Burello. 2015). However, toxicological tests are time-consuming 

and resource intensive, which is why researchers are developing computational models to 

predict the behaviour and effects of nanomaterials in biological systems. Such predictions 

would allow researchers to streamline and prioritize toxicological tests, thus allowing a focus 

on the most promising (i.e., safer) nanomaterials. Today, computational chemistry methods 

such as (Q)SARs ((Quantitative) Structure- Activity Relationships) are extensively applied in 

the area of toxicology to predict the physicochemical properties of chemicals and 

nanomaterials and their effects in the human organism and in the environment.  

In the field of toxicology, (Q)SAR methods are typically applied towards the more elusive 

goal of predicting potential toxicity outcomes for in vitro cell cultures or in vivo animal test 

systems, where the toxicity endpoint (e.g., mutagenicity, developmental toxicity, cancer) 

tends to be less well understood, and is likely to encompass multiple mechanisms and 

pathways to adverse outcome, i.e., where no single interaction mechanism is known or 

anticipated (Cherkasov et al. 2014).  

For conventional chemicals, it is generally accepted that (Q)SAR success in modelling 

toxicity is more likely when one or more of the following conditions are met: (i) compounds 

within the training set are structurally similar (i.e., congeneric); (ii) the toxicity endpoint being 

modelled is either non-target specific or subject to relatively well-understood chemical 

reactivity principles; (iii) the toxicity endpoint is linked to a well-defined molecular target; or 

(iv) toxicity data are available for a sufficiently large number of diverse chemicals to capture 

all or most of the possible structure-activity associations, representing multiple possible 

adverse outcome pathways (AOP) within the same dataset (Cherkasov et al. 2014). Hence, 

a defining challenge for (Q)SAR applied to toxicology is that of balancing the highest possible 

endpoint resolution with the need for sufficient statistical representation.  

An area of active (Q)SAR expansion is in the use of predictive models for regulatory 

purposes by government agencies, where a growing number of specialized regulatory tools 

and databases are being developed and validated (U.S. EPA 2015, JRC 2010). 

The U.S. Food and Drug Administration (FDA) has expressed interest in several SAR 

approaches for food contact chemicals; they include DEREK, MultiCASE, and OncoLogic 

(FDA 2015).The REACH regulation in Annex XI, par. 1.3  lists the following conditions for 

application of (Q)SARs instead of testing (EU 2006):  

 “Results are derived from a (Q)SAR model whose scientific validity has been 

established,  

 The substance falls within the applicability domain of the (Q)SAR model,  

 Results are adequate for the purpose of classification and labelling and/or risk 

assessment, and  

 Adequate and reliable documentation of the applied method is provided.” 
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 Nancy, France 
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In its Guidance Document on the Validation of (Q)SAR models, the OECD provided a toolbox 

with five principles that validated (Q)SARs for chemicals should fulfil (OECD 2007): 

 defined endpoints,  

 unambiguous algorithms,  

 defined domain of applicability,  

 appropriate measures of goodness-of-fit, robustness and predictivity 

 mechanistic interpretation. 

 

In contrast to conventional chemicals, where it is possible to validate models and 

computational methods by comparison with a sufficient number of experimental results, 

reliable effects and hazard data sets for nanomaterials which support non-experimental 

approaches are limited. It has been more challenging to quantitatively relate physicochemical 

parameters/descriptors to given effects and fate characteristics of nanomaterials due to a 

lack of reliable and relevant data that correlate mode-of-action (MOA) or AOP mechanisms 

for nanomaterials to categories of particles. Computational methods may be used directly in 

lieu of more complex and costly testing, may help focus in vivo and in vitro hazard and fate 

testing in a tiered testing and assessment schemes, or may help to analyse and predict the 

outcome of functional assays, which are designed to indicate certain modes of action or 

extrinsic properties of nanomaterials. Possible mechanisms for adverse health or ecological 

effects of nanomaterials include the following (Klaine et al. 2008, Nel 2006): oxidative 

stress/formation of reactive oxygen species, inflammation, protein denaturation/oxidation, 

membrane damage, DNA damage, interruption of energy transduction, immunity, granuloma 

formation, mitochondrial damage and release of toxic constituents. Some correlations, such 

as for metal oxides,  with the conduction band energy levels or solubility may hold promise 

for (Q)SAR approaches, but the field is still growing and requires more robust advancements 

to overcome knowledge gaps and lack of data.   

Since most of the current research addresses effects endpoints, rather than environmental or 

in vivo fate of nanomaterials (biokinetics), the focus at this time is on the review of research 

related to effects endpoints. However, the utility of fate descriptors (for traditional chemicals 

see for example ECOSAR, U.S. EPA 2015), such as solid-water partition coefficients, 

stickiness coefficients, and rate constants for dissolution, cannot be discounted and may help 

to develop reliable environmental fate models (Westerhoff and Nowack 2013). 

The focus of this report is to highlight the most relevant and reliable achievements in (Q)SAR 

modelling of nanomaterials in view of their application for regulatory purposes. 

5.8.2 Compliance of the Examined (Q)SAR Models with the five OECD 

Principles on Validation 

For validating (Q)SAR models for their use in regulatory assessment of chemical safety, the 

OECD member countries agreed on the above mentioned 5 principles (OECD 2007). 

The (Q)SAR models analysed in this report are summarized in Table 5.8.1, which details 

whether each model complies with the 5 principles and describes briefly the information for 

each study. These principles are discussed in the following text. 
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Table 5.8.1.  
Published (Q)SAR models and their compliance with the 5 OECD (Q)SAR validation principles. 

REFERENCE 
DEFINED  

ENDPOINT 
UNAMBIGUOUS  

ALGORITHM 

DEFINED 
DOMAIN  

OF 
APPLICABILITY 

APPROPRIATE 
MEASURES OF 

GOODNESS-OF-FIT, 
ROBUSTNESS AND 

PREDICTIVITY 

MECHANISTIC 
INTERPRETATION 

HUMAN TOXICITY MODELS 

Fourches et al. 
2010 
 

R 
-Cellular uptake in PaCa2, 
-ATP content, 
-reducing equivalents,  
-caspase-mediated apoptosis,  
-mitochondrial membrane 
potential 

NR 
QSAR:NR 
 
 
 

R 
-threshold 
distance 

R 
CASE STUDY 1:  
-accuracy  
-sensitivity  
-specificity 
CASE STUDY 2:  
-squared correlation 
coefficient -squared leave-
one- out cross-validation 
correlation coefficient 
-mean absolute error 

NR 

Burello and 
Worth 2011 

NR 
-oxidative stress 

R 
QSAR:NM is toxic if -4.84<Ec<-4.12 
-descriptors: empirical equations 

NR 
-metal oxides 

NR R 
-reactivity 
-solubility 

Zhang et al. 2012 R 
-LDH assay 

R 
QSAR:NM is toxic if -4.84<Ec<-4.12 OR 
-solubility in BEGM>13.05% 
-descriptors: empirical equations 

NR 
-metal oxides 

NR R 
-reactivity 
-solubility 

Cho et al. 2012 R 
-%haemolysis, 
-%granulocytes 

R 
QSAR:%granulocytes=6.227ζPacid-29.24 
-%inflammation: equation not reported 

NR 
-metal oxides 

R 
-Pearson correlation test 
-External validation: NR 

R 
-Zeta potential 
-solubility 

Toropov et al. 
2013 

R 
-Cellular uptake PaCa2 

NR NR 
 

R 
-R

2
 

-mean absolute error 
-R

2
m 

N 

Gajewicz et al. 
2014 

R 
-LC50 HaCaT 

R 
QSAR: log LC50)

-1
= 

2.47(±0.05)+0.24(±0.05)ΔHf
c
+0.39(±0.05)χ

c
 

-Model generation: GA-MLR 
-Structure optimization and descriptors: 
PM6 in MOPAC 2009 and TEM images 

R 
-leverage 
approach 

R 
-F 
-p 
-R

2
 

-LOO-CV 

R 
-solubility 
-reactivity 
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Sizochenko et al. 
2014 

R 
-LC50 HaCaT 

NR 
(tree classification scheme (Random 
Forest) not reported) 
-liquid drop approach for descriptor 
calculation 

NR R 
-R

2 

-RMSE 

R 
-solubility 
-membrane disruption 

Jagiello et al. 
2016 

R 
-Binding energy of fullerenes to 
HIV-1 protease 

R 
QSAR:BE=-
7.84+0.73MAXDN+1.77GATS2e-
0.51HNar-0.51C007-0.95B08[C-O] 
-model generation: QSARINS software 
-descriptors: DFT 6-31G(d,p);Dragon 6.0 

R 
-leverage 
approach 

R 
-R

2 

-Root-Mean-Square 
Error of Calibration 
-LOO-CV 
 

R 
-Binding energy 
depends on 
electronegativity of 
atoms in functional 
groups on fullerenes 

ECOTOX MODELS 

Puzyn et al. 2011 R 
-EC50 E.coli 

R 

QSAR: log(1/EC50) = 2.59 − 0.50ΔHMe+ 

-model generation: GA-MLR 
-descriptors:MOPAC2009 PM6 

R 
-leverage 
approach 

R 
-R

2
 

-Root Mean Square Error 
of Calibration 
-LOO-CV 

R 
-solubility 
-reactivity 

Kaweeteerawat 
et al. 2015 

R 
-IC50 E. coli 

R 
QSAR: Nanomaterial is toxic if: 
-5.47<Ec<-3.71 and ΔHhyd>-70 
-model  generation: support vector machine 
-descriptors: empirical equations 

NR 
-metal oxides 

R 
-R

2
 

 

R 
-ROS generation 
-membrane damage 

Sizochenko et al. 
2014 

R 
-EC50 E.coli 

NR 
(tree classification scheme (Random 
Forest) not reported) 
-liquid drop approach for descriptor 
calculation 

NR R 
-R

2 

-RMSE 

R 
-solubility 
-membrane disruption 

Mu et al. 2015 R 
-EC50 E.coli 

R 
QSAR:log1/EC50=(4.412± 0.165)+(-0.121± 
0.068)Z/r+(-0.001±2.57X10^-4)ΔHme+ 
-model generation :MLR 
-descriptors :MOPAC 2012 PM6 ;empirical 
equations 

R 
(leverage 
approach) 

R* 
-R

2 

-RMSE 
-LOO/LMO 
*(one descriptor with 
p>0,05) 

R 
-solubility 
-reactivity 

Kar et al. 2014 R 
-EC50 E.coli 

R 
QSAR :pEC50=4.781-1.380χOX 
-model generation :MLR and PLS 
-descriptors :empirical equation 

R 
-leverage 
approach 

R 
-R

2 

-RMSE 
-LOO-CV 

R 
-solubility 
-reactivity 
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Chen et al.2016 R 
-Danio rerio LC50 
-Daphnia magna LC50 
-Pseudokirchneriella 
subcapitata EC50 
-Daphnia magna EC50 
-Escherichia coli MIC 
-Staphylococcus aureus MIC 

R 
QSAR: see publication 
-model generation : tree algorithms in 
Weka 3.6 ; functional tree, C4.5 decision 
tree, random tree and CART 
-descriptors : OCHEM software 
 

NR 
 

R 
-accuracy  
-sensitivity  
-specificity 
-correct classification rate 

R 
-solubility 
-reactivity 

R:Reported; NR: Not Reported; Ec: Conduction Band Energy; PACA2: Pancreatic Cancer Cell line; ATP: Adenosine Triphosphate; LDH: Lactate 
dehydrogenase; BEGM: Bronchial Epithelial Cell Growth Medium; ζPacid: Z potential measured at pH=5.5; R

2
: coefficient of determination; LC50: Lethal 

Concentration 50; HaCaT: Cultured Human Keratinocyte; ΔHf: enthalpy of formation of metal oxide; χc: Mulliken’s electronegativity; GA-MLR: Genetic 
Algorithm Multilinear Regression; PLS: Partial Least Squares; LOO-CV: Leave One Out Cross Validation; RMSE: Root Mean Square Error; MAXDN: maximal 
electrotopological negative variation; GATS2e: Geary autocorrelation of lag 2 weighted by Sanderson Electronegativity; HNar: Narumi harmonic topological 
index; C007: atom-centred CH2X2 fragment; B08[C-O]: 2D atom pairs group; DFT: Density Functional Theory; ΔHMe+: enthalpy of formation of a gaseous 
cation having the same oxidation state as that in the metal oxide structure; ΔHhyd: Hydration Energy. 
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a) Defined endpoint 

Some studies analysed in this report focus on the development of (Q)SAR models for human 

toxicity, others are based on ecotoxicity data - although E. coli is a faecal bacterium and not 

an organism which plays a role for determining ecotoxicity (see table 5.8.1). 

All studies considered are based on defined endpoints: this means that relevant information 

on how the toxicological tests are performed is described in detail (or references to original 

works are cited). It is therefore possible to replicate the experimental measurements reported 

in these studies or complement these datasets with other tested nanomaterials (performed 

under similar experimental conditions) and obtain larger training datasets.  

The majority of the studies listed in table 5.8.1 use the same data sets of nanomaterials 

(mainly metal oxides, the reason for this is the lack of available data on other nanomaterials 

for modelling purposes) and therefore the same measured endpoints, the only difference 

being the type of descriptors employed to develop the (Q)SAR models. These studies, 

however, basically reach the same mechanistic conclusions and display comparable 

predictivity.   

b) Unambiguous algorithm 

Almost all studies report the (Q)SAR equations or classification trees, and accurately 

describe the statistical methods employed to obtain the regression equations/classification 

trees and the methodology deployed to calculate the descriptors. Some exploratory 

algorithms used to understand variation in data sets are inherently ambiguous and cannot be 

recommended for regulatory applications (e.g., the architecture of neural network models 

does not generally correspond in any obvious way with underlying mechanisms of action, 

OECD 2007). One study (Fourches et al. 2010) uses a neural network algorithm to correlate 

the descriptors to the endpoint values: this regression method is not transparent and 

therefore is not relevant for regulatory use. All other (Q)SAR models included in table 5.8.1 

employ linear regression equations and classification trees detailing either the regression 

equation or the conditions characterizing the tree’s structure. 

c) Defined domain of applicability 

The majority of (Q)SAR studies employ metal oxides as test compounds. Studies that report 

the applicability domain of the (Q)SAR models are Mu et al 2015, Kar et al. 2014, Jagiello et 

al. 2016, Gajewicz et al. 2014, Puzyn et al. 2011, and Fourches et al. 2010; the leverage 

approach is used to determine the model’s applicability domain. In all other (Q)SAR models, 

the applicability domain should be calculated from published raw data of the (Q)SAR models, 

where possible. 

d) Appropriate measures of goodness-of-fit, robustness and predictivity 

Almost all (Q)SAR models report appropriate measures of goodness-of-fit, robustness and 

predictivity; most models, however, do not report the statistical significance of each 

descriptor in the model. This means that it is not always clear whether each descriptor in a 

(Q)SAR model is statistically relevant to make the predictions. For example, descriptors with 

high p-values (e.g. p>0.05) should be disregarded to avoid wrong mechanistic interpretations 

(a descriptor that has a low p-value is likely to be a meaningful addition to the (Q)SAR model 

because changes in the descriptor's value are related to changes in the response variable). 

For example the (Q)SAR model developed by Mu et al. (see figure 5.8.1) has two 
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descriptors, one of which has a p-value of 0.086 (or 0.095; two different values are reported 

for the same descriptor). When two descriptors are used in the (Q)SAR model (as in the 

original publication), the model’s R2 is around 0.90. When only one descriptor is used to 

develop the model (in this case, the descriptor named enthalpy of formation of a gaseous 

cation) the R2 is 0.87. In this case the use of one additional descriptor increases the R2 by 

only 0.03, suggesting that changes in the second descriptor are not associated with changes 

in the response. 

 

 

Figure 5.8.1. 
Left: model developed with one descriptor (the enthalpy of formation of a gaseous cation, data taken 
from Mu et al. 2015); right: model developed with 2 descriptors by Mu et al. 2015 (Z/r is the ratio 
between the cation’s formal charge and its ionic radius).  

In some studies, the collinearity between descriptors is set too high with respect to 

recommended values (Dearden et al. 2009) (for example, descriptors are discarded when 

collinearity, measured by R2, is higher than 0.9 instead of the recommended value of 0.8 

(e.g., in Sizochenko N. 2014); if two descriptors in a given (Q)SAR model are highly collinear, 

they contribute the same information twice, thus confounding the statistical association and 

making it more difficult to deduce a mechanistic interpretation). 

e) Mechanistic interpretation 

All (Q)SAR models analysed here attempt to propose a mechanism of action in compliance 

with the selected (relevant) descriptors and their weighting coefficients. This procedure, 

however, can be hampered by the lack of consideration of all potentially relevant descriptors 

during the model’s development phase (in this phase one would like to include as much 

information as possible to represent the structure of nanomaterials and their interaction with 

the environment and then use an algorithm to select the best set of descriptors according to 

their relevance in predicting the measured endpoint). All (Q)SAR studies discussed in this 

report, in fact, do not employ an exhaustive set of descriptors (or experimentally measured 

physicochemical properties) able to fully characterize the structure and behaviour of 

nanomaterials. 

Overall, given that the majority of the (Q)SAR models here analysed do not fully comply with 

all the five OECD validation principles and/or do not consider regulatory relevant endpoints, 

the use of these QSAR models for regulatory purposes can be proposed, at the moment, 

only in a weight of evidence approach and therefore in conjunction with other in vitro and in 
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vivo information. Excluding studies which contain flaws in statistical and algorithm 

procedures that hamper the validity of the (Q)SAR models, it seems that particle reactivity (of 

metal oxides) can be predicted using the conduction band energy level (Ec), whereas 

solubility (of metal oxides) can be represented by the formal charge of the cation (or the 

enthalpy of formation of a gaseous cation). As there is already evidence that these two 

chemical properties can be correlated with in vitro and in vivo toxicity of nanomaterials 

(Zhang, et al. 2012, Kaweeteerawat et al. 2015, Sisler et al. 2016), they are already used in 

some risk assessment schemes to classify and rank the toxic potency of nanomaterials (see 

for example the precautionary matrix developed in Höck et al. 2013 and in Groso et al. 

2016). One misunderstanding concerns the use of Ec as a descriptor only applicable to metal 

oxides: all chemical compounds have energy levels that determine their reactivity (e.g., 

HOMO, the Highest Occupied Molecular Orbital, and LUMO, the Lowest Unoccupied 

Molecular Orbital, energies are widely used concepts in QSAR models of conventional 

chemicals, Karelson et al. 1996). It is therefore expected that these reactivity descriptors can 

play a role also for other important semiconductor nanomaterials (e.g. quantum dots, 

perovskites, etc.). As a confirmation of the importance of the energy band structure of 

nanomaterials in determining toxicity, a recent final report from CEFIC LRI N4 project 

suggests to include the LUMO (Lowest Unoccupied Molecular Orbital) energy (which is 

roughly equivalent to the Ec energy level) as a screening criterion into DF4nanoGrouping 

scheme (H. Bouwmeester et al. 2016). 

5.8.3 Information Needed to Apply Computational Methods 

To make a prediction with a (Q)SAR model, one has to calculate the descriptors for the 

nanomaterial(s) whose toxicity needs to be estimated. This means that structural information 

as close as possible to the real nanomaterial(s) must be available.  

Depending on the type of descriptors used to develop a (Q)SAR model, information at 

different levels of detail on the structure of nanomaterials is required. For example, to 

calculate descriptors based on ab initio methods (e.g. for a TiO2 nanoparticle), one should 

have information on the location of every atom in the particle (this means information on bulk 

crystallographic structure, planes exposed to the surface, structural defects, and particle 

dimensions). From this information, one can obtain the descriptors using a 

material/molecular modelling software (in more detail see Figure 5.8.2): first the material’s 

structure is obtained by energy minimization procedures, then this energy minimized 

structure is used as input for further calculation of descriptors.  

 

 

 

 

Figure 5.8.2.  
Workflow to calculate descriptors from atomic coordinates of (nano)materials (CIF: Crystallographic 
Information File). 

In practice, this process is unlikely to occur for most nanomaterials because (i) often such 

detailed structural information is lacking (except for a few well studied (nano)materials) and 

because (ii) a calculation of descriptors based on first principles on the full structure of a 

nanomaterial would require a lot of computational time, especially for electronic properties. 

For this reason, modellers use empirical methods, which are less time consuming, or try to 

focus the calculation of descriptors on parts of the nanomaterial which are considered to be 

involved in the, e.g., nano-bio interactions. 
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Some (Q)SAR models listed in table 5.8.1 that consider metal oxides (Puzyn et al. 2011, 

Gajewicz et al. 2014, Mu et al. 2016), require molecular/materials modelling software such as  

MOPAC 2009 (Stewart Computational Chemistry, 2009), which uses PM6 semi-empirical 

methods to optimize the structure of nanomaterials and calculate their descriptors. 

Other (Q)SAR models also developed for metal oxides (Burello and Worth 2011, Zhang et al. 

2012, Kaweeteerawat et al. 2015) use descriptors which are derived from empirical 

equations and experimental data, and therefore do not need the use of dedicated software, 

but rather standard thermodynamic properties and data from X-ray crystallography (such as 

ionic radii of elements in crystals). These models do not use detailed information on the 

structure of nanomaterials, but have the advantage of consuming less computational time 

(and often give better descriptor values, as described below). 

The calculation of descriptors for carbonaceous nanomaterials is less problematic than that 

for metal and metal oxide structures, because fullerenes, nanotubes, graphene and the like 

are based on light atoms. In this case, there are numerous molecular modelling codes and 

programmes that calculate the corresponding descriptors. 

Some (Q)SAR models listed in table 5.8.1 employ more than one software package to 

calculate the descriptors: for example Jagiello et al. use Dragon 6.0 (Talete 2014) and 

Gaussian 09 (Frisch et al. 2009). 

Some (Q)SAR models do not calculate properties of the nanomaterials but rather descriptors 

of molecules, which constitute the coating of the materials, with the assumption that only the 

outermost atoms are responsible for the interactions with cells and other structures: for 

example Fourches et al. (2010) employ the software package developed by Chemical 

Computing Group (commercial software) to obtain descriptors that characterize the structure 

of molecules covering the surface of nanoparticles. 

Other studies (Toropov et al. 2013, 2014, 2015a, 2015b) employ quasi-SMILES descriptors 

to code some properties and experimental test conditions (e.g. nanomaterial concentration in 

test assay) of nanomaterials: their advantage is that they do not require a dedicated software 

for their calculation. However, these studies, although they include test conditions as 

descriptors (i.e., metadata) which are certainly important to determine the test’s result, they 

often neglect to include structural information of nanomaterials. 

Once the descriptors have been calculated, one can use them in the model equation to 

obtain the predicted toxicity value. In this case, all studies reviewed here report the detailed 

(Q)SAR equation with weighting coefficients for each descriptor. Only in the case when 

neural networks or other non-transparent algorithms are used, the equation to obtain the 

predicted toxicity values is missing (i.e. not reported, see Fourches et al. 2010). 

It is important also to verify that the nanomaterial whose toxicity needs to be predicted falls 

within the applicability domain of the model; some of the studies here analysed give detailed 

information on the applicability domain (see section c) of 5.8.2); in other models it is 

necessary to verify whether the new untested nanomaterial falls within the applicability 

domain of the (Q)SAR model. 

The project nanoBridges (Ambure et al. 2015) is currently developing a computational 

platform to perform (Q)SAR modelling on nanomaterials, where all steps of (Q)SAR model 

development are automated. The platform includes, among others, computational tools for 

variable selection, clustering of data, and calculation of applicability domains and descriptors 

for some classes of nanomaterials. 
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5.8.4 Useful Datasets in Applying Read-across or (Q)SAR Correlations for 

Nanomaterials 

Data sets which are useful for read-across and (Q)SAR modelling should contain a sufficient 

number of diverse sampled nanomaterials: these two conditions (diversity and a sufficiently 

high number of samples) are currently hard to come by, except when high-throughput 

screening (HTS) methods are used (Zhang et al. 2012, Fourches et al. 2010, Kaweeteerawat 

et al. 2015). These three studies, for example, provide enough data for read-across and 

(Q)SAR modelling. In principle, one could collect information from different experimental 

studies to obtain larger groups of sampled nanomaterials; however, this is possible only if the 

test conditions are the same across different studies. Currently the standardization of test 

conditions for nanomaterials is still under development, so large datasets are rare. 

Recently, efforts from the eNANOMAPPER and nanoPUZZLES projects have been 

focussing on data curation, collection and ontology definition to develop databases that store 

information on the physicochemical characteristics (both intrinsic and extrinsic properties) 

and endpoint measurements of nanomaterials. Some of this information is publicly available, 

but other sources have still restricted access; the aim of these projects is to create large 

databases of nanomaterials which contain curated information that will allow read-across and 

(Q)SAR modelling. In this way, by looking at larger datasets, the (Q)SAR models developed 

in future will be more robust. 

5.8.5 Correlation between Calculated Descriptors and Measured Physico-

chemical Properties 

Very often the authors do not report on the correlation between calculated descriptors and 

experimental measured properties. Although this requirement is not included in the five 

OECD principles for (Q)SAR validation, it is important that descriptors should reflect the 

measured physicochemical characteristics of the nanomaterials.  

Indeed, the fact whether a descriptor is capable of reproducing an experimental value has 

profound consequences on the construction and validity of a (Q)SAR model. If a calculated 

descriptor does not correlate with the corresponding experimental property (this is the case 

for (Q)SAR studies that employ PM6 methods to obtain electronic descriptors such as band 

gaps and energy levels of nanomaterial), the procedure to search for the best correlation 

among a set of descriptors and a measured endpoint will necessarily be affected: i.e., 

although such property could be correlated to the measured endpoint, because it is wrongly 

calculated the (Q)SAR model will never include it as a relevant descriptor (descriptors are 

rejected not because they are not relevant, but because they do not reflect the real 

nanomaterial’s properties). Moreover, if a descriptor is correlated with the measured 

endpoint, but not correlated with the experimental property, the (Q)SAR model will yield a 

false correlation and consequently a false mechanism of action.  

There are several published studies and project reports (e.g. nanoBridges and 

nanoPUZZLES, Puzyn et al. 2011, Gajewicz et al. 2014, Mu et al. 2015) which calculate 

descriptors using PM6 methods. However, when comparing the experimental data with the 

calculated descriptors, it is evident that the PM6 method does not yield, for example, correct 

electronic properties. For example the band gap of TiO2, which experimentally is around 3 

and 3.2 eV for bulk rutile and anatase, respectively (Diebold 2003), is reported to be 7.47 eV 

when calculated using PM6 methods (see Figure 5.8.3).  

Moreover, some study reports from the nanoPUZZLES project report calculations on the size 

dependency of electronic properties obtained with PM6 methods: also in this case the results 

are not in line with the experimental evidence. 
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It is suggested that in these cases, besides the need to compare calculations with measured 

values, there should be an effort to verify if some codes like, for example, VASP (a computer 

program for atomic scale materials modelling from first principles - ab initio), are capable of 

giving descriptor values which correspond to the experimental values. 

 

Figure 5.8.3.  
Band gap values of metal oxides calculated using the PM6 method (Puzyn et al. 2011) compared with 
experimentally measured values: (left) literature data and (right) Zhang et al. 2012. 

5.8.6 Classes of Nanomaterials and Toxicity Mechanisms with Enough Data  

The majority of the published (Q)SAR studies is currently focusing on the same datasets and 

therefore the same endpoints, namely metal oxides and oxidative stress (Burello and Worth 

2011, Zhang et al. 2012, Gajewicz et al. 2014, Mu et al. 2015). In these studies, reactivity 

and ROS generation are the dominant mechanisms of action that emerge from the (Q)SAR 

models (see figure 5.8.4 and Auffan et al. 2009, Burello and Worth 2011). For these 

nanomaterial classes, redox properties, energy band levels, and dissolution emerge as the 

most relevant properties to account for reactivity, ROS generation and finally inflammation. 

One study (Fourches et al. 2010) analyses surface properties of nanoparticles that affect 

cellular uptake, as an important contributor to the overall toxicity. In this study, the 

nanomaterials are metal oxide nanoparticles with the same core material but different 

surface coatings; the relevant descriptors playing a role in the uptake process are related to 

the hydrophobicity of the coating materials. 

Another study (Cho et al. 2012) points out the mechanism of lysosomal destabilization by 

nano-metal oxides as a driver leading to inflammation; in this case the properties responsible 

for this effect are the particle’s zeta potential and the dissolution to toxic ions. 

Overall, there is quite reliable evidence to support the relevance of these properties on the 

mechanism of toxicity of nanomaterials: however, due to the difficulty of calculating/obtaining 

descriptors/properties for nanomaterials, many of the (Q)SAR models developed do not take 

into account all potentially relevant properties (e.g. electronic, steric, charge, etc.) which can 

comprehensively characterize the structure of nanomaterials. In this case, researchers could 

use experimentally derived physicochemical properties, when the calculation of descriptors is 

not computationally feasible, to capture other molecular initiating events. In addition, the 

chemical space sampled by toxicological tests is still too small to reach general conclusions 

on the modes of action of nanomaterials, and this is due to the lack of a sufficient number of 

tested nanomaterials and/or availability of reliable data.  

One promising approach to correlate modes of action of NMs with their physicochemical 

characteristics is that of combining – OMICs techniques (see Chapter 5.7, section 5.7.4) with 
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(Q)SAR modelling and bioinformatics tools. It is expected that these in silico techniques can 

play a key role in understanding and modelling the large amount of data that are likely to be 

delivered in the OMICs area.   

 

Figure 5.8.4.  
Top: Plot of the Redox Potential value (Eh) of various biologically active redox couples (BARC) 
compared to the Eh characteristics of metallic nanoparticles. This figure shows the correlation 
between the ability of metallic nanoparticles to generate a potential toxicity when they can be oxidized, 
reduced or dissolved in biological in vitro conditions (Auffan et al. 2009). Middle: Plot of Eh value of 
various BARC compared to the calculated conduction and valence band energy levels of an oxide 
nanoparticle. This figure shows the proposed mechanism of ROS generation by oxide nanomaterials 
involving electron transfer from BARC (Burello and Worth 2011). Bottom: Toxicological impact of 
metal dissolution versus conduction band energy of metal oxide nanoparticles. Cytotoxic potential of 
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nanoparticles was defined by the area under normalized dose-response curve in LDH assay (Zhang et 
al. 2012). 

5.8.7 Functional Assays and (Q)SARs 

(Q)SAR models can be used to analyse the results of functional assays (FAs) and provide 

empirical relationships between the calculated physicochemical parameters that describe the 

structure of nanomaterials and the endpoint(s) measured in the FAs. Functional assays have 

all the complexity of a test system and (Q)SAR methods can be helpful in identifying which 

combination of nanomaterial properties matter most in the activity measured during the 

functional assays. Examples of such FAs could cover the determination of nanomaterial’s 

reactivity or interaction with proteins, DNA, cell membrane and other cellular components. 

These experiments would be ideally conducted using HTS equipment.  

5.8.8 Role of (Q)SARs in Tiered Testing and Assessment Schemes and the 

Grouping of MNs 

Some of the most investigated mechanisms of action, such as reactivity/ROS generation and 

solubility seem promising as a first screening tool; however, their implementation requires 

more insight to confirm the relevance of these properties and how they could be used as a 

first screening level. The study of Zhang et al. (2012) gives a promising proof of concept on 

how a (Q)SAR model can be used to screen nanomaterials before in vitro and in vivo testing. 

The methodologies developed so far will certainly help to group nanomaterials and perform 

read-across for regulatory purposes. The diversity of the nanomaterials tested, however, is 

still low and therefore the applicability of these concepts is restricted to a few materials. For 

example, there is no clear answer when one tries to apply the grouping concept to other 

more complex metal oxide nanomaterials such as coated, core@shell or mixed oxides. 

Moreover, these methodologies could be useful for ranking the toxic potency of the 

nanomaterials based on reactivity and ROS generation but a quantitative estimation of 

effects is still not possible, however. An example where a validated (Q)SAR model is 

currently used in a risk assessment scheme includes the Swiss Precautionary Matrix 

developed by TEMAS in Switzerland (Höck et al. 2013) for the Swiss Federal Council 

(FOEN). Other frameworks that could accommodate the (Q)SAR models are control banding 

tools such as the CB Nanotool developed at the Lawrence Livermore National Laboratory in 

the United States (Paik et al. 2008). Eventually, when validated (Q)SAR models will be also 

available for ecotoxicity, coupling of these predictive models with dynamic flows of 

nanomaterials to several environmental and technical compartments (Sun et al. 2017) will 

constitute an important development of nanomaterial’s risk assessment. 

5.8.9 Knowledge Gaps 

One of the most obvious knowledge gaps that hampers the development of (Q)SAR models 

for nanomaterials is the lack of computational methodologies for the calculation of 

descriptors that can represent both extrinsic and intrinsic properties of the compounds being 

tested. Due to the size and structural complexity of nanomaterials and the presence of heavy 

atoms, it is difficult to obtain, for example, the electronic properties of a nanomaterial which 

are supposed to play a role in reactivity and toxicity mechanisms such as oxidative stress 

and inflammation. However, if these properties are not properly calculated and included in 

the models, it will be virtually impossible to find meaningful correlations and therefore infer a 

mechanism of action. 

Also, reliable data on properties like hydrophobicity, which are expected to play a significant 

role in nano-bio interactions and fate, are currently lacking.  
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Electronic properties and hydrophobicity are certainly important: their calculation can be 

easier for carbonaceous nanomaterials such as nanotubes, but for clusters containing heavy 

atoms, empirical methodologies that are capable of accounting for these properties might be 

the solution. In general, the use of QSPR (Quantitative Structure-Property Relationship) 

models can be a promising solution to obtain extrinsic properties of nanomaterials as well as 

to predict the outcome of functional assays (e.g. for the development of QSPR models to 

predict the PZC (point of zero charge) of metal oxides see Burello 2015). 

Another major knowledge gap is the lack of curated datasets that can be readily used to 

develop the models. In this sense, there is a need not only to use data obtained from 

standardized testing protocols, but also to complement this information with metadata. Of 

note, the development of reporting formats and ontologies is highly required to enable 

interoperability. Depositories with well-characterized nanomaterials help to get reliable and 

comparable results. 

Another important topic concerns the modelling of the nano-bio interactions, which comprise 

all the interactions of nanomaterials with different components of a cell (proteins, receptors, 

membrane, DNA, etc.). It would be very beneficial to explore these interactions for example 

by developing functional assays which can then be modelled by (Q)SAR/(Q)SPR methods. 

To this end, it is essential that modellers and experimentalists work in close collaboration at 

the design of experiments. 

5.8.10 Recommendations 

Having considered the available (Q)SAR models for nanomaterials, it seems that reactivity 

(of metal oxides) can be predicted using the conduction band energy level (Ec), whereas 

solubility can be represented by the formal charge of the cation (or the enthalpy of formation 

of a gaseous cation of a metal oxide). These two properties can help in classifying and 

ranking the toxic potency of metal oxide nanoparticles and importantly are also easily 

accessible. 

Overall, it is recommended that (Q)SAR modellers  

 focus on descriptor development for nanomaterials; 

 include in the (Q)SAR development phase, as many as descriptors as possible to 

account comprehensively for the structure of nanomaterials; 

 contribute to the development and analysis of functional assays and OMICs data;  

 focus on modelling nano-bio interactions 

5.8.11 Conclusions 

Overall, it can be concluded that (Q)SAR modellers need good datasets to develop their 

models. These datasets should be ideally collected from experiments performed under 

standardized conditions and should contain metadata as well. 

One knowledge gap which should be addressed immediately, is the development of nano-

specific descriptors, which at the moment seems to be hampered by the size and complexity 

of these materials. Initially, one solution could be the use of measured physicochemical 

properties in the (Q)SAR models; in the future, however, the use of QSPR methods to predict 

extrinsic properties of nanomaterials and the results of functional assays seems a 

reasonable way to go. 

So far, electronic energy levels and solubility are the most used relevant properties to 

describe toxicity, but it is likely that other material characteristics like hydrophobicity will play 

a relevant role not only in toxicity but also in determining fate. 
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Computational methodologies are an essential tool, because ultimately we want to use the in 

silico approaches to complement and substitute the experiments. The (Q)SAR techniques 

can be applied for read-across, for analysing the outcome of functional assays (e.g. with or 

without cells and possibly for high-throughput screening methods), for outlining Adverse 

Outcome Pathways and Modes of Action and for supporting the design of safe nanomaterials 

during the R&D phase (i.e., by combining information on functionality and safety/toxicity). In 

order to become fully operational in these areas, the (Q)SAR methodology requires more 

theoretical insights and stronger collaborations between experimentalists and modellers to 

yield useful datasets.  
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5.9.1 Introduction 

The basic components of risk assessment of chemicals are hazard and exposure 

assessments, dose-response estimation, risk characterisation, and accounting for 

uncertainty in the overall assessment. While this traditional risk assessment paradigm holds 

for nanomaterials (Sayre & Steinhäuser 2016, OECD 2012a), many of the tools, test 

protocols and guidelines for determination and assessment of physicochemical properties, 

fate, exposures, and effects used for conventional chemicals need modifications when 

applied to (the regulatory evaluation of) nanomaterials (Sayre & Steinhäuser 2016). 

Recently, risk assessment and tiered testing approaches have emerged that are specific to 

nanomaterials. Tiered testing and assessment schemes aim to obtain sufficient information 

to assess the safety of a substance by targeting critical information. Thus, the approaches 

aim to obtain the necessary information for risk assessment, while conserving resources. 

As indicated in the Roadmap (Annex 1), the goal of this chapter is to assess testing and 

assessment schemes and frameworks, read-across proposals, and similar structures that are 

broader than those applicable to just ecological effects or human health. Exposure factors 

and unifying physicochemical characteristics should be considered (Sayre & Steinhäuser 

2016). 

Several general and specific issues on risk assessment frameworks are addressed below, 

and an overview of risk assessment frameworks for nanomaterials that are relevant in a 

regulatory context is provided. These issues relate to the questions on risk assessment 

posed in the roadmap, and are presented in approximately the same order as these 

questions. Subsequently, methodological gaps and knowledge gaps are discussed that were 

not sufficiently addressed in the questions. Finally, recommendations, future perspectives 

and conclusions are provided and discussed. These include process-related considerations 

on how such perspectives can be achieved. 

5.9.2 Overview of Risk Assessment Frameworks 

A number of risk assessment frameworks that are specific for nanomaterials are shown 

relative to their degree of elaboration and applicability in Figure 5.9.1 below (modified from 

the roadmap). Most of the frameworks shown in Figure 5.9.1 were also highlighted at a 

recent OECD meeting in April 2016 in Brussels. 

Figure 5.9.1 provides an overview of a number of key risk assessment frameworks and how 

these frameworks can be arranged with regard to their degree of elaboration and their 

applicability (generally applicable vs. more specific). Therefore, the figure is useful to gain 

insight into how the different frameworks relate to each other. Although the frameworks are 

based on the same risk assessment paradigm, consisting of hazard identification, exposure 

assessment and risk characterisation, the frameworks are diverse in their aim, applicability 

domain, basic assumptions and alignment to one or more regulations. Table 5.9.1 illustrates 

the frameworks that are considered most relevant to regulatory risk assessment. Since each 

framework is specific to a purpose, it is not possible to take various components from them to 
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construct an adequate risk assessment framework to suit all routes of exposure for 

mammalian and ecological receptors. Furthermore, most of the frameworks lack the specific 

decision points and associated methods needed for decision making that are required for 

actual application. Finally, for those frameworks that are specific enough, the specific 

decision points and associated methods cannot be fully evaluated based on current scientific 

knowledge. Therefore, it is not possible to clearly indicate the best or most useful 

framework(s). 

 

 

Figure 5.9.1:  
Frameworks and strategies towards risk assessment of nanomaterials arranged from detailed to 
general with regard to the elaboration of the framework (left to right, as applied to all but the ecotoxicity 
frameworks), and from general and specific with regard to applicability (top to bottom). 

The ProSafe task force coordinators requested that a best risk assessment framework or 

frameworks for regulatory purposes are assigned, in accordance with those which are 

general screening-level approaches, and those which supply more specific risk assessment 

frameworks.  

Taking the reservations made above into consideration that each framework has its own 

scope, pros and cons and thus that a good comparison cannot be made, the best general 

screening-level risk assessment frameworks would be the NANoREG nano-specific 

approach for risk assessment described by Dekkers et al. (2016), and the NanoRiskCat by 

Foss Hansen et al. (2014). These are the most transparent and detailed, and underpin their 

choices using scientific information (as far as possible) and build upon existing approaches 

for normal substances. These frameworks consider materials and products, respectively. For 

screening of inhalation exposure in an occupational setting the general risk banding 

framework for inhalation of low aspect ratio nanoparticles by Oosterwijk et al., (2016) seems 

the most useful, whereas for environmental risks the general test strategy for assessing the 

risks of nanomaterials in the environment by Hund-Rinke et al. (2015) is more advanced. 
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Further details on the different frameworks that support these selections can be found in 

Table 5.9.1. It should be noted that all these frameworks remain qualitative. 

The best specific risk assessment framework is the DF4nanoGrouping framework, as this the 

only fully elaborated risk assessment framework that includes clear decision criteria, 

triggers/cut-off values and tools to assess inhalation risks by Arts et al. (2015a,b).The 

framework also has specific associated case studies. However, an independent evaluation of 

these triggers and methods has not yet been conducted, and its approach does not currently 

integrate easily into the existing process specified by regulations such as REACH. Therefore, 

while the approach is developed, detailed and includes decision criteria, the regulatory 

acceptability of this framework remains unclear. 

Several of the items in Figure 5.9.1, while helpful, are not full risk assessment frameworks. 

Firstly, Völker et al. (2015) describe an environmental risk assessment for the case of silver 

nanoparticles applied in textiles. However, while useful as a case study, the work does not 

provide a stand-alone strategy for risk assessment. The release rate of silver during washing 

is used in combination with clearly described assumptions on e.g. amount of washed textile, 

waste water, etc., to come to estimates on concentrations in sewage sludge, surface water, 

sediment and soil. These are compared to derived effect levels in these environmental 

compartments. The case as presented by Völker et al. (2015) is not specifically related to 

one of the indicated risk assessment frameworks, but has value since it considers exposure 

and hazard for the specific circumstances of the case. 

Furthermore, the OECD guidance documents concern (steps towards) standardised testing 

of nanomaterials. Documents that provide guidance towards standardisation are essential to 

getting reproducible and comparable datasets, and thus are of the utmost importance for risk 

assessment. Such guidance documents are different from risk assessment frameworks in 

that they provide guidance in generating data, in the indicated documents on aquatic toxicity 

and fate, but not on the use of these data in risk assessment. They are separately discussed 

later in this chapter. Also, the OECD guidance document on sample preparation and 

dosimetry for nanomaterials (OECD, 2012) is helpful with regard to both environmental and 

health-related data generation.  

In addition, the ECHA/JRC/RIVM approach on read-across between nanoforms (ECHA, 

2016) is not a risk assessment framework, but rather the outline of a scientifically founded 

approach to obtain information for a nanomaterial on one or more hazard endpoints by using 

information from other materials. The ECHA/JRC/RIVM read-across approach intends to 

make use of existing information in such a manner that sufficient information is available to 

assess the risk/safety of each nanoform (ECHA, 2016). Read-across between structurally 

similar substances is a generally applicable approach in regulatory risk assessment of non-

nano substances, as in REACH (Regulation EC/1907/2006). The ECHA/JRC/RIVM approach 

on read-across between nanoforms (of the same substance) provides guidance on how this 

concept can be applied to nanomaterials. The stepwise approach, in which a hypothesis 

should be built to show similarity (or be conservative) between the source and target 

material, is the backbone of the read-across approach. The hypothesis can be based on a 

kinetic argument in combination with a hazard argument. The kinetic argument shows that a 

similar (or smaller) amount of a target material reaches the (toxicological) target site in 

comparison to the source material, while the hazard argument shows that the target material 

is hazardous to a lesser or similar extent in comparison with the source material. These 

principles for read-across of information between source and target material are generally 

applicable. The ECHA/JRC/RIVM approach describes an outline for read-across in 

comprehensive, quantitative risk assessment, though the approach can also be used for 

qualitative frameworks such as control banding. 
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For each specific combination of endpoint and nanoform, information on hazard may be 

obtained by read-across, thereby reducing the burden of testing that would otherwise be 

required from a regulatory point of view to provide the necessary risk assessment information 

for many nanoforms. The ECHA/JRC/RIVM approach on read-across between nanoforms of 

the same substance outlines overarching principles on read-across to fill an information gap 

relevant for risk assessment by using information from one or more (source) nanoforms 

(ECHA, 2016). Hence, read-across provides a scientifically based approach to fill an 

information gap on hazard, and as such is an overarching principle that can be incorporated 

in other risk assessment schemes.  

For the purpose of this review, the frameworks mentioned in Table 5.9.1 should be 

considered. For a regulatory context, frameworks that aim to come to quantitative information 

on risks are often preferred. In addition, qualitative risk assessment frameworks that apply 

control banding may be useful. For that reason, frameworks such as the risk banding 

framework (Oosterwijk et al., 2016) have been included in Table 5.9.1. Furthermore, tools 

like the LICARA nanoSCAN (van Harmelen et al., 2016) that provide a qualitative 

assessment of potential benefits and risks of a new ‘nanoproduct’ early in the innovation 

chain are relevant as they may also facilitate the development of safe(r) application of 

nanomaterials in products and can aid in ‘regulatory preparedness’ related to technological 

developments. Also the screening strategy to identify potential risks of manufactured 

nanomaterials at early stages of innovation as presented in NANoREG D6.4 (Noorlander et 

al., 2016) is highly relevant. In this NANoREG deliverable key nano-specific risk potentials 

are listed and discussed, and physicochemical parameters associated to each of these risk 

potentials are described, along with analytical methods suitable to assess these parameters. 

Table 5.9.1:  
Overview of risk assessment frameworks for nanomaterials that are relevant in a regulatory context. 

Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

Risk assessment strategies mainly directed towards the market chain 

A strategy 
towards grouping 
and read-across; 
Sellers et al. 
(2015) 

General strategy. 
Aim: To develop testing 
strategies for 
nanomaterials in order to 
characterise the potential 
risks to human health and 
the environment. 

Comprises testing 
strategies for 
nanomaterials that 
are in compliance 
with REACH. 

Generally 
applicable. 
Two hypothetical 
case studies. 

General strategy.  
Life cycle changes 
are not considered. 

 

MARINA Risk 
Assessment 
Strategy; Bos et 
al. (2015) 

General strategy. 
Aim: To develop a flexible 
and efficient approach for 
data collection and risk 
assessment. The 
generated information 
should be sufficient to 
assess the risks of 
nanomaterials. 

Generally 
applicable on high 
level. Information 
on 
physicochemical 
properties, 
exposure, 
toxicokinetics/fate 
and hazard are to 
be integrated. 
No direct link to 
regulations. 

Generally 
applicable. 
Different potential 
applications of 
grouping and read-
across within the 
MARINA RA 
Strategy have 
been discussed in 
detail (Oomen et 
al., 2015). 

General strategy, it 
provides a blueprint 
of a risk 
assessment 
strategy. It is not 
specific and not 
very elaborated 
with regard to 
requirements on 
basic information 
set, decision 
criteria, etc. 

NANoREG nano-
specific approach 
for risk 
assessment; 
Dekkers et al. 
(2016) 

Screening level 
assessment framework.  
Aim: To prioritise those 
nanomaterial applications 
that may lead to high 
risks for human health. 
To identify those aspects 
of exposure, kinetics and 
hazard assessment that 
are most likely to be 
influenced by the 

The proposed 
approach provides 
alternative ways to 
address the risk 
assessment of 
nanomaterials, by 
prioritising those 
applications with 
the highest 
potential health 
risk. 

A generally 
applicable 
approach to 
prioritise 
nanomaterials for 
potential risk. 
Provides a more 
concrete 
framework by 
listing and 
discussing which 

Can currently only 
be used for 
prioritization and 
directions on type 
of data needed for 
scientific 
justification to 
perform risk 
assessment across 
different nanoforms 
(e.g. using 
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Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

nanospecific properties of 
the material under 
assessment. 

Approaches for 
(Q)SARs, grouping 
and read-across 
are integrated.  

aspects of 
exposure, kinetics 
and hazard of 
nanomaterials are 
most relevant and 
how they can be 
taken into 
consideration 
using several flow 
charts. 
Provides a sorting 
of nanomaterials 
into 3 classes for 
further human 
health 
assessments: 
soluble, high 
aspect ratio 
nanomaterials, 
and all others for 
which case-by-
case analysis 
criteria are 
generally 
described.  

(Q)SARs, grouping 
or read-across). 
Illustration by case 
studies not yet 
performed. 
Cut-off values still 
need to be defined. 

NANoREG D1.11,  
NANoREG 
frameworks for 
the safety 
assessment of 
nanomaterials 

Review of current 
framework in view of 
nanomaterials, and 
outlook to screening level 
assessment framework. 
Aim: To analyse the 
applicability of the current 
EU regulatory framework 
to nanomaterials and to 
giving concrete, practical 
guidance to industry and 
regulatory authorities on 
how to address 
nanomaterials in a 
legislative context, with 
focus on REACH. 

To analyse the 
applicability of the 
current EU 
regulatory 
framework for 
nanomaterials, with 
focus on REACH. 

Comprehensive 
overview of safety 
assessment of 
nanomaterials 
under REACH, 
including nano-
specific 
considerations. 
Outlook scenarios 
are addressed, 
which comprise 1) 
the NANoREG 
nano-specific 
approach for risk 
assessment, as 
also published by 
Dekkers et al. 
(2016), and 2) safe 
by design, as also 
described in other 
NANoREG 
deliverables (i.e. 
D6.4, Noorlander 
et al. 2016). 

No clear 
recommendation 
for nano-specific 
adaptations of the 
current regulations 
are provided. 

Test strategy for 
assessing the 
risks of 
nanomaterials in 
the environment; 
Hund-Rinke 
(2015) 

Towards a specific 
framework for 
nanomaterials in the 
environment. 
Aim: To develop a test 
and risk assessment 
strategy for 
nanomaterials which 
specifically addresses 
environmental fate and 
effects. Test systems and 
strategies of data 
collection, and evaluation 
are provided. A screening 
on durability (i.e. the 
extent to which 
nanomaterials remain 

Aligned to the risk 
quotient 
(PEC/PNEC) as 
applied in 
environmental 
regulations. 
The strategy is not 
yet sufficiently 
developed to fulfil 
the information 
requirements of 
specific legislation 
(e.g. plant 
protection act, 
biocide regulation, 
REACH). 

Generally 
applicable for 
environmental risk 
assessment of 
nanomaterials. 
Bioaccumulation 
was taken into 
consideration as 
an alternative 
endpoint delivering 
additional 
information on 
ecotoxicity. 
Different stages 
along the life cycle 
of the 
nanomaterial(s) 

Still a conceptual 
framework 
(although more 
concrete). 
Screening tests are 
required to identify 
a potentially 
significant effect, 
but no suitable 
screening tests 
have been 
identified. 
Trigger values 
have not yet been 
set. 
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Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

intact) in the initial 
compartment needs to be 
performed as first step. In 
case of medium or high 
durability, in tier 1 the risk 
quotient for environment 
is assessed in an initial 
compartment for the 
pristine material. In tier 2, 
pristine and aged 
nanomaterials are 
considered and 
secondary compartments 
are included. 

are considered by 
assessing whether 
there is a potential 
for the 
nanomaterial to be 
released into the 
environment. 

Nanomaterial 
categorization for 
assessing risk 
potential; Godwin 
et al. (2015) 

Screening level 
assessment framework. 
Aim: Prioritize 
nanomaterials for further 
testing. To avoid 90-day 
inhalation studies when 
possible. 
Nanomaterials for which 
no exposure or potential 
hazard is expected 
require no further testing. 
Subsequently, hazard is 
investigated with 
alternative testing 
strategy assays, and the 
adverse outcome 
pathway is investigated 
(tier 1). If further testing is 
required, a short-term 
bolus administration in 
vivo study is performed 
(tier 2). If needed in tier 3 
an aerosol inhalation 
(90d) study is performed. 

Prioritisation 
methodology to 
target materials of 
high concern that 
need additional 
scrutiny, while 
material categories 
that pose the least 
risk can receive 
expedited review. 

Presents a case 
that focuses on 
CNTs and health 
risks under the 
Toxic Substances 
Control Act of 
USA. Provides 
general framework 
or evaluation. 
 

General strategy 
without clear 
information on how 
to proceed from 
one tier to another. 
Focus on 
inhalation. 
Chance of false 
negatives (no 
further testing 
required whereas it 
in reality poses a 
health risk) cannot 
be assessed. 
The suitability of 
alternative testing 
strategies and of 
the in vivo short-
term bolus 
approaches to 
inform on chronic 
toxicity is not 
clearly addressed. 

DF4nanoGrouping 
framework; Arts et 
al. (2015, 2016) 

Specific framework 
focussed on human 
health hazards, via 
inhalation. 
Aim: Efficient strategy to 
sort out nanomaterials 
that could undergo 
hazard assessment 
without further testing. 

No direct link to 
current regulations. 
Proposal by a 
group of industries 
organized within 
ECETOC. 

Clear framework 
with description of 
tools, decision 
criteria and 
specific 
nanomaterial 
cases. 

Regulatory 
acceptability 
unclear. 
Independent 
evaluation of 
triggers and 
protocols used has 
not been 
conducted. 
Focus on local 
inhalation toxicity 
(not all endpoints). 

Risk banding 
framework; 
Oosterwijk et al., 
(2016) 

Screening level 
assessment framework 
for inhalation route. 
Aim: Development of a 
scientifically based risk 
banding tool by 
combining information on 
deposition of particles in 
the respiratory tract, lung 
burden and clearance, 
diffusion through lung 
mucus layer, 
translocation and cellular 
uptake and local and 
systemic toxicity. 
Available information on 

Output is 
qualitative risk 
banding, which can 
be used to advice 
on risk 
management 
measures in 
occupational 
settings. 

Integrating 
scientific 
knowledge to give 
an estimate on 
risk. 
Transparent 
description on the 
assumptions 
behind the 
framework. 

Qualitative output. 
Only for inhalation 
route. 
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Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

relationships between 
physicochemical 
properties and the 
processes mentioned 
above is used. 

Risk assessment 
and grouping 
strategy based on 
clouds of 
predefined test 
strategies; Walser 
and Studer (2015) 

General strategy. 
Aim: To describe the 
need and outline of a risk 
assessment framework 
for nanomaterial 
identification and 
grouping, using ‘clouds’. 
The clouds mainly relate 
to modes of action (MOA) 
and adverse outcome 
pathways (AOP). 

Sketch of issues on 
nanomaterials in 
current regulations 
and general outline 
of potential ways to 
deal with those 
issues. 

Need for 
pragmatic 
solutions is 
indicated. 

Details on how 
clouds of 
predefined test 
strategies can be 
formed are lacking. 
Not clear how and 
when read-across 
between members 
of the same ‘cloud’ 
can be 
substantiated and 
performed. 
Limited 
considerations on 
fate and 
toxicokinetics. 

NanoRiskCat; 
Foss Hansen et 
al. (2014) 

Screening level 
assessment framework. 
Aim: A systematic tool 
that can support 
companies and 
regulators in their first tier 
assessment and 
communication on what 
they know about the 
hazard and exposure 
potential of consumer 
products containing 
nanomaterials. Input is 
given on how the 
potential for exposure, 
human health hazard and 
environmental hazard 
can be assessed. 
The human hazard 
potential is based on 
HARN-information, 
Classification & Labelling 
information of the bulk, 
and information on 
genotoxicity/mutagenicity, 
respiratory toxicity, 
cardio-vascular toxicity, 
neurotoxicity, 
reproductive toxicity, 
carcinogenicity and organ 
accumulation. 
For the environment 
indicators are: Is the 
nanomaterial reported to 
be hazardous to 
environmental species? 
Is the nanomaterial 
persistent or 
bioaccumulative? Could 
use of the nanomaterial 
lead to potentially 
irreversible harm? Is the 
nanomaterial readily 
dispersed? Is the 
nanomaterial novel? 

The tool can be 
used for a first risk 
assessment of 
existing consumer 
products containing 
nanomaterials, i.e. 
not as such 
applicable to 
substance-based 
legal frameworks 
like REACH. 
Also useful for 
prioritization of 
existing products. 
It gives a 
qualitative 
exposure potential 
for professional 
end-users, 
consumers and the 
environment, as 
well as information 
on the hazard 
potential for 
humans and the 
environment. 

Descriptors for the 
potentials have 
been listed, and 
where possible 
cut-off values are 
proposed (mostly 
in analogy to non-
nanomaterials).  

Qualitative output 
on exposure and 
hazard. 
No integration of 
exposure and 
hazard information. 
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Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

 
 
 
 
 

Risk assessment strategies mainly directed towards the innovation chain 

LICARA 
nanoSCAN; van 
Harmelen et al. 
(2016) 

Generally applicable risk 
comparison framework.  
Aim: A screening tool for 
SMEs that provides a 
qualitative evaluation of 
the potential benefits and 
risks of a new or existing 
nano-enabled product. A 
comparison against a 
reference product or 
“doing nothing” is made.  

The tool is 
preferably to be 
used at an early 
stage in the 
innovation chain 
with the aim to 
facilitate the 
development of 
sustainable and 
competitive nano-
enabled products.  

Risk and benefits 
are addressed in a 
transparent 
manner. 
Easy to use. 
Relevant tool to 
support safe 
innovation. 

Not providing 
information that 
can be used 
directly in 
regulatory 
frameworks. 

NANoREG D6.4; 
Noorlander et al. 
(2016) 

Generally applicable risk 
screening framework. 
Aim: Strategy to 
efficiently screen for 
indicators of potential 
risks during early stages 
of an innovation process. 
Based on six key risk 
potentials: 
solubility/dissolution rate, 
stability of coating, 
accumulation, 
genotoxicity, 
inflammation and 
ecotoxicity. 
Parameters relevant for 
the key risk potentials are 
listed and discussed. 
Analytical methods 
suitable to investigate 
these parameters are 
also listed and 
referenced. 

If the indicator for a 
specific ‘risk 
potential’ suggests 
low risk, risk 
assessment can be 
performed in the 
conventional, i.e. 
non-nano specific, 
way. If the potential 
is high, nano-
specific 
data/testing is 
required. 
Strategy is relevant 
for all actors along 
the innovation 
chain but mainly for 
academics and 
industry working on 
an innovation. 

Generally 
applicable for 
nanomaterials and 
products 
containing 
nanomaterials at 
early stages of 
innovation. 
Detailed in the 
sense that the 
parameters 
relevant for the 
key risk potentials 
are described, and 
methods to 
investigate these 
parameters are 
listed. 

Some information 
on the relationship 
between the 
parameters and the 
risk potential is 
provided, but clear 
guidance on how to 
assess and 
integrate the 
experimental 
information of the 
parameters is 
lacking. 

Alternatives 
assessments for 
nanomaterials; 
Hjorth et al. 
(2016) 

Alternative assessment 
framework. 
Aim: To assess the 
overall applicability of 
alternatives assessment 
methods for 
nanomaterials and to 
outline recommendations. 
Alternatives assessment 
for nanomaterials is 
complicated by the sheer 
number of nanomaterials 
possible. 

Alternatives 
assessment is not 
obligatory. 
The decision 
context might allow 
more use of high-
throughput data 
(comparison vs. 
assessment). It is 
concluded that 
although science 
may not (yet) be in 
the position to 
predict or explain 
nanotoxicology, 
science may be 
(more) ready for 
making better and 
safe(r) choices. 

Principles for the 
design of safer 
nanotechnology 
(adapted from 
Morose, 2010) 
have been 
discussed. 
Examples of 
alternatives 
assessments have 
been discussed 
(mitigating 
oxidative stress, 
encapsulation, 
doping 
approaches, 
surface 
properties). 

Link to innovation 
chain not clearly 
made. 
How the actual 
comparison with 
and decision 
making on 
alternatives is 
performed remains 
unclear. 

Other (no risk assessment frameworks) 

Völker et al. 
(2015) 

Not a risk assessment 
framework; an exemplary 
environmental risk 
assessment of silver 
nanoparticles applied in 
textiles. 

Not applicable Estimation of 
environmental risk 
based on release 
scenarios rather 
than production 
volume for a 

Only applicable for 
the environmental 
risk assessment of 
silver nanoparticles 
in textiles. 
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Framework; 
author 

Type of framework and 
Aim 

Link to current 
regulation 

Pros Cons 

specific case.  
Assumptions 
transparently 
described. 

The SUN 
approach; 
Nowack et al. 
(2016) 

Not a risk assessment 
framework, but an 
approach to obtain 
sufficient quantities of 
released materials (called 
fragmented products) to 
study nanomaterials in 
different life-cycle stages. 
This approach includes 
weathered fragmented 
products, and sieved 
fragmented products. 

The released 
nanomaterials can 
be applied to 
testing as in 
current regulations 

Hazard information 
on nanomaterials 
as released will 
result in a more 
realistic risk 
characterization. 
First structural 
approach that 
enables testing of 
released materials. 

Use of released 
nanomaterials 
would require 
additional efforts 
(obtaining sufficient 
quantities, defining 
which products the 
nanomaterials 
should be 
incorporated in, 
characterization of 
the released 
material). 
Unclear how to 
deal with 
nanomaterials that 
are applied in many 
different products.  

 

The risk assessment frameworks presented in Table 5.9.1 are very heterogeneous in their 

aim, scope, input and output information. Hence, comparison is not straightforward. Some 

frameworks are directed towards risk assessment required for market approval, such as the 

testing strategy for nanomaterials in the environment by Hund-Rinke et al. (2015) and the 

DF4nanoGrouping framework (Arts et al., 2015ab). The LICARA nanoSCAN (van Harmelen 

et al., 2016) and the strategy described in NANoREG D6.4 (Noorlander et al., 2016) are 

mainly intended to be used at an early stage in the innovation chain so as to facilitate the 

development of sustainable safe(r) nanoproducts. Such premarket frameworks aiming at 

safe(r) innovations can therefore provide a win-win situation for policy makers and industry. 

The flow chart by Dekkers et al. (2016) is applicable to nanomaterials that are already on the 

market, and due to progressing scientific knowledge require prioritization of those 

nanomaterials that may lead to high exposure or high toxic potential. It is shown that those 

elements related to exposure, toxicokinetics and hazard that are most probably are 

influenced by nano-specific properties of the material can be used in safe innovation 

processes (i.e. early in the innovation chain), as well as in grouping and read-across 

approaches. Also the NanoRiskCat tool by Foss Hansen et al. (2014) can be used for 

prioritising nanomaterials, though more directed towards products containing those 

nanomaterials. To assess the human hazard potential they consider information on the 

aspect ratio, Classification & Labelling information of the bulk, and existing information on 

genotoxicity/mutagenicity, respiratory toxicity, cardio-vascular toxicity, neurotoxicity, 

reproductive toxicity, carcinogenicity and organ accumulation most relevant. These aspects 

are in part similar to the aspects considered most relevant for nano-specific human hazard 

by Dekkers et al. (2016) and Noorlander et al. (2016): solubility/dissolution rate, stability of 

coating, accumulation, genotoxicity, inflammation. Dekkers et al. (2016) and Noorlander et al. 

(2016) further tried to limit the number of relevant properties, and added solubility/dissolution 

rate and stability of coating as properties relevant for the robustness of the nanomaterial. 

The anticipated users of many frameworks are mostly manufacturers and developers, i.e. to 

give – in an economically efficient manner – direction in the development of safe and 

sustainable products or materials, and to gather the information needed for regulatory 

approval. The frameworks are also useful for risk assessors at governmental bodies 

considering the need for additional information or risk reduction measures, and to prioritise 
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those applications and situations that need to be considered first or most. All of the 

frameworks, except the DF4nanoGrouping (Arts et al, 2015ab), are qualitative: they do not 

provide as clear triggers, protocols, and cut-offs for hazard and risk decisions.  Policy makers 

are working on implementing or improving nano-specific adaptations to current legislation or 

in some cases developing new pieces of legislation, for which the present frameworks can 

provide valuable input. 

Most frameworks focus on the hazard assessment of the pristine nanomaterial. Some 

frameworks such as the DF4nanoGrouping (Arts et al, 2015ab), the MARINA Risk 

Assessment framework (Bos et al., 2015), the testing strategy for nanomaterials in the 

environment (Hund-Rinke et al., 2015) and the ECHA/JRC/RIVM read-across approach 

(ECHA et al., 2016) explicitly consider changes in physicochemical properties of the 

nanomaterials during their life-cycle, but further detailed results will be needed to apply this in 

practice. The idea of the DF4nanoGrouping framework is to mark out the entire life-cycle by 

determination of ‘hotspots’ with likely occupational or consumer exposure. The 

ECHA/JRC/RIVM report envisions a read-across type of hypothesis between the pristine 

nanomaterial and the nanomaterial as present in different life cycle stages. To address the 

issue of life-cycle, Potthof et al. (2015) developed a series of decision trees and flow charts 

to support the testing of nanomaterials, for example differentiating between relevant/probable 

conditions and worst-case conditions. In the case of the latter, stable dispersions of the 

pristine material are used. In case of relevant/probable conditions, this should be reflected in 

the type of test material and the potential for agglomeration. Nowack et al. (2016) developed 

an approach to obtain sufficient quantities of released materials to study these materials. 

Some publications exist on the risk assessment of specific nanomaterials incorporated in 

products (Völker et al., 2015; Dekkers et al.2013; van Kesteren et al. 2014). This case-by-

case approach allows for detailed adjustments relevant to the specific case, and provides 

food-for-thought for general risk assessment frameworks, for example by pointing towards 

important elements to be considered in the risk assessment of nanomaterials. 

Some frameworks build on previously-established frameworks. This is mainly relevant for the 

DF4nanoGrouping framework, which consists of a series of publications by Arts et al. (2014, 

2015ab), and builds upon previous work by Gebel et al. (2014). The ECHA/JRC/RIVM report 

(ECHA, 2016) on read-across between nanoforms (ECHA et al 2016) relies on previous 

work, e.g. by Sellers et al. (2015) and references above, as well as on considerations on 

grouping and read-across approaches for risk assessment of nanomaterials as described by 

Oomen et al. (2015). The flow chart by Dekkers et al. (2016) and the screening strategy 

described in NANoREG D6.4 by Noorlander et al. (2016) are both products that were 

coordinated by RIVM and part of the NANoREG project, and in both documents the same 

risk potentials or aspects of exposure, kinetics and hazard assessment that are considered 

most likely to be influenced by the nano-specific properties have been put forward.  

5.9.3 Specific Issues and Components of Risk Assessment Frameworks 

In the present section specific issues and components of risk assessment frameworks are 
highlighted and discussed. Guidance documents to standardise testing of nanomaterials are 
considered highly necessary for risk assessment frameworks, as it is known that the testing 
conditions can influence the outcome of toxicity tests, especially for nanomaterials, in ways 
that are not fully understood yet. Internationally acknowledged guidance documents are 
therefore in general highly useful assets in the risk assessment of nanomaterials. The OECD 
Guidance on Sample Preparation and Dosimetry (OECD, 2012) is helpful to consider when 
conducting both health and ecotoxicity testing. The OECD Guidance document on Aquatic 
and Sediment Toxicological Testing of Nanomaterials (OECD, 2017), the OECD Fate 
Decision Trees (OECD, 2014f) and the OECD Guidance document on Fish  Dietary 
Accumulation Studies for Engineered Nanomaterials (OECD, 2015) – all still to be finalised – 
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are useful for prioritizing testing needs. Worldwide harmonisation of such testing approaches 
via the OECD is considered valuable in general due to their consensus-driven review and 
acceptance by regulatory authorities from many countries. The usefulness of these draft 
OECD guidances is addressed in Chapters 5.3 and 5.5 in this document. 
Several new factors have been suggested in the literature as additional tests and triggers for 

use in nanomaterial risk assessment. Hendren et al. (2015) suggest surface affinity (also 

referred to as stickiness) and dissolution rate as functional assays for characterizing 

nanomaterial behaviour in a variety of important systems. Hendren et al. (2015) proposes 

functional assays to measure nanomaterial behaviour in environmentally relevant systems, 

as current approaches to predict risk directly from intrinsic nanomaterial properties are 

problematic. The outcome of such a functional assay could be relevant for several risk 

assessment endpoints and could thus be integrated to improve the efficiency of risk 

assessment schemes for nanomaterials (see Chapter 5.1). Surface affinity (α) describes the 

probability of particle attachment when particles collide with another particle or a stationary 

“collector” surface. It determines the mobility of nanomaterials (and other small particles) in 

environmental matrices such as porous media, and relates to their propensity to 

(hetero)aggregate and, in some cases, the reactivity of nanoparticle aggregates. Surface 

affinity measures of nanomaterials may therefore have implications for both the fate of a 

nanomaterial in the environment, and its potential toxicity/ecotoxicity. It is suggested that 

functional assays can support near-term regulatory guidance and sustainable product 

development. Yet, this would require consensus on which functional assays to apply, 

including how to standardize these assays, and how to interpret the assay results in a 

regulatory context. This would imply a major change in the current practice of regulatory 

frameworks and scientific and regulatory efforts to come to decisions on the use and 

application of such functional assays. If clear relationships between output of a functional 

assay and a risk related parameter can be made, functional assays can indeed provide 

added value in risk assessment. For example, in regulatory environmental risk assessment 

of non-nano substances, the octanol-water partitioning coefficient is a convenient functional 

assay for likelihood of persistence and bioaccumulation of that substance. Dissolution and 

agglomeration are in the OECD validation process as TGs, though a discussion on the 

interpretation of the assay results for regulation is not yet part of the Technical Guideline. 

Other approaches like ROS generation assay are still under development. Therefore, 

currently available functional assays appear to require better understanding and validation 

before application in regulatory frameworks can be considered.  

An additional functional assay that is considered promising for nanomaterials is dissolution in 

relevant media, and surface reactivity (see Chapter 5.1).Dissolution rate describes the speed 

at which the nanoparticles form a solution in a given solvent, and may be critical for 

predicting both the persistence, toxicokinetics/fate of and hazard posed by nanomaterials. 

Dissolution rate in physiologically relevant conditions is also proposed and applied in the 

DF4nanoGrouping risk framework and NANoREG nano-specific approach for risk 

assessment by Dekkers et al. (2016).Fast dissolution in physiologically or environmentally 

relevant media in view of physiologically and environmentally relevant time frames is 

considered to provide options for read-across to the solute at an early stage of the risk 

assessment process as proposed by Oomen et al. (2015). When the dissolution kinetics of 

the nanomaterial is slow, things become more complicated with behaviour similar to mixture 

toxicity. In a review of available data and knowledge gaps for nano-silver by Wijnhoven et al. 

(2009), it was proposed that the toxic effects of nano-silver can be due to a combination of 

the specific properties of silver nanoparticles and the generation of ions from them. 

Determining whether future research would need to focus on nano-silver particles only, on 

silver ions only, or both, would be key. Additional efforts would be needed for a thorough risk 

assessment, especially in the case that both the ion and the particulate form need to be 
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considered, or similarly, in case a coating is degraded and both the core nanomaterial and 

the core nanomaterial with a coating need to be considered.  

Dekkers et al. (2016) and Noorlander et al. (2016) consider dissolution as one of the six 

aspects that are most relevant for nanomaterial exposure, kinetics and/or hazard. Hund-

Rinke et al. (2015) suggests a screening on the durability of a nanomaterial, referring to the 

extent that nanomaterials remain intact. Durability by Hund-Rinke (2016) is exemplified by 

rapid dissolution, indicating that dissolution and durability are related. Taken together, 

dissolution under relevant conditions can provide unifying information that is relevant for 

regulation. However, similar to surface affinity, further insights are needed on the relevant 

media and conditions, as well as knowledge on the reproducibility and reliability, and the 

interpretation of the outcome. 

Surface reactivity is considered a potential unifying factor for a mode-of-action of 

nanomaterials. Oxidative stress is induced via surface reactivity, which may result in 

inflammation related effects. Surface reactivity is considered a key descriptor for hazard in 

grouping and read-across approaches (ECHA et al. 2016; Oomen et al. 2015 – see Chapters 

5.1 and 5.6 on ROS generation). Similar to other functional assays, assays on surface 

reactivity would require better understanding and validation before application in regulatory 

frameworks can be considered. 

The relevance and need for developing internationally accepted guidance and test guidelines 

especially for dissolution in relevant media, and surface reactivity is clear. It is also essential 

to give guidance on the interpretation of the outcome of such tests. 

Physicochemical properties used for several risk assessment frameworks are listed in Table 

5.9.2 below. 

Some frameworks such as DF4nanoGrouping (Arts et al 2015 and 2016), Dekkers et al. 

(2016) and NANoREG D6.4 (Noorlander et al. 2016) mention, list and/or make reference to 

test methods that can be used to measure the indicated key physicochemical properties or 

aspects considered key for risk assessment of nanomaterials. However, further guidance on 

how to interpret the data of such testing is lacking, except for the DF4nanoGrouping 

framework. 

The risk assessment frameworks reviewed here do not suggest any unifying dosemetric for 

linking in vitro and in vivo tests. Information on the dose reaching the target site both in in 

vitro and in vivo situations would probably help when comparing the results, as the fraction of 

nanomaterial reaching the target site is highly influenced by the in vitro and the in vivo 

experimental setting. Based on such comparisons, further considerations on unifying dose 

metrics may then help to link in vitro and in vivo tests (see Chapter 5.6).  

Omics information can be used to identify the underlying molecular toxicity mechanism, 

which is relevant for targeted testing, grouping and read-across. Yet, there are still technical 

challenges regarding data interpretation and data integration and further cost-efficiency 

aspects before wide-spread application of these omics techniques can be expected (see 

Chapter 5.7). 

In silico approaches may certainly help to target testing of nanomaterials. The present in 

silico approaches mainly relate to straightforward in vitro endpoints, as on such endpoints 

enough data are available, and have limited accuracy. Therefore, the current added value of 

in silico approaches is limited, although it is expected to increase significantly in the future. 

Further assessment on in silico approaches is provided in Chapter 5.8 in this document. 
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Table 5.9.2:  
Overview of physicochemical properties that are considered key in several frameworks. 

ECHA/JRC/RIVM 
Read-across 
MARINA RA 
Strategy

2
 

NANoREG D 6.4
6 

Strategy to efficiently 
screen for potentials 
during early stages 
of an innovation 
process 

Risk banding 
framework for 
inhaled low aspect 
ratio nanoparticles, 
Oosterwijk et al. 2016 

DF4nanoGrouping, 
(Arts et al., 2014, 
2015, 2016)

1,
 
8
 

Chemical composition
3
 Composition and 

impurities 
 Chemical composition 

Impurities    

Shape Shape 
7 

Shape and aspect 
ratio (including rigidity) 

Particle size Particle size 
(distribution) 

Size and size 
distribution(s) 

Primary particle size  

Surface area
5
 Surface area  Surface area  

 Surface charge Zeta 
potential (or net 
charge at a specific 
pH) 

Surface chemistry 

Surface 
characteristics

4
 

Surface coating Surface hydrophobicity 
or hydrophilicity 

Surface composition 

   Crystallinity 

 Solubility/dissolution Solubility at a 
specific pH 

Water solubility, 
Dissolution in relevant 
media 

 Agglomeration, 
aggregation 

Conduction band 
energy (for metals, 
metal oxides, quantum 
dots, etc.) 

 

 Degree of coating   

 Coating stability   

 Hydrolytic stability   

 Acid dissociation   

 Exposure route   

 Dose   

 Protein binding   

 Clearance   

 Cell uptake   

 Cytotoxicity   

 ROS generation   

 Hydrophobicity, 
lipophilicity 

 Hydrophobicity 

 Cytokine induction   

 Test medium   

 Crystalline structure   

 Reactivity   

 Photoreactivity   
 

1 
Also information from functional assays is considered key.  

2
 The listed physicochemical properties are also considered essential for nanomaterial identification for read-across between 

nanoforms (ECHA et al. 2016), and for risk assessment, read-across and grouping (Oomen et al., 2015). Also information on 
properties related to ‘where they go’ and ‘what they do’ is needed for read-across substantiation (ECHA et al., 2016). Some of 
these properties can again be linked to physicochemical properties as listed by NANoREG D 6.4 (Noorlander et al. 2016). 
3
 Chemical composition includes crystal structure and crystalline phase. 

4
 Surface characteristics include coating chemistry, functionalisation (e.g. capping agents), surface charge (e.g. zeta potential). 

5
 Surface area includes porosity. 

6
 Key physicochemical properties related to the risk potentials for safety screening of nanomaterials. 

7
 The risk banding framework by Oosterwijk et al. (2016) is only applicable for inhaled low aspect ratio nanoparticles 

8
 Information from all tiers (that may not be applicable in all cases), including properties in Tier 0 that may be used to identify a 

nanomaterial. 
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5.9.4 General Aspects of Risk Assessment 

The OECD (2012) and (2015) indicates that there are insufficient data to verify if the present 

standard assessment factors (AFs) of 10 for both interspecies and intraspecies differences 

are applicable to nanomaterial. Indeed, insufficient studies are available that can be directly 

compared to each other to allow assessment of the variation between studies. Toxicity 

information for non-nano substances has accumulated over decades, whereas for 

nanomaterials, acquisition of data, and especially of good-quality data, is emerging only in 

over past few years. Furthermore, the variation in physicochemical properties of a 

nanomaterial of the same elemental composition hampers direct comparison between 

studies: is a different response the result of the intra- or interspecies variability, or due to 

differences in the nanomaterial itself? To the best of our knowledge, there are at present no 

datasets available that allow an adequate assessment. Hence, for the time being it cannot be 

assessed whether NM-specific assessment factors are needed, and if so, what factor that 

would be. 

However, for the application of assessment factors for nanomaterials, pragmatic choices 

could be made that are based on existing data, inherent uncertainties of this data and extent 

of extrapolation, and consequent incorporation of sufficient margins of safety (Dourson and 

Stara, 1983). As there is no clear evidence that the current AFs for non-nanosubstances are 

inappropriate, it could be an option to use the present standard AFs until science allows for a 

better assessment. Alternatively, a more conservative approach could be followed, in which 

an extra AF for nanomaterials is introduced, in which case a discussion and decision making 

on limited scientific evidence is needed on what specific factor is then appropriate. 

5.9.5 Methodological gaps and Knowledge gaps  

It has been shown that different nanoforms can display different behaviour both in their 

fate/toxicokinetics and hazard, and thus in risk. It is therefore logical to consider this in those 

dossiers for regulatory acceptance that comprise more than one nanoform. As long as this 

has not been addressed, this can be considered a regulatory gap which requires further 

research and policy considerations. 

It should be noted that for non-nanosubstances in REACH, persistent, bioaccumulative and 

toxic (PBT) substances, and very persistent, very bioaccumulative (vPvB) substances, give 

rise to ‘very high concern’ (Regulation EC/1907/2006) (NANoREG D1.11 Framework, 2016). 

Authorisation is only granted because of socioeconomic reasons without feasible 

alternatives. Criteria have been set to assess if a substance is PBT or vPvB. The criteria to 

assess persistence relate to half-life in water, sediment or soil. The criteria on 

bioaccumulation relate to the bioconcentration factor (BCF) which is the concentration in an 

organism relative to the average concentration in water at equilibrium. As the behaviour of 

most nanomaterials is not based on (moving towards a) chemical equilibrium though some 

nanomaterials may be persistent bioaccumulative, these criteria need to be reconsidered for 

nanomaterials (see Chapter 5.3).  

In human health risk assessment, route-to-route extrapolation of information occurs on a 

regular basis. However, there are few data to support route-to-route extrapolation for 

nanomaterials (NANoREG D1.11, Framework, 2016). The media for exposure via lung (air), 

gastrointestinal tract (gastrointestinal fluids), skin, and intravenous application typically differ 

greatly. These media as well as the conditions at the site of contact may affect the properties 

of a nanomaterial considerably, and thus their behaviour and risk. Further insight into the 

possibilities for extrapolation of hazard information that is gained from studies with different 

exposure routes is therefore recommended.  
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5.9.6 Recommendations 

Small particles can display different features when compared to their larger counterparts, 

which can be functional in innovative products and materials. Further changes in functionality 

can be made by modifying shape, surface characteristics, etc. Due to the different 

functionality of such small particles, also the behaviour in the environment and humans may 

be different. It is therefore relevant to consider the potential risks of nanomaterials. This 

should be done in a manner that allows innovative nanotechnologies to be developed. 

Below, considerations and recommendations are given with regard to (1) tools, tests and 

methods for risk assessment of nanomaterials, (2) nano-specific arguments for risk 

assessment, (3) risk assessment frameworks, and (4) life cycle. 

It should be noted that the present assessment is based on scientific knowledge that is 

gained from ‘the first generation’ of nanomaterials, which comprise relatively simple inorganic 

and carbon-based nanomaterials. It is recommended to actively monitor scientific 

developments of future innovations and assess potential consequences for human and 

environmental risk, and determine whether the legal frameworks are sufficiently equipped to 

deal with these innovations. 

5.9.6.1 Tools, Tests and Methods for Risk Assessment of Nanomaterials 

As can be observed in the other chapters of this Joint Document, the knowledge to correctly 

apply and/or modify tools, tests and methods to obtain information relevant for risk 

assessment of nanomaterials is increasing. Interferences, artefacts and unstable or unknown 

exposure conditions are better understood and dealt with, or alternatives are (to be) sought. 

To bring this knowledge into practice, protocols, guidance and suitable controls and 

reference materials are being developed, and standardisation activities are ongoing or 

should be launched. 

Standardisation of test protocols and assurance of high quality data (including sufficient 

quality controls) is of the utmost relevance for acquiring reliable and reproducible data that 

can be used in risk assessment of nanomaterials in general. Also information on the 

internalised dose, i.e. the amount of nanomaterials reaching the target site (i.e. 

environmental organism, cells in in vitro test systems, organs in test animals, etc.) is highly 

relevant for correct interpretation of the results (see also the section on ‘nano-specific 

arguments for risk assessment approach’ below), and to better allow for extrapolation, e.g. 

from in vitro to in vivo situations or different exposure scenarios. 

In vitro studies can be very useful for hazard and biokinetic assessment, though direct 

correlation of the in vitro studies for environmental or human health risk is still not yet 

possible. In the short term, in vitro studies can be expected to become useful for mechanistic 

information, i.e. to assess which mode of action (MOA) is expected to be most relevant for a 

specific nanomaterial. In addition, ranking hazard potency and biokinetic behaviour (i.e. 

cellular uptake, fate, and translocation across barriers) by in vitro studies is likely to provide 

relevant information for regulatory risk assessment. This is especially the case when such in 

vitro information can be compared to information from reference nanomaterials. Finally, test 

batteries which comprise different organ systems such as described by Farcal et al. (2015) 

may be used as a general screening tool for nanomaterials, though further comparison of the 

predictability of such in vitro test batteries to the in vivo situations would be needed. Further 

discussion on in vitro and in vivo tools and approaches for nanomaterials are provided in 

Chapters 5.6 and 5.7. Continuation of these comparison and standardisation activities is thus 

highly recommended. 
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5.9.6.2 Nanospecific Arguments for Risk Assessment 

It can be concluded that the current principle of risk assessment that combines information 

on exposure and hazard endpoints applies to nanomaterials. However, nanomaterials show 

particle-specific behaviour and, as a consequence, require some specific considerations. 

Two important considerations are addressed: 

Firstly, attention should be paid to the tendency of nanomaterials to agglomerate, as that 

can have serious impact on factors like dilution, internalised dose, and application of 

assessment factors (Lützhøft et al. 2016; van Kesteren et al., 2014; Holden et al. 2015). High 

dose studies can give results not representative for lower concentrations due to 

agglomeration and subsequent lower biological uptake, biological barrier penetration, or 

sedimentation affecting the internal exposure (van Kesteren et al., 2014; Holden et al. 2015), 

or in cases where effect mechanisms do not scale with concentrations (Holden et al., 2015). 

As a consequence, the degree of agglomeration at the concentration that is identified as a 

No Observed Effect Concentration (NOEC) may be higher than the safe concentration that is 

derived from the NOEC after application of assessment factors (Lützhøft et al. 2016). Also 

flotation on the (water) surface may affect the degree of uptake and thus the internalised 

dose (Hund-Rinke et al., 2015). Hence, the internalised and nominal dose may thus not be 

related (Holden et al., 2015; Lützhøft et al. 2016; OECD 2012a). In other words, if the results 

of a high dose study are used to set an (no) effect concentration, which is subsequently used 

to estimate a safe concentration by applying assessment factors, the risk may be 

“underpredicted” (van Kesteren et al., 2014; Lützhøft et al. 2016), i.e. such an estimated safe 

concentration may not be safe. It is therefore recommended to determine the form 

(physicochemical properties) and concentrations of nanomaterials in the exposure medium 

during and after testing (Holden et al., 2015), and to determine representative internal 

concentrations (such as in liver and spleen or environmental organisms) in animal toxicity 

studies to obtain insight into the amount of nanomaterial actually taken up in time (and thus 

in the internalised dose at the target site). An example of risk assessment based on internal 

concentration is provided in van Kesteren et al. (2014). 

Information on internalised dose is considered highly relevant, though still technically 

challenging. For the time being, making such information mandatory may thus be difficult, but 

standard assessment in research projects (including EU projects) can be considered. It 

should be considered that determination of the internalised dose in in vivo studies would in 

many cases require additional animals. Nevertheless, such information is also useful to 

correlate in vitro and in vivo data in order to find ways forward for alternative testing (see 

Chapters 5.6 and 5.7). 

Secondly, it is considered that bioaccumulation is a process delivering additional information 

for risk assessment of nanomaterials on ecotoxicity (Hund-Rinke et al., 2015; Bos et al., 

2015) and human health (Bos et al., 2015; Dekkers et al, 2016; Noorlander et al., 2016; Foss 

Hansen et al., 2014; Arts et al., 2015ab). It should be noted that bioaccumulation is also 

relevant for hydrophobic non-nanosubstances, where the octanol-water partition coefficient 

(Kow) provides in a suitable functional assay. However, the tissues where accumulation of 

such hydrophobic non-nano substances occur and basic mechanisms of uptake and 

elimination differ from those of nanomaterials. In fact, the behaviour of nanomaterials cannot 

be described by chemical equilibrium. As the octanol-water partitioning coefficient assumes 

an equilibrium between the dissolved concentrations in the octanol and water phases, it is 

not a predictor for bioaccumulation or environmental fate of nanomaterials (see Chapters 5.3 

and 5.4). The currently developed OECD GD to TG 305 (bioaccumulation in fish) will provide 

more insight in the mechanisms of bioaccumulation of nanomaterials. 
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For environmental risk assessment of nanomaterials, a pragmatic screening procedure may 

be to determine the nanomaterial concentration in suitable test organisms (Hund-Rinke et al., 

2015). For human health risk assessment of nanomaterials, information on dissolution rate in 

physiologically relevant media may give insight in the potential for accumulation. A more 

comprehensive view can be obtained by measuring internal tissue concentrations (i.e. 

internalised dose) in toxicity studies at a few key time points, and/or including measuring 

internal tissue concentrations before and after a clearance period. Such data can be used to 

better address the uptake (see considerations on agglomeration) and elimination and thus 

the potential for accumulation. Linking toxicokinetic data, including information on 

accumulation and elimination, to physicochemical properties of the nanomaterial and to their 

dissolution rate in physiologically relevant media may make this issue easier to handle in the 

future. 

5.9.6.3 Risk Assessment Frameworks 

A range of different risk assessment frameworks aiming to deal with the complexity of risk 

assessment of nanomaterials have been described in the literature (see Table 5.9.1). Most of 

the quantitative risk assessment frameworks lack sufficient verification to allow actual 

application. All frameworks struggle with how to deal efficiently with the multitude of 

potentially different nanomaterials due to (slightly) varying physicochemical properties. When 

potential consequences for human health and for the environment due to this multitude of 

varying properties are more thoroughly addressed (e.g. by gathering/generating more data), 

the efficiency of the framework decreases. It is anticipated that a major hurdle in constructing 

and implementing efficient risk assessment frameworks in product and substance/material 

regulations, will be the choices/decisions to be made that result in uncertainty in the number 

of false negatives. In the case of a false negative, a nanomaterial is allowed to the market 

where it poses an unacceptable risk. For example, if a cut-off value for dissolution is 

proposed, this value is either highly conservative (only the immediately dissolving materials 

can be waived to their solutes, meaning that many nanomaterials still remain to be 

assessed), or uncertainty arises from the consequences of a more pragmatic choice. 

Science is at present not sufficiently advanced to give a quantitative estimation of the chance 

of false negatives. This uncertainty is biggest for potential effects after chronic exposure. As 

this kind of information (mostly from long-term animal studies) is ethically debatable and 

expensive, knowledge can be expected to progress slowly here (NANoREG D1.11 

framework, 2016). Yet, it has been shown that nanoparticles can accumulate in 

tissues/organisms over time, indicating that with increasing tissue/organism loading in time 

also the likelihood of adverse effects increases. This means that it is important to investigate 

whether effects occur after long-term exposure. Also potential immunotoxicity and 

neurotoxicity have been linked to nanomaterials, though are difficult to measure and data still 

mainly comes from long-term in vivo tests. Taken together, these considerations show a 

major challenge for risk assessment of nanomaterials: the urgent need for efficient risk 

assessment with a focus on potential chronic effects, limited availability of existing, good-

quality information, and high cost and time efforts needed to increase this information. From 

a policy point of view, the efficiency of risk assessment of large numbers of nanomaterials 

can be increased with practical, only partially scientifically underpinned choices. Alternatively, 

read-across, prioritisation and comparative techniques can bring some efficiency, but would 

clearly not solve the entire issue, especially not for the near future, considering the required 

substantiation of grouping and read-across and the limited available information. These 

options are further developed under future perspectives in this chapter. 

A way to circumvent the issue of uncertainty on false negatives in risk assessment 

frameworks is prioritising those nano-applications with the highest potential risk, as proposed 

by Dekkers et al. (2016). Also frameworks that aim at considerations on human health or 
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environmental risk early on in the innovation chain can be based on comparisons or risk 

indications rather than quantitative risk assessment. Although highly useful also in a 

regulatory sense, this does not allow for efficiently fulfilling the regulatory requirements for 

e.g. REACH. To enable decisions to be made about efficient risk assessment frameworks in 

the near future, or application of (parts of) risk assessment frameworks in existing 

regulations, international agreement is required on practical cut-off and trigger values, while 

realising that these can only be scientifically founded to a limited extent. This would require 

dialogue between stakeholders, in which the uncertainty associated with the state-of-the-art 

science is addressed, made transparent and dealt with. In order to make such a dialogue a 

success, all stakeholders should be constructive and address and move beyond underlying 

issues such as the lack of information on nanomaterials in the current regulatory frameworks 

and the fear of extensive additional testing. Communication to the public at large that “zero 

risk” does not exist is essential to provide fair expectations on risk assessment.  

If no action is taken, either innovation can be substantially hampered due to the need for a 

huge number of case-by-case risk assessments, or large numbers of nanomaterials reach 

the market without or with only limited knowledge on their potential risk. Hence, international 

agreement to come to efficient risk assessment of nanomaterials is recommended. This 

should take science into account as far as possible, while acknowledging that scientific 

insights are still premature for complete substantiation. Other risk assessment approaches 

that focus on prioritisation, substitution and on safety considerations during the innovation 

chain are relevant, and it is recommended that efforts in these fields continue. Further future 

perspectives are provided below. 

It should be noted that also false positives are unwanted. False positives in the present 

setting are nanomaterials/products that are not allowed to the market because of assumed 

unacceptable risk, but in fact the risk is acceptable. This would hamper innovation. 

5.9.6.4 Life Cycle 

It is known that physicochemical properties of nanomaterials relevant for their potential risk 

may change during their life cycle (OECD 2012a; NANoREG D 1.11), whereas normally the 

pristine material is used for toxicity testing. Therefore, the issue of including life-cycle 

considerations in the risk assessment of nanomaterials has been raised by many scientists 

(Bos et al., 2015; Oomen et al., 2014; Sellers et al., 2015; Arts et al., 2015; Hendren et al., 

2015; Nowack et al, 2016; Erdely et al. 2016; Dekkers et al., 2016). To enable toxicity testing 

of released nanomaterials, standardized procedures to obtain fragmented products from 

nanomaterials incorporated in products are being developed (see Chapter 5.2). With regard 

to policy making on this issue, the following options could be considered: 

 Continue with the present situation: Hazard studies with well-dispersed pristine 

materials. The consequence is that probably in most cases the risk is 

overestimated, as these well dispersed pristine materials are expected to 

represent a worst-case situation (Potthoff et al., 2015). In specific conditions, 

however, more hazardous nanomaterials may be formed during the life cycle, for 

example due to disintegration of a coating or photo-activation. Further 

investigation when these life cycle changes may lead to more hazardous 

nanomaterials than their pristine counterpart may be relevant. 

 Some modification of the present situation: A scientific argumentation on the 

expected worst-case realistic situation for hazard testing, which would in most 

cases be the well-dispersed pristine materials, followed by testing of expected 

worst-case form. Also an option can be provided to applicants to use 

nanomaterials as released instead. Generally, this would require additional work, 

i.e. to obtain the relevant material for the (potentially many) relevant situation(s) 
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for human health and the environment, though this would in most cases result in 

less risk. 

 Major modification of the present situation: Hazard studies with the relevant 

released nanomaterial as can be reasonably expected for a human health and the 

environment. For example, the properties of the nanomaterials tested for an 

occupational setting can be different from the properties for a consumer setting or 

environmental setting. From a scientific point of view, this would result in the 

scientifically most correct risk characterization. From a practical point of view this 

may be very difficult as many nanomaterials are incorporated in many different 

products that can result in many different forms of released nanomaterials. Also 

standardization and assessment of this option may be very difficult, if not 

impossible.  

Quantitative measurement of concentrations of nanomaterials at realistic conditions is very 

complicated, expensive and time consuming. This is especially the case if also 

physicochemical properties, such as degree of agglomeration, size distribution etc., are to be 

measured under these conditions. Development of computational models to estimate such 

exposures and changes in physicochemical properties during the life cycle is therefore highly 

recommended (see Chapter 5.4). 

5.9.7 Future Perspectives 

As indicated, addressing human or environmental risk early on in the innovation chain is 

recommended to reduce the number of nanomaterials with a safety issue. This can be a win-

win situation for innovators and regulators, as both benefit from reduced uncertainty on risk. 

With regard to nanomaterials that reach regulatory evaluation, two broad options can be 

distinguished to increasing the efficiency in gathering information for risk assessment: 

Option 1: Continue in line with current regulation (e.g. REACH). For NMs some increase in 

efficiency is possible by grouping and read-across approaches according to the outline 

described in the scientific reference paper by ECHA/JRC/RIVM (ECHA, 2016). This 

document is currently the most aligned with REACH. Based on this document further 

guidance is under development. 

Parallel to this development, a practical approach would be possible for existing NMs that are 

already on the market. A multidimensional map of all forms within one substance 

differentiating in key physicochemical properties (see physicochemical Chapter 5.1) can be 

made. The NMs that represent the most extreme key physicochemical properties, or the 

worst case forms if identifiable with reliable scientific substantiation, can be used to obtain 

hazard information that may be used for a group of nanoforms. 

Option 2: Stratify the information needs according to the anticipated potential for hazard/risk 

in order to focus more on NMs with the greatest potential for hazard/risk. To further increase 

the efficiency in addressing NMs in risk assessment, pragmatic, partially scientifically 

underpinned choices for decision criteria (cut-off values, trigger values, in vitro tests, 

functional assays and other tools like high throughput systems (HTS) and - in future - in silico 

approaches etc.) would be applied to risk assessments of MNs. Such choices can only be 

partially scientifically based, as science is not sufficiently advanced and is not expected to 

provide well-founded science-based mechanisms to efficiently deal with risks, especially after 

chronic exposure in near future. Such an approach would require cooperation of policy 

makers, scientists and industry and an agreement on an international level. Attention should 

be paid to the operational process in such cooperation, for example by starting with a 

dialogue. All stakeholders should be constructive and address and move beyond underlying 

issues and fears, such as the lack of information on nanomaterials in the current regulatory 
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frameworks and the fear of extensive additional testing. If such an approach would be 

pursued, aspects most likely to be influenced by nano-specific properties can be used as a 

starting point. Several studies indicate that exposure, solubility/dissolution rate, stability of 

coating, accumulation, genotoxicity, inflammation, ecotoxicity and environmental fate are 

important nano-specific properties (Dekkers et al., 2016, Noorlander et al., 2016, and to 

some extent also Foss Hansen et al., 2014, Arts et al., 2015 and 2016, Hund-Rinke et al., 

2015, and Oosterwijk et al., 2016).  

Also, the decision criteria and tools as proposed by the DF4Nano Framework can be 

independently investigated on its methodology and the likelihood of giving false negative 

outcomes.  

Another tool to address uncertainties in such analyses is to apply additional risk 

management controls such as workplace engineering controls and restricted environmental 

releases until additional data are provided. 

For nanomaterials already on the market, aspects of option 2 can be applied as a start. The 

thus obtained insights can be used in the first place to regulate the most hazardous 

nanoforms according to the current understanding. Subsequently, a more generic 

understanding on the behaviour of nanomaterials can grow continuously. This will add to a 

knowledge base to allow for the improved applicability of grouping and read-across of 

nanomaterials in regulatory frameworks, and to the feasibility of pragmatic, partially 

scientifically underpinned choices for decision criteria, tests and tools. 

5.9.8 Conclusions 

In conclusion, ongoing efforts in improving the current risk assessment procedures to include 

nanomaterials need to be continued. Some nano-specific issues such as exposure (stable 

dispersions, relevance of high dose studies), bioaccumulation and long-term effects deserve 

special attention. Furthermore, activities to standardise and develop protocols and guidance 

documents, as well as suitable controls and reference materials should continue. 

Risk assessment frameworks that aim to prioritise or substitute nanomaterials of highest 

concern, as well as frameworks that aim to introduce safety considerations into the 

innovation chain, are gradually becoming more concrete. Further evaluation of such 

frameworks via case studies and success stories are needed to improve these frameworks 

and pave the way for mainstream application, also for regulatory needs. To include 

nanomaterials or nanoforms in risk assessment regulations in an efficient manner, i.e. 

beyond the case-by-case approach, decisions with regard to e.g. cut-off values and 

benchmark materials as well as suitability of simple tools and tests for which the present 

knowledge base is insufficient are needed. Grouping and read-across approaches can bring 

some efficiency to the case-by-case assessment. Considering the required substantiation of 

grouping and read-across and current limitations in available information, however, these 

approaches are also not expected to bring the required efficiency in risk assessment of 

nanomaterials for the near future, although they may speed up the gaining of information. In 

addition to pragmatic decisions to deal with nanomaterials in the current situation, further 

research is needed to increase the scientific knowledge on the risks of nanomaterials. The 

focus should be on systematic studies that facilitate the understanding of the behaviour of 

nanomaterials, especially related to long-term effects. In such studies information on internal 

concentrations (also referred to as internalised dose) would have added value. Such 

information would be useful to substantiate or adapt cut-off values and other decisions in risk 

assessment frameworks, and facilitate in grouping and read-across approaches. 

Finally, attention should be paid to organising the operational process to get to efficient risk 

assessment approaches for nanomaterials.  
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Chapter 6  
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Klaus Steinhäuser
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6.1 Introduction 

This study aims to summarize the current status of nanosafety research and tries to identify 

those research results, methods and data which are relevant for the regulation of 

manufactured nanomaterials (MNs). While the risk assessment paradigm for chemicals is 

also applicable for nanomaterials, and several test guidelines and guidance documents for 

assessment of conventional chemicals are applicable for MNs, many methods for the 

determination of physico-chemical properties, fate, exposure and effects used for 

conventional chemicals need to be modified when applied to nanomaterials. 

A compilation and review of selected and relevant results(peer reviewed publications and 

project deliverable reports) from NANoREG, other EU funded projects (FP7, H2020) and five 

relevant US programmes was conducted to highlight and evaluate the gaps between the 

approach for conventional chemicals and nanomaterials, while assessing the methods of 

regulatory relevance for nanomaterials. Where the OECD has published relevant reports or 

is drafting new test guidelines or guidance documents, these have been included in the 

study. In addition other peer reviewed publications have been consulted when helping to 

answer a regulatory question. The criteria that have been applied for the review are reliability 

and relevance as defined by the OECD.  

The effects and fate of nanomaterials not only depend on the chemical composition but also 

on several physicochemical characteristics. This makes proper characterisation an essential 

part of the examination and assessment of nanomaterials. However, not every variation and 

property of a nanomaterial can be tested sufficiently for individual risk assessment. Also, not 

all physico-chemical properties are necessarily relevant for risk assessment. Approaches 

using tiered testing schemes, read-across and grouping, as well as modelling approaches 

and in silico methods, when validated and accepted, will make regulation easier and more 

affordable. 

This ProSafe evaluation provides an independent peer review on regulatory risk assessment 

methods for nanomaterials, via an expert group evaluation that was in turn subject to 

presentation at an OECD workshop. All significant endpoints for assessment were 

addressed, reliable methods to consider for adoption were identified, and further needs 

enumerated. A special focus lies on the needs of EU legislation like REACH and other 

sectoral legislation, and the findings will be considered for adoption by regulatory bodies in 

the EU and other OECD member countries.  

Based on an assessment of the requirements for regulating nanomaterials, a Roadmap (see 

Annex 1) was developed with nine sets of questions to determine which available data and 

methods are most promising for current application or further development for the regulatory 

assessments of nanomaterials. 
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6.2 Essential Topics for a Robust Nanosafety Programme with 

Regulatory Focus 

6.2.1 Physico-chemical Characterisation 

Physico-chemical property tools, methods, and protocols to characterize manufactured 

nanomaterials (MN) were evaluated for NMs produced as powders, or dispersed into an 

aqueous and/or biological medium relevant to environmental fate and toxicity testing. 

There were two primary drivers for developing standardized and reliable methods to 

determine nanomaterial properties. The first driver was the need to determine if a given 

material is indeed a nanomaterial according to the proposed EU definition. The second driver 

was the need to facilitate read-across and to anticipate possible fate and adverse effects for 

manufactured nanomaterials with respect to their fate and toxicity.  

Critical, individual intrinsic and extrinsic nanomaterial properties, correlated with regulatory 

needs, were identified (Table 6.2.1). More than half of these properties currently can be 

determined by reliable measurement methods.  

In addition, there has been a recent recognition of the potential for functional assays. 

Functional assays are specific tests conducted in a selected medium of interest (e.g. 

physiological or biological fluids, industrial waste water, etc.) to measure extrinsic (system 

dependent) nanomaterial properties. They are designed to provide either rate information for 

fate and toxicity models, e.g. dissolution rate, or to determine if a material displays a specific 

property, e.g. a yes/no decision on whether or not a material is photoreactive in the medium 

of interest.  Functional assays can be designed to be broad enough to address both fate and 

toxicity predictivity with a single measure (for example, biodurablity as defined by OECD in 

its draft guidance, and emerging methods to estimate surface affinity). Their value as 

integrative measures for both fate and effects become increasingly valuable as more 

complex nanomaterials (compounded, multidimensional, and chemically-derivitised NMs) 

Table 6.2.1: 
Key Physico-chemical Properties for Regulatory Use 

Intrinsic Particle properties 
(most relevant to regulatory 
definitions of a  
“nanomaterial”) 

Extrinsic Particle Properties (medium-, and time-dependent) 

“What they are” “Where they go, and their 
persistence” 

“What they do” 

 Properties and Processes “Reactivity” 

Particle size distribution (number 
average) 

Dissolution rate (in 
environment, and in 
physiological fluids)  

ROS production and 
photoreactivity 

Particle shape  
(e.g. aspect ratio) 

Biodurability/Biodissolution (in 
vivo and in vitro)  

 

Crystalline phase(s) Density (including effects of 
milieu) 

 

Hydrophobicity/wettability Surface affinity  

Chemical composition 
(impurities, surface chemistry) 

Dustiness (depends on 
moisture) 

 

Rigidity Zeta potential   

Redox potential / band gap Agglomeration /Hydrodynamic 
diameter (dispersion stability) 

 

Specific surface area   
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are proposed for commercialization, since they may simplify the assessment of such 

nanomaterials by providing the property of interest for a risk assessor without the need to 

identify mechanisms of action. 

The most applicable measurement metrics, and their strengths and weaknesses are 

summarized in Table 6.2.2. EM methods show good promise for automated analysis of 

primary particle size distributions and shape analysis of nanomaterials, but preparation 

methods will need to be standardized. Methods to measure surface area, rigidity, crystalline 

phase, agglomeration rate, and zeta potential are all available and relatively robust. 

Reporting the necessary metadata along with those analyses will make the measurements 

comparable across laboratories and particle types.  Progress has been made on developing 

robust measurements for redox potential, hydrophobicity, biodurability, density, dissolution 

rate, and ROS production. However, more work is required for these tests to become reliable 

and validated. Methods exist to determine the chemical identity and structure of simple 

(single component) nanomaterials, but simple, reliable, inexpensive methods for determining 

the chemical identity of more complex nanomaterials remain out of reach given the 

complexity of those materials and the highly technical nature of the analyses required for 

positive identification of chemical identity and structure. 

Table 6.2.2:  
Summary of Key Physicochemical Properties, their preferred measurement metrics, and 
strengths/weaknesses. Where available, for each measurement method, the protocol(s) most 
applicable to the method is noted in Chapter 5.1. 

Categories of Physical 
Chemical Property 
Metrics 

Key/Preferred Measurement 
Methods 

Strengths / Limitations/ Knowledge Gaps 

Intrinsic Properties:   

Particle size 
distribution 
(number 
average) 

1. Electron Microscopy 
(for equivalent 
diameter) 

2. DLS/FFF/centrifuge (for 
hydrodynamic diameter 
 

While all methods noted in Chapter 5.1 
are generally useful in research , the 
following comments on 3 methods are 
particularly relevant to the EU definition, 
and determination of “Intrinsic” PSD: 
1. EM is the only method that can 
distinguish primary particles in 
aggregates. This is likely the best 
measurement of PSD to fit with current 
EU definition. But sample preparation can 
skew results. Quantitative estimates of 
PSD can be achieved with automated EM 
image processing; method is partially 
validated.  
2. DLS has data interpretation problems, 
especially for polydispersity samples and 
oddly-shaped structures, but could serve 
as a first tier assessment. 
 

Particle shape  
(e.g. aspect 
ratio) 

Electron Microscopy 1. 2-D projection of 3-D images can 
complicate interpretations 

2. Dispersion protocol 
standardization needed. 

3. High aspect ratio materials are 
difficult to determine due to 
limited field of view. 

 

Surface area 1. Specific surface area 
by gas sorption 

2. VSSA calculated from 
specific surface area 

1. Specific surface area by gas 
sorption is a reliable method for 
powders, but interpretation of 
data requires assumptions about 
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pore geometry. Also, aggregation 
and coatings can affect surface 
area measurements. 

2. VSSA is not valid for 
polydispersity particle systems; 
values are model-dependent. 

Redox 
potential / 
band gap 

1. Band gap measured by 
UV-vis-NIR absorption 
measurements of the 
dry powder of the 
material; probe force 
microscopy; soft X-ray 
methods 

 

1. Band gap measurements are 
influenced by size, charge, the 
presence of an adsorbed layer, 
and the solution properties. 

2. Probe force microscopy and soft 
X-ray methods can be more 
accurate than UV-vis-NIR 
absorption methods, but are more 
laborious. 

3. Band gap measurements for 
nanomaterials have not yet been 
validated. 

Crystalline 
phase(s) 

1. X-ray diffraction  
2. EM, with electron 

diffraction 
 

1. Both methods are reasonably reliable. 
2. Both methods only applicable to 
crystalline powders. 
3. Both methods lose reliability for 
particles <10nm 
4. XRD sensitivity to phases is generally 
~1 wt.% or greater. 
5. Electron diffraction is slower than XRD, 
more expensive, and can be more difficult 
to interpret. 
 

                
Hydrophobicity 

1. Sorption of a probe 
molecule 

2. Contact angle 
measurement 

3. Kow 
4. Hydrophobic interaction 

chromatography 
 

1. No validated methods exist for 
hydrophobicity / data are scarce. 
Sorption of a dye and contact 
angle measurements are more 
feasible. 

2. Methods correlate with each other 
and with expected relative 
hydrophobicity 

a. Absolute measurement is 
not validated. 

b. The Kow method has 
limited applicability to 
nanomaterials due to 
difficulty to reach an 
equilibrium state. 

Chemical 
composition 
(impurities, 
surface 
chemistry) 

• ICP-MS for inorganic 
composition 

• TGA for organic 
coatings 

• EM and XPS for 
inorganic shell 

 

1. All 3 Methods are considered 
robust and reliable 

2. ICP-MS gives no spatial 
information 

3. Most methods provide information 
only on presence/absence 

• Quantification and 
nanomaterial structural 
information requires more 
expensive and 
complicated methods, 
e.g. XPS or TGA-MS, and 
often requires 
interpretation of multiple 
lines of evidence. 

Rigidity 1. Young’s Modulus 
estimation 

1. Both methods have limited data 
to judge their applicability to NMs 
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2. AFM force-
displacement 
estimation 

and reliability. 
 

Extrinsic Properties (“Where they go; persistence”): 

Biodurability
  

1. In vivo and in vitro 
methods applicable to 
mammalian 
fluids/tissues/cell 
cultures 

2. Acellular dissolution in 
physiological fluids 

3. Environmental 
dissolution 

4. Environmental 
biodegradation 

1. Methods for mammalian 
biodurability estimation (in vivo 
and in vitro) exist, but still need 
validation 

2. Acellular dissolution tests with 
physiological fluids exist (see 
‘Dissolution rate’ below) 

3. Environmental dissolution test 
guideline is under development 
within the OECD: relevant, and 
reliability assessment ongoing 
(see section 6.2.3). 

4. Environmental biodegradation for 
carbonaceous materials may be 
assessed via adaptation of 
existing OECD biodegradation 
test guidelines (see section 
6.2.3).  

Zeta potential 
 

Electrophoretic Methods 1. Electrophoretic methods are:  
• Reliable 
• Good to ~+/- 2mV or 10% 

(whichever is greater) 
• Affected by pH, Ionic 

strength, coatings 

2. Necessary to report EPM and 
associated metadata to 
make zeta potential 
measurements 
scientifically useful 

3. Determination and reporting of a 
nanomaterial’s isoelectric 
point (pHiep) may be more 
comparable across 
materials 

4. Limitations: 
• Organic coatings complicate 

calculation of zeta 
potential 

• Interferences due to media-
induced agglomeration or 
electrode blackening 

• Lack of clear reporting guidelines 

Density 
(including 
effects of 
milieu) 

1. Gas pycnometry for 
powders 

2. Analytical 
centrifugation for NMs 
in water 
 

1. Gas pycnometry is reliable, but 
requires a large sample size for 
analysis 

2. Analytical centrifugation is 
reliable, but expensive and not 
commonly available. 

3. A new benchtop centrifugation 
method appears reliable, based 
on a small data set, and is less 
cost- and time-intensive and more 
readily accessible 

Dustiness 
(depends on 

1. Rotating drum method 
2. Continuous drop 

1. Both methods have been 
standardized 
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moisture) method 2. Both methods are sensitive to 
presence of moisture 

3. Need to revise EN 15051) 

Dissolution 
rate (in 
environment, 
acellular) 

1. For mammalian 
toxicity/kinetics in vivo 
and in vitro, see 
“Biodurability” above 

2. Dissolution rate in 
environmental media 

3. Dissolution rate in 
physiological fluids 
(acellular) 

1. Environmental dissolution test 
guideline is under development 
within the OECD: relevant, and 
reliability assessment ongoing (see 
section 6.2.3).  

2. Dissolution rate in physiological 
fluids to be further developed and 
predictivity for biodurability in vivo 
and in vitro to be examined. 

Agglomeration 
/Hydrodynamic 
diameter 
(dispersion 
stability) 

1. Screening-level 
homoagglomeration 
methods 

2. Time-resolved dynamic 
light scattering methods 

3. Heteroagglomeration 
methods. 

1. Homoagglomeration methods 
such as the draft OECD TG 
appear to be reliable and 
relevant. However, it yields a 
simple classification only; it does 
not address heteroagglomeration; 
it has limited applicability for 
certain nanomaterials 

2. Time-resolved DLS provides 
direct measure of attachment 
efficiency, may be adapted to the 
OECD protocol, and may be 
automated more easily.   

3. Heteroagglomeration methods, 
while potentially more realistic, 
have not yet been developed.  

Surface 
Affinity 

Measurements of aggregation 
or heteroaggregation 

No protocol or test guideline has been 
developed to measure surface affinity. 
Tests need to be developed and validated 

Extrinsic Properties (“What they do/ Reactivity”): 

ROS 
production and 
photoreactivity 

1. Acellular assays: as 
ESR with two spin 
traps (CPH and DMPO) 
or DTT and DCFH. 

2. These may be followed 
by cellular assays 
(DCF, with assessment 
of carbonylation, etc.) 

3. ISO method for 
photoreactivity with 
methylene blue 
available 

Test methods, and their combinations 
under a tiered testing scheme, are still 
under evaluation. 
 
 
 
 
 
 
 
Specific assays for photoreactivity of NM 
are needed to be developed and 
standardized. 

 

It is important to note in general that measurements of many of the extrinsic properties of 

nanomaterials are very often affected by time. The history of the particle, the particle 

concentration, and the time at which the measurement is made can greatly affect the 

measured properties. Aging needs to be considered in the interpretation of any 

measurements. There is also some lack of data related to evaluation of the lab-to-lab 

variability and/or sensitivity to key parameters (e.g. pH or ionic strength or time). Often, 

standardized sample preparation, media, and measurement protocols are lacking which 

affects interpretation of data for these endpoints in the existing literature. Also, there is a 

pressing need for data reporting and metadata reporting guidelines to make the database of 

existing physicochemical properties more useful for predictive models and estimation. 

6.2.2 Exposure through the Life Cycle 
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In the workplace, where nanomaterials are produced and/or incorporated into commercial 

products such as consumer goods, humans are mainly exposed to as-manufactured 

(pristine) nanomaterials. The main exposure route of concern is clearly inhalation. Exposure 

scenarios as formulated in REACH registrations typically contain information on the following 

points: the procedures involved during synthesis, use or disposal of the manufactured 

nanomaterials (MNs); the associated operational conditions (OCs) of use; the risk 

management measures and waste treatment techniques which are necessary for safe use; 

and information about the exposure estimation and the models used for this purpose. 

Several exposure measurement methods as well as modelling and estimation approaches 

(e.g. Stoffenmanager nano) are available and standardized e.g. by ISO and can be applied. 

For fibrous MNs such methods are still under development. Workplace exposure 

measurements are preferably based on personal measurements. The first portable devices 

for particle number (PN) and lung deposited surface area (LDSA) monitoring have only 

recently been developed and became commercially available. For stationary particle size 

measurements, scanning mobility particle sizers (SMPS) and fast mobility particle sizers 

(FMPS) are among the best suited devices. Comparisons of different measurement methods 

in the literature revealed an agreement of measurements typically in the range of 30-50%. 

Several measurement strategies have been suggested and employed and first standard 

operating procedures (SOPs) have been developed but their robustness has to be tested 

more thoroughly. Traditionally, the measured particle metric is mass concentration since 

most chemical regulations are based on mass. Only for fibres is the determination of number 

concentration usually mandatory. It is still a matter of debate whether to substitute particle 

mass by PN or LDSA also for non-fibrous particles, since for small nanoparticles mass is 

beyond the detection limit of gravimetric methods. There is an ongoing discussion whether 

particle number and LDSA may be better suited to parametrize the toxicological dose effect 

relationships of nanoparticles. 

Since full assessment of every workplace is not possible, tiered exposure assessment 

approaches are necessary. The OECD (2015) published a tiered scheme where tier 1 is 

mainly paper work based on information gathering on what and how nanomaterials are used, 

handled and which release paths are possible. If tier 1 indicates that exposure is possible, 

‘simple’ areal and/or emission related measurements are conducted in tier 2. If this tier 

reveals significant exposure, or if the nanomaterials handled are of high concern, or if the 

origin of increased concentrations is unknown, comprehensive measurements must be 

carried out in tier 3. The OECD approach needs to be further developed, and SOPs 

elaborated and harmonized in international context. For the tiered approach exposure 

trigger values are needed to decide when a higher tier has to be followed and should be 

developed at least for particles with no specific toxicity. Various release test methods exist 

and should be harmonized and standardized in order to facilitate robust exposure 

assessments based on workplace activities. An important risk aspect of dry materials that 

governs handling-related exposure to nanomaterials is dustiness. EN 15051 is a standard to 

measure dustiness, but a revision that includes humidity effects is needed. If stronger shear 

forces are applied to agglomerated MNs e.g. by air nozzle injection, vibration feeding or 

fluidized bed processing, nanomaterials will de-agglomerate. Measurement methods for de-

agglomeration exist but also need standardization. 

Effective exposure control measures are available, both personal protective equipment 

(PPE) and engineering control technologies. Both have proven effective when used properly, 

but additional guidance is needed on the degree of PPE needed for different exposure 

scenarios.  Releases from engineering control methodologies also need to be better 

quantified. 
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Recommended methods for occupational exposure are listed in Table 6.2.3 

Table 6.2.3  
Recommended methods for occupational exposure measurement and assessment 

Method Application Recommendation 

Tiered assessment scheme of 
OECD (2015) 

Exposure assessment of 
workplaces 

Elaborate SOPs and better 
identify triggers to move from 
tier to tier 

Particle metrics  Particle number and LDSA 
preferable also for non-fibrous 
particles 

SMPS, FMPS Particle size measurement 
(stationary, personal devices 
under development) 

Stationary methods applicable, 
personal methods should be 
further developed and 
validated; develop SOPs 

Condensation particle counter 
(CPC) 

Exposure measurement 
(personal measurement) 

Applicable 

Stoffenmanager nano Exposure modelling Ready for application;  
compare and validate with 
other models for workplace 
exposure 

Framework of Release* Definition of test methods to 
simulate release processes for 
early robust exposure 
assessments, facilitating safer-
by-design, coherent planning of 
control measures. 

Systematic definition of test-
methods for all relevant release 
processes, harmonisation and 
standardisation, develop 
release rate comparison 
methods. Explore how to link 
test results with exposure 
concentrations. 

Dustiness test EN 15051 Parameter for characterization 
of MN and to determine 
workplace exposure 

Revise to include effects of 
humidity 

De-agglomeration test Parameter for characterization 
of MN and to determine 
workplace exposure 

Standardization necessary 

Technical and personal 
protection devices 

Exposure abatement Applicable, guidance needed 

* Also relevant for consumer and environmental exposure 

Assessment of consumer exposure to manufactured nanomaterials is complex, primarily 

because information on the presence and type of MN in a consumer product is often lacking. 

NMs can be present in products in various forms, and transformation of NMs occurs during 

the life cycle of the nanomaterial and the consumer product. Moreover, when measuring 

exposure concentrations a background of natural and incidental nanoparticles may be 

present which is hard to distinguish from the MNs under study. Exposure assessment for 

consumers is therefore mostly based on assumptions and often relies on modelling of 

release propensities rather than experimentally measured data. Inhalation exposure is 

viewed as the main route of concern for consumers. With regard to the intended uses of MNs 

in cosmetics, food contact material, and as food additive, dermal and oral exposure of 

humans play a more important role than in the workplace. 

An important source for exposure of consumers (and in some cases of the environment) to 

manufactured nanomaterials is their release from consumer products containing MNs. 

This may occur by thermal, mechanical or chemical treatment of the products or by aging 

processes like weathering or leaching. Various release studies have been conducted but 

many of them do not reflect realistic conditions and are not able to illustrate actual emissions 

and characterisation of the released particles. Some protocols have been developed which 

simulate release and aging processes and describe how to detect and characterize released 
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fragments. This approach which was published under the MARINA and the SUN programme 

should be further developed, validated and standardized, although it should be noted that the 

release characteristics vary from one nanomaterial containing product to the next, and are 

likely to be specific to an assumed use scenario. In some cases (sanding, weathering, 

drilling, de-agglomeration, dustiness) international round robin tests already have been 

conducted. With regard to the aging and transformation processes which manufactured 

nanomaterials undergo during their lifecycle it is urgently needed to develop and improve 

analytical methods. For release experiments the aging conditions must be highly controlled. 

A tiered assessment scheme for consumer exposure should be developed, as has been 

initiated for worker exposure assessment. Models useful in the estimation of consumer 

exposure include ConsExponano, which is applicable for inhalation exposure by powders 

and sprays. For oral and dermal exposures to nanomaterials, the ConsExpo model for 

conventional chemicals was found to be applicable. ConsExponano should be further 

optimized and validated.  

Recommended methods for the assessment of consumer exposure are summarized in Table 

6.2.4. 

Table 6.2.4  
Recommended methods for consumer exposure measurement and assessment 

Method  Application Recommendation 

Product inventory  Set up inventories / 
surveillance aiming at better 
insight in uses of nanomaterials 
in consumer products 

Simulation tests for MN 
releases 

Estimation of consumer 
exposure by releases from 
products 

Some tests are already 
applicable, further validation 
and standardization necessary, 
measurement strategies to be 
developed 

Tiered assessment schemes Consumer exposure 
assessment  

To be developed starting with 
information gathering, followed 
by application of models and  
detailed measurements 

Real life studies Realistic information on 
releases and further fate of 
released nanomaterials 

Needed for the validation of 
exposure models  

Analytical methods to detect 
and characterize NM 
containing fragments from 
releases 

Realistic information on identity 
of released fragments 

Improvement of methods, 
development of a 
measurement strategy 

Consumer exposure model 
(ConsExponano) 

Quantitative estimation of 
exposure levels 

International validation 
including the parts of 
ConsExpo which are applicable 
to oral and dermal exposure to 
nanomaterials 

Assessment of environmental exposure is hampered by the lack of field data and by the 

interferences due to the presence of natural and incidental nanoparticles in the environment. 

Field flow fractionation analysis can be used for separation of nanomaterials environmental 

samples. The assessment of environmental exposure will be based on modelling approaches 

in the near term, and these models should be further refined and validated with field data 

(see section 6.2.4). 

6.2.3 Fate - Persistence – Bioaccumulation 
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The regulatory relevance of environmental fate data for conventional chemicals is strongly 

linked to the use of fate descriptors for the estimation of Predicted Environmental 

Concentrations (PEC). Though the specific test considerations will differ between 

conventional chemicals and nanomaterials, the ultimate endpoints of interest are similar.  

The water compartment must be considered as one of the main points of entry, facilitating 

dispersion of nanomaterials in the environment and establishing a link to the other 

environmental compartments such as soil, sediment, air, and biota. Direct entries of 

nanomaterials into natural waters are rare (e.g. nanomaterial-containing sunscreen by 

bathing people and run-off of pesticides with nano-sized ingredients). The main source for 

releases of nanomaterials to water will be the discharge of wastewater. Therefore, the 

retention of nanomaterials in sewage treatment plants (STP) is important to quantify or 

model. The current draft OECD TG on sludge retention for manufactured nanomaterials will 

help to get reliable and reproducible results in the future. As a functional assay the surface 

affinity/stickiness assay may be able to predict sludge retention on nanomaterials in the 

future (see Chapter 5.1). Further validation and comparative experiments with the OECD 

sludge retention test are necessary. Once released to water various processes like 

dissolution, agglomeration, sorption to other surfaces (heteroaggregation), subsequent 

sedimentation, interaction with NOM, transformation and uptake by biota are processes of 

high relevance for the fate of nanomaterials in water. 

A draft OECD TG for dissolution of nanomaterials in aqueous media is currently under 

development. This draft OECD TG provides an up-to-date review of methods for quantifying 

the dissolution of nanomaterials in the aquatic environment, and outlines specific guidance 

on how to carry out measurements. It is very helpful and of high regulatory relevance. It has 

to be highlighted that the dissolution rate and not the equilibrium solubility (which may 

increase with specific surface area) is the relevant parameter since many nanomaterials will 

not reach equilibrium in water. For the distinction of truly dissolved material from small 

particles the operational definition that particles passing a filter of 0.45 µm pore size can be 

regarded as dissolved is clearly not applicable to nanomaterials. Phase separation using 

ultracentrifugation or dialysis membranes provide more suitable alternatives. More studies on 

the dependence of dissolution on MN properties, in particular surface area, are 

recommended. 

The OECD has also drafted a TG on agglomeration behaviour which is expected to make 

experimental results on agglomeration more comparable. It will help to rank the 

(homo)agglomeration behaviour of nanomaterials but does not necessarily reflect the 

processes resulting from different combinations of particle properties and environmental 

conditions in natural waters. Recognizing the proportion of manufactured nanomaterials to 

natural colloids/suspended matter clearly shows that heteroaggregation will be the major 

aggregation mechanism in water. A few papers from the NanoHETER project describe 

indirect test protocols for heteroaggregation which should be further developed and 

validated.  

The OECD also plans to develop a Guidance document for dispersion and dissolution of 

nanomaterials in aquatic media, which will give advice which parameters influence the 

behaviour of nanomaterials in waters. 

Aggregation/agglomeration in the water column may also lead to sedimentation. Several 

publications demonstrate the complexity of quantifying these processes. Experimental 

methods or models to determine the tendency to settle in the sediment are not yet 

developed. The fractal dimension of agglomerates is a crucial parameter to accurately 

predict and model settling velocity in addition to particle size. However, a measurement 

strategy for such higher tier studies is lacking and should be developed for eventual 
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regulatory use. First computer models to simulate the behaviour of agglomerate particles are 

developed but can at present not be recommended as stand-alone tools. They should be 

complemented with laboratory-based experiments. 

For the determination of the sorption of nanoparticles to soil particles the batch method 

OECD TG 106 is not applicable. Column experiments may be an appropriate alternative. 

OECD started to adapt TG 312 to nanomaterials, and the continued development of this test 

guideline should be a high priority.. It is recommended not to use 0.1 M CaCl2 in the medium 

because such high concentrations can cause homoagglomeration. A few research groups 

have already developed column experiments to decipher nanomaterial fate in porous media 

which may help to develop this guideline. 

Once released to the environment the pristine nanomaterials may be transformed and alter 

their shape, their surface (chemistry) or other characteristics. Besides dissolution 

sulphidation of some metal-based nanomaterials is the best examined transformation 

mechanism in the environment. The aged nanomaterials exhibit other characteristics than 

the as-manufactured ones. In the report of the OECD Expert Meeting on Ecotoxicology and 

Environmental Fate in 2013 a proposal was made how to systematically examine possible 

transformations of nanomaterials under different environmental conditions. This proposal 

should be further developed in a Guidance Document. The OECD TG 307 « Aerobic and 

Anaerobic Transformation in soil » was developed to determine the transformation of 

chemicals in soils. It is not applicable to nanomaterials. However, it may be an adequate 

approach to separate the nanomaterials from soil particles by dialysis bags. In general, it is 

concluded that further research in the environmental processes of nanomaterials is 

necessary. 

Only in exceptional cases, biodegradation of (carbonaceous) nanomaterials has been 

observed and only to a very limited extent. Organic coatings may be degraded by 

microorganisms; however, this process can, as a rule, not be observed by applying the 

standard OECD TG for biodegradability. Furthermore, nanomaterials may be biomodified, 

e.g. redox reactions may be biologically induced or the particles may be coated by algal 

exudates. 

Methods that assume equilibrium-based partitioning between fish and surrounding water will 

not be appropriate for the determination of the bioaccumulation of nanomaterials. 

Consequently the OECD is drafting a GD to its TG 305 (bioaccumulation in fish) that 

recommends dietary exposure to nanomaterials. This work is highly relevant in order to 

obtain reliable results for the bioaccumulation / biomagnification of nanomaterials. In many 

cases fish and other aquatic organisms accumulate nanomaterials in the gut, but then 

excrete them (as opposed to taking the nanomaterials up into tissues from the gut). As with 

TG 305 the test guidelines on bioaccumulation in sediment and soil organisms (TG 315 and 

317) need to be adapted to nanomaterials. 

Methods for determination of environmental fate and bioaccumulation are summarized in 

Table 6.2.5. 

Table 6.2.5 
Recommended methods for environmental fate and bioaccumulation 

Method Application Recommendation 

Draft OECD TG Sludge 
retention 

Estimation of releases to water Applicable, accomplish TG 

Surface affinity / stickiness 
assay 

Screening test of adsorption to 
sludge and of 
heteroaggregation 

Applicable, validation and 
standardization recommended 

Draft OECD TG Dissolution Estimation of dissolution rate Applicable, do not separate 
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dissolved nanomaterials by 
filters with 0.45 µm pore size, 
accomplish TG 

Draft OECD TG Agglomeration 
behaviour 

Estimation of 
homoagglomeration 

Applicable, accomplish TG  

OECD  GD for dispersion and 
dissolution of NM in aquatic 
media 

Guidance for fate experiments 
with MNs 

Should be developed, 
(currently on hold) 

Test on heteroaggregation Estimation of 
heteroaggregation 

Further develop approaches 
aiming at standardization 

Measurement strategy for 
agglomeration / aggregation / 
sedimentation 

Higher tier assessment Research necessary, can end 
in an OECD GD 

OECD TG 312 Estimation of sorption on soil 
particles 

OECD activity started, avoid 
too high CaCl2 concentrations 

Scheme to examine 
transformation of 
nanomaterials 

Based on proposal of OECD 
expert meeting 

OECD should develop a GD 

OECD TG 307 Transformation in soil Examine whether adaption of 
TG to nanomaterials is possible 

Draft GD to OECD TG 305 
Bioaccumulation in fish 

Dietary exposure Applicable, accomplish TG 

OECD TG 315 and 317 Bioaccumulation in sediment 
and soil organisms 

Need for adaption of the TGs to 
nanomaterials (or a GD) 

 

6.2.4 Exposure Modelling 

Two different types of exposure models exist: 

 Material flow models (MFA) to predict releases from products, fate in technical 

systems and final release to the environment, and 

 Environmental fate models (EFM) that describe the further fate in the environment 

and distribution within environmental compartments. 

 
Material flow models (MFA) track the materials from production and manufacturing through 

the use and further to end-of-life stages and finally disposal, and identify at each stage how 

much material is released into which technical or environmental compartment. The most 

advanced MFA models are the DPMFA from Empa and LEARNano from the Center for the 

Environmental Implications of Nanotechnology (CEINT). Whereas LEARNano is 

deterministic and works with scenarios, DPMFA is a dynamic probabilistic model. All models 

suffer from limited availability of quantitative data on MN production and uses. It is thus 

rather the availability of studies that allow the parameterization of a model than the model 

structure itself that limits the potential of the models.  

In contrast to production and use, data on transfer factors for technical compartments like 

wastewater treatment plants (WWTP) is often easier to obtain. Available data indicate ca. 

95% removal of MNs in WWTP and the release of only a minute fraction in waste incineration 

plants (WIP). It has to be mentioned that in WIPs not only manufactured nanomaterials but to 

a greater extent natural and incidental nanomaterials appear in the fly ash. A problem may 

be the application of sewage sludge on arable land because nearly all NM removed from 

wastewater are contained in the sludge. Little is known on emissions from recycling 

processes and landfills. A possible source of emissions into the environment is releases from 

consumer products by mechanical, thermal or chemical processes (see Chapter 5.2). It is 

difficult to obtain quantitative data from these processes which allow us to formulate transfer 

factors. Therefore, it is necessary to develop analytical methods and to set up analytical 
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programmes to determine these factors. Then the MFA models will give better predictions of 

which processes are the main sources of environmental exposure to MNs. A comparison of 

model predictions with real world data (model validation) is currently nearly impossible 

because no trace analytical techniques exist that can distinguish manufactured NM from 

natural or incidental NM. 

Environmental fate models (EFM) use a mechanistic description of fate processes to 

model the behaviour of chemicals and nanomaterials in environmental compartments. EFM 

models can be separated into three tiers: 

 Tier 1: Equilibrium models 

 Tier 2: Steady-state models 

 Tier 3: Dynamic and spatially resolved models 

 
Since processes with nanomaterials in the environment are usually very slow, equilibrium 

conditions in most cases do not occur. That is why steady-state models (e.g. 

SimpleBox4Nano), where input and output are equal, are more appropriate and fulfil the 

demands of chemical legislation like REACH with a generic risk assessment approach. 

Dynamic and spatially resolved models (e.g. NanoDuFlow or RedNano) can represent a 

second tier and are the most advanced approaches and can provide spatially and time-

resolved information, which may be needed e.g. in the context of the Water Framework 

Directive (WFD). 

The models do not use vapour pressure or log Kow or the equilibrium constant Kd of sorption 

to soil particles because they are not appropriate for nanomaterials. Rather the surface 

affinity coefficient as an indicator for heteroaggregation is used as a fate predictor (see 

Chapter 5.1). The influence of heteroaggregation as a major fate process is taken into 

account differently from model to model. All models agree that soil and sediment are the 

major sinks of nanomaterials in the environment. As transformation process, most models 

only consider dissolution. Other transformation processes (e.g. sulphidation) are only 

considered in one model (WSP/WASP7). For simplicity, most models assume that the 

chemical composition, size distribution and other characteristics of the released NM are the 

same as for the pristine nanomaterials. 

There is one issue central to all models: the experimental data to parameterize the models 

are scarce or completely missing. However, even in the absence of a model validation by 

analytical measurements, the models can still be validated on a conceptual level, which 

means showing that the underlying assumptions of the conceptual model and the 

mathematics are correct. Improved characterisation of nanomaterials and better collaboration 

between modellers and experimentalists to obtain the data needed for parametrization will 

help to further develop the models. The application of functional assays, e.g. for 

agglomeration and dissolution and small scale tracer experiments with mesocosms may help 

to get insight into the fate processes in the environment and can provide a realistic basis for 

parameterization by modellers (see Chapter 5.3).  

Recommended methods for modelling environmental exposure are compiled in Table 6.2.6. 

Table 6.2.6  
Recommended methods for exposure modelling 

Method Application Recommendation 

DPMFA and LEARNano MFA Test these models for 
regulatory application  

SimpleBox4Nano EFM (1
st
 tier) Test the model for regulatory 

application within REACH  
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RedNano and NanoDuFlow EFM (2
nd

 tier) Test these models for 
regulatory application where 
spatially or time-resolved 
information is needed; expand 
models aiming at inclusion of 
transformation processes in the 
environment 

Registry on production and 
uses 

 Sample relevant information 
where legally possible aiming 
at validation of models by real 
world data 

Cooperation of modellers with 
experimentalists 

 Design experiments which give 
modellers information to 
develop and validate their 
models. 

 

6.2.5 Ecological Effects and Biokinetics  

OECD currently develops a guidance document (GD) on aquatic toxicity testing of 

manufactured nanomaterials. The aim of this document is to provide guidance on MN 

characterisation both before and during testing. This work has achieved significant progress 

and will be highly relevant and urgently needed to increase the regulatory adequacy of 

ecotoxicological data. The results of ecotoxicological tests with MNs are highly dependent on 

the preparation of the dispersions and may be influenced by physical effects and matrix 

components. Data from the literature are therefore difficult to compare as test conditions 

differ significantly. The draft GD gives valuable advice for harmonization and is much 

appreciated. Aiming at striking a compromise between standardised procedures and 

environmental realism of the tests it is vital to try to obtain both regulatory reliable and 

relevant data. It is recommended to emphasize and describe the pros and cons of the 

available methods for characterisation and sample preparation as clearly as possible to 

ensure a selection of adequate tools. Preference should be given to mechanical methods, 

sonication or pH changes within the physiological relevant range, whereas the addition of 

organic matter should be limited to special cases since it modifies – mostly decreases – the 

toxicity. The requirement of stable exposure conditions in the tests dictates that the 

concentration shall be not reduced more than 20% but it is often difficult to achieve with 

nanomaterials. Depending on the test, short-term, dynamic or semi-static procedures may 

help to maintain a nearly constant exposure. Dissolution is an important extrinsic property 

influencing the ecotoxicity of several nanomaterials. Special focus should be given to 

dissolution kinetics which ideally should be determined in the presence of organisms since 

e.g. exudates from algae may modify the bioavailability of MN in water. It should be 

examined whether the released ions or the particulate matter is responsible for the adverse 

effects but the result should be expressed as concentration of the nanomaterial as a whole. 

There is an ongoing discussion whether the current base set of test organisms in aquatic 

toxicity is also adequate for MNs. Nothing indicates that fish, daphnids and algae are not 

sufficiently representative of sensitive test organisms for nanomaterials at this time. The 

water column is in most cases the immediate recipient of MNs. Moreover, there are 

indications that pelagic organisms are more sensitive than sediment organisms and should 

be tested, although most nanomaterials will sediment rather rapidly in natural waters. Since 

there will be no equilibrium partitioning between the water column and sediment as is usual 

for most conventional chemicals, sediment toxicity cannot be derived from toxicity in the 

water column. Sediment organisms (benthic organisms living on the sediment like snails and 

sediment dwellers like enchytraeids, Lumbriculus or insect larvae like Chironomus) are 

therefore also recommended as relevant for the regulatory assessment of MNs. 
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Like sediments, soil represents a sink for nanomaterials. Nematodes, worms (Eisenia spp.) 

and springtails are the most widely used test organisms for conventional chemicals, and are 

therefore considered as appropriate soil organisms to test nanomaterials.  However, there is 

an urgent need to investigate the effects of the nanomaterial spiking procedure in soil and 

sediment tests since this step influences the test results significantly. 

Classically, chronic effects are more sensitive than acute endpoints and have a higher 

weight in regulation. Far fewer chronic tests have been reported for nanomaterials. It is even 

more difficult to maintain stable test conditions and confounding factors such as the 

adsorption of NM on food may influence chronic test results. However, chronic duration tests 

are likely more relevant for assessment of nanomaterials: many non-dissolving 

nanomaterials are not toxic in short-term tests, the uptake of nanoparticles in organisms is 

slow and the exposure in the environment is chronic in most cases. Finally, there is no 

scientific basis that allows the extrapolation from acute to chronic effects at this time. 

Illumination during testing may result in altered toxicity due to the generation of reactive 

oxygen species (ROS) or initiation of other photochemical reactions. It is therefore necessary 

to determine the photoreactivity of the MNs before the test (see section 6.2.1) and 

standardize the light conditions where necessary. Some MN may adsorb to algal cells, on 

gills of fish or on the exoskeleton and the antenna of daphnids. These physical adverse 

effects should be differentiated from interferences like the shading of algae or the contact 

of daphnids with larger aggregates on the bottom of a beaker. These interferences can be 

avoided or studied by technical measures. Little is known on the establishment of eco-

coronas with proteins and other biomolecules which may alter the bioavailability and 

ecotoxicity. There are indications that in ecotoxicity tests the organisms are not exposed to 

pristine NM but to transformed materials. 

The knowledge on the biokinetics of nanomaterials in the environment is scarce.  Four main 

principles have been recognised: 

I. Dissolution – observed effects caused by toxic ions 

II. MN surface effects that may lead to effects on the conformation of 

biomolecules 

III. MN structure effects for example photochemical and redox properties resulting 

from bandgap or crystalline form  

IV. Capacity of MNs to act as vectors for the transport of other toxic chemicals to 

sensitive targets - i.e. MN Trojan horse effects  

 

There is not yet a clear picture which intrinsic or extrinsic properties of MN are relevant for an 

ecotoxic effect. This is why it is recommended to characterise the nanomaterials before, 

during and after the test extensively. This would enable to look back and re-evaluate the 

results at a later stage.  

In vitro tests currently play only a minor role for assessing the ecotoxicity of nanomaterials. 

They are not sufficiently developed and validated to replace whole organisms’ tests. 

Progress in this area is promising, but there is further need for in vivo vs. in vitro 

comparisons. However, they may play a future role by providing mechanistic information and 

as screening tests because of their applicability in high throughput systems. 

Mesocosms and higher tier systems may be interesting for ecotoxicological experiments 

combined with fate studies. However since they are very costly and difficult to interpret it is 

unlikely that they will play a major role in ecological risk assessment for regulatory purposes. 
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Table 6.2.7 summarizes the recommendations for ecotoxicity testing. 

Table 6.2.7 
Recommendations for ecological effects and biokinetics 

Method Application Recommendation 

Draft OECD GD on aquatic 
toxicity testing 

Performance of aquatic toxicity 
tests 

Accomplish, complement with 
recommendations made in 
chapter 5.5 to make it as 
precise as possible 

Preparation of stable 
dispersions 

 Use mechanical methods, 
sonication and pH changes; 
minimize addition of NOM 

Dissolution   Determine contribution of 
dissolved ions to toxicity but 
express result to the MN as a 
whole 

Pelagic toxicity  Base set organisms are 
adequate and sensitive,  
No extrapolation from acute to 
chronic possible, 
Sediment toxicity cannot be 
derived from pelagic toxicity 

Sediment toxicity Performance with sparingly 
soluble MN with high tendency 
to agglomerate 

More tests necessary to 
choose most adequate 
organisms. 
Standardize/develop guidance 
for spiking procedure 

Terrestrial toxicity  More tests necessary to 
choose most adequate 
organisms. 
Standardize/develop guidance 
for spiking procedure; 
Initiate an OECD GD 
analogous to the aquatic GD 

Photoreactivity  Standardize illumination 
conditions for photoreactive 
materials 

Interferences Various aquatic tests Use devices which separate 
organisms from nanomaterials 

Eco-corona, biokinetics,  
in vitro-tests 

 Basic research necessary 

 

6.2.6 Human Health in vivo and Biokinetics 

Among the three common exposure routes for manufactured nanomaterials (MNs), inhalation 

is most important, followed by oral and dermal exposure. Assessing risk as a function of 

hazard and exposure requires specific information about the physicochemical properties of 

MNs to be combined with the identification and characterization of a hazard and the 

assessment of exposure. These initial steps in the risk assessment process serve as input 

for the final step of quantitative risk characterization. As determinants of 

biological/toxicological properties of MNs, intrinsic and extrinsic properties have to be 

considered, the latter providing important information about functional characteristics, such 

as ROS-inducing properties and dissolution behaviour in vivo. 

In general, for predictive nanomaterial testing, comparative hazard and risk 

characterization against positive and negative benchmarks is a useful approach to 
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categorize new MNs. Benchmark materials need to be toxicologically well-characterized and 

validated; and ideally they should also be certified as reference materials (metrology). 

Regarding in vivo assays, bolus-type dosing (intratracheal instillation; oropharyngeal 

aspiration) can be useful for hazard characterization, but not for risk characterization. 

Identifying secondary targets (biokinetics) has to consider extraordinarily and unrealistically 

high dose rates used in testing, which decrease the value of the results.  Another impediment 

to use of bolus-type dosing is that knowing the administered dose does not necessarily result 

in a known alveolar deposition: such correlations have yet to be demonstrated. Inhalation 

studies in general (STIS to chronic) can be used for hazard identification and grouping of 

inhaled MNs, and are most useful when dose-response data are available (but limited when 

only exposure-response data are available). Information should also be provided for 

biokinetics and for identification of secondary targets (given sufficient post-exposure 

observation). The 5-day STIS cannot yet be assumed to be predictive for longer-term 

pulmonary or distal organ effects, but is considered useful for hazard identification and 

grouping of nanomaterials.  

Subchronic and chronic inhalation data, and accompanying dosimetric extrapolations are the 

most accepted methods to derive HECs (risk characterization) and eventually OELs when 

appropriately designed as Exposure-Dose-Response studies with a sufficient post-exposure 

observation. Acceptable data sets for HEC derivation should include dose-response data.  

The new OECD draft TG 413 is applicable to subchronic inhalation testing of nanomaterials, 

and the equivalent new OECD draft TG 412 is applicable to subacute inhalation testing of 

nanomaterials. Both have critical new amendments, and are viewed as almost complete for 

regulatory use. They now include measurements of lung lavage parameters, which are part 

of what is necessary for an appropriate determination of an NOAEL or LOAEL. The draft 412 

and 413 OECD guidelines for inhalation also address the need for preparing rodent-

respirable aerosols, and the importance of measuring retained doses when designing and 

executing inhalation studies. The current drafts have also accepted the requirement to 

measure lung burdens of MNs. Without lung burden analyses, lung kinetics, the internalized 

dose (allowing a dose-response relationship to be established), and the integration of in vivo 

and in vitro responses cannot be determined. Dose response data have a critical role in 

establishing NOAELs and LOAELs in addition to NOAECs and LOAECs. This will also 

probably result in animal welfare benefits, when implemented in conjunction with abiotic, in 

vitro, and shorter-term inhalation data as described below. 

Subacute 28-day studies with extended post-exposure observation times (as suggested in 

the new OECD draft 412 test guideline which specifies a 90-day observation period) may 

also be sufficiently comprehensive to derive HECs, but this requires further validation, and 

the inclusion of the amendments noted above with regard to lung burden measurements. 

The 28-day test results may accurately reflect longer-term effects due also to improved data 

obtained on retained lung burdens, inflammatory responses, and biokinetics. OECD chronic 

exposure test guidelines applicable to inhalation testing can be modified for nanomaterials by 

applying the same nanomaterial specific requirements detailed in the subchronic OECD 413 

test guideline. 

For in vitro assays, many challenges remain. Cellular dose equivalency to in vivo is difficult 

to achieve because of static, mostly acute systems with no clearance. Predictability for 

chronic effects has yet to be established. Dose dependency of mechanisms have to be 

further considered, and the results need to be compared to well-characterized benchmark 

materials. Despite these caveats, some in vitro assays show promise. The macrophage 

assay (Wiemann, et al, 2016) was highly predictive for the STIS results with inorganic MNs 

and also allows grouping of MNs by biological activity. Further validation is still necessary 
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before this assay can be generally accepted as a predictive tool for regulatory grouping 

based on hazard ranking and thereby reduce animal usage. In addition, the assay is 

currently based on exposure-response data. The resulting metrics should rather be in terms 

of dose-response, similar to the comments related to the improvements of the OECD 

subacute and subchronic TGs.  

Predictive toxicity ranking via specific MN surface reactivity (ROS assays) abiotic assay 

methods is a promising screening tool, much like in vitro assays, but requires further 

validation and standardization (i.e., comparison of abiotic test ranking vs. in vivo vs. in vitro 

rankings is needed). A tiered system of abiotic testing, followed by in vitro testing is 

suggested. The proposal has specific methods associated with each component. The dose 

metric for ROS potential which may relate best to at least acute inhalation in vivo responses 

is ROS-inducing capacity normalized to surface area. Dynamic dissolution assays are 

promising tools for predicting in vivo dissolution rates, but require standardization (consider 

for example, the significance of in vivo interaction of dissolved ions with subcellular 

structures or proteins). 

Biokinetics information is important to consider. Systemic biodistribution depends on the 

point-of-entry. For example, MNs deposited by inhalation or instillation in the respiratory tract 

distribute differently than intravenously administered MNs. More specifically, understanding 

of biodissolution and biodurability are key to understanding the adverse effects of some 

nanomaterials. Static (equilibrium solubility, g/L) and dynamic (dissolution rate, µg/cm2/day) 

abiotic solubility assays provide different information about the solubilisation of MNs 

reflecting either in vitro cell assay conditions or the dynamic in vivo conditions. Results of 

both assays may be useful for categorization if performed in physiologically relevant fluids.  

Since the in vivo solubilisation behaviour of MNs can differ widely, it is too simplistic to group 

MNs just into soluble and poorly soluble materials. Static (equilibrium solubility) and dynamic 

(dissolution rate) abiotic assays are based on different concepts that have to be kept in mind.  

The static system reflects the in vitro situation, while the dynamic system mimics in vivo 

behaviour.  However, even with the latter system, longer retention times may occur in vivo 

than predicted by the in vitro dissolution results because of possible binding of dissolved ions 

to subcellular structures or proteins in vivo. Still, results from dynamic dissolution in relevant 

physiological fluids - rather than just water - add valuable information to the physico-chemical 

characteristics of MNs. Expressing the dissolution rate per cm2 MN surface could be 

considered as a grouping tool. Ranking results against well-characterized positive and 

negative benchmark materials should be investigated; dissolution tests should then require 

the use of the resulting materials selected. Studies comparing the importance of the 

individual constituents of fluid simulants need to be designed. Even with that knowledge 

though, it remains to be determined as to whether and how specific metal ions interact with 

respiratory tract tissues. More studies/data are needed to accept static or dynamic in vitro 

solubility/dissolution assays as standards. The significance of biodissolution for biokinetic 

effects and underlying mechanisms has to be assessed in separate studies, involving 

biopersistence/biodurability studies and ultra-high resolution imaging for bioprocessing and 

biotransformations. While the OECD draft report on biodurability is intended to address a 

topic relevant to regulatory concerns, it requires restructuring and significant updating. The 

definition, which also covers dissolution in environmental media and environmental 

biodegradation is too broad and should comprise only dissolution in physiological fluids in 

vivo and in vitro. 

Several categorization strategies are necessary to cover all classes of MNs of different 

compositions and different exposure routes for regulatory decision-making. Bridging acute 

studies with subchronic studies may be considered if a new MN is to be tested, and a reliable 
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subchronic study of a related MN has already been done. This bridging framework could be 

integrated into a more complete risk assessment and grouping framework to address 

pulmonary effects of MNs. The bridging approach to arrive at a HEC value (without 

performing a new subchronic study on the new MN) could involve the following. Subacute 

inhalation data can also be used to group nanomaterials with regard to potency, and have 

the potential to serve as a substitute for subchronic inhalation data to derive a HEC 

(assuming that guidance in the new draft OECD Test Guideline 412 for MNs is followed). It 

remains to be seen whether the results of acute tests (bolus dosing; STIS, in vitro) on a 

benchmark material, and a untested nanomaterial (both considered to belong to same 

“group”), can be used to predict the outcome of a subchronic inhalation for the new 

nanomaterial: this may be possible by applying a ratio of slopes of short-term dose-

responses to dose-response slope from the subchronic study for the benchmark material. 

A pivotal proposal for comparative hazard and risk characterization via inhalation is shown in 

Figure 5.6.13 that identifies a process for determining the need for, and the design of, a 

three-month subchronic inhalation study. This proposal includes the use of positive and/or 

negative benchmark materials, the use of new quantitative endpoint data recommended in 

the latest OECD TG 413 draft for nanomaterial testing, and a path forward to consider the 

inclusion of data from alternative testing methods (acute inhalation, subacute inhalation, and 

in vitro data). Inclusion of in vitro data could be accomplished by a comparison of hazards 

from in vitro studies to those derived from the subchronic study via a dosimetric comparison 

to align the doses, as noted in Figure 5.6.14. These comparisons, however, rely on dose-

response, versus exposure-response, data. Current OECD inhalation TG drafts have now 

accepted the need for lung burden measurements. Some in vitro approaches currently 

gather dose-response data. These comparisons also require the identification of appropriate 

positive and negative benchmark materials for grouping and comparison. Dosimetric 

comparison options indicate that currently short-term in vivo data may be the most relevant 

to incorporate. 

Other exposure pathways to consider include oral and dermal exposure, and in addition, if 

medical applications are considered, intravenous, ocular, and potentially parenteral 

injections. Oral studies currently show little systemic uptake or adverse effects, but the 

methods and timing relative to dosing should be carefully considered before reaching 

conclusions.  

Cardiovascular and carcinogenic effects, via the pulmonary pathway are important and need 

further investigation (in terms of likelihood of occurrence, and the methods to determine 

these effects’ endpoints). Also of interest are any new MOAs that may be related to 

biotransformation and bioprocessing in vivo.  

The importance of biokinetic data have already been noted. These data should be supported 

by serial sacrifices during and post exposure in subacute and subchronic inhalation studies, 

assuming that there are preliminary data that indicate a concern for a distal target organ (and 

that appropriate sensitive analytical tools are available). The new draft guidelines for 

inhalation testing (OECD TG 412/413) describe toxicokinetic endpoints as optional. 

Biokinetic data are critical to appropriate risk characterizations of nanomaterials, and specific 

organs to consider for both oral and inhalation exposures are identified. Besides the 

recommendation to include toxicokinetic evaluation in TGs 412 and 413 the biokinetic OECD 

TG 417 needs to be adapted to the testing of nanomaterials. 

Finally, beyond these recommendations focused on in vivo effects of MNs, the key triggers 

need to be identified that would initiate biological monitoring or health surveillance of 

exposed individuals. Obvious triggers include significant exposure concentrations, size 

distribution data, worker and consumer concerns, and adverse findings from animal studies. 
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Gaps and Research Needs: 

There are many gaps identified above, which would benefit from additional investigations.  

Some key near-term and/or highly pertinent regulatory research needs would include the 

following: 

 Subacute (28-day) dose-response inhalation study results, with post-exposure 

observation times of 90 days, may be sufficiently comprehensive to use in 

establishing concern concentrations for humans. This requires further validation. 

Additional in vivo biokinetic data to elucidate the effects on specific distal organs, via 

the inhalation route of exposure, are also needed.  

 Predictive toxicity ranking, via specific NM surface reactivity (ROS) assays, appears 

to be a useful screening tool, but also requires further validation and standardization. 

The effects of surface defects on ROS production should be considered as part of the 

standard research. 

 Dynamic dissolution assays are promising abiotic methods for predicting in vivo 

dissolution rates, but require standardization: this should include an analysis of 

different dissolution fluid components such as proteins and lipids to determine what is 

the optimal dissolution fluid composition, relative to results from in vivo studies. 

Further, the comparability of static solubility data to dynamic dissolution rate data 

should be better understood.  

 The significance of biodissolution for biokinetics effects and underlying mechanisms 

has to be assessed in separate studies, involving biopersistence/biodurability studies 

and ultra-high resolution imaging for bioprocessing and biotransformations. With 

regard to the last point, it is important to understand this from a regulatory 

perspective, as bioprocessing and biotransformation can inform reviewers about 

mode of action, as shown by recent research that showed the de novo formation of 

ultra-small nanoparticles in vivo.  

 Several categorization strategies are necessary to cover all classes of MNs of 

different compositions and different exposure routes for regulatory decision-making. 

Effects and protocol-related research related to the pivotal proposal for comparative 

hazard and risk characterization via inhalation is shown in Figure 5.6.13: research 

should be considered to better incorporate shorter-term in vivo, and in vitro, data into 

such a scheme.  

 Additional endpoints – such as cardiovascular effects via the inhalation route, and 

systemic effects due to oral exposures – need further investigation including in vivo 

testing. For oral exposure-related kinetics, the first step could involve translocation 

experiments to identify the most important target organs for follow-on studies. 

 

  



 

 
ProSafe Deliverable 5.08 

Page 306 of 367 

6.2.7 Human Health in vitro and Biokinetics 

Context 

The most relevant in vitro protocols for MNs align with the current major routes of MN 

exposures: effects due to inhalation exposures are perhaps most relevant, with oral 

exposures also of concern. Endpoints which have been reported as relevant for MN 

exposure include cytotoxicity, oxidative stress, (pro)inflammation and genotoxicity. Other 

endpoints for MNs which may be of greater concern include those which test for the 

biological fate of MNs at the cellular or multicellular levels such as biopersistence or size 

exclusion criteria for given key cell types, and adverse effects such as fibrogenicity at these 

levels of organization. Goals include near-term use to clarify MOAs and biokinetics for 

categories of MNs (e.g. transport through interfaces like the air-liquid interface), with later 

use in weight-of-evidence analyses or tiered testing schemes in combination with other in 

vitro data, leading to eventual replacement of at least some in vivo tests.  

Conclusions 

In vitro studies must address regulatory-relevant endpoints, but should also be conducted 

following methods that result in the maximum reliability in terms of results that are observed. 

Consideration of the aspects of how the in vitro study is conducted, as noted in Table 6.2.8, 

increases the reliability and relevance for regulatory use, and its utility to the research 

community in general. This information should be reported in journal studies, and be made 

available for cumulative curated database efforts.  

The in vitro biokinetics research under review does not yet show a clear relationship 

between localisation and MOA. Several time points should be included in the assessment of 

MN internalization and subsequent cellular response, with the time points justified in the 

context of the study. The intracellular distribution pattern of MNs is an important factor in 

investigating (nano)toxicological responses, however different NM types need different 

analytical methods. The behaviour of MNs in physiological fluids is relevant, as is the 

evaluation of MNs’ biodegradability and biopersistence in mimicked intracellular lysosomal 

compartments. When coupled with an appropriate bioinformatics evaluation, some omics 

approaches have resulted in the indication of novel and/or low-dose effects that had not been 

captured by conventional cellular assays. Omics studies can also link different in vitro 

studies, serve to link in vitro to in vivo responses, and generally elucidate modes of action of 

nanomaterials.  

Tests to assess cytotoxicity should always consider the cell type and MNs used, so 

therefore a generalized recommendation cannot be given. Positive and negative assay 

controls are advised, and specific ones are specified. Overall, a multiple endpoint approach 

and multiple approaches for individual endpoints are recommended. For cytotoxicity 

assessment, a battery of tests should be employed, along with an appropriate medium, time 

of exposure, appropriate controls and reference standards used, at least two to three 

cytotoxicity assays (including dye-free approaches), two to three representative cell lines, 

five concentrations of MNs, and must include corresponding negative and positive assay 

controls. For suspension experiments in which a dye is required, interference tests are 

mandatory. Besides the combination of the selected endpoints (e.g. cell viability, oxidative 

stress, intracellular distribution of MNs, and also genotoxicity), a combination of multiple 

approaches for individual endpoints is recommended. Each endpoint is associated with 

recommended protocols for their measurement.  

For genotoxicity tests, recommendations in part follow the 2014 OECD meeting on 

genotoxicity of nanomaterials: (i) Use of mammalian tests: Bacterial cells have limited ability 
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to engulf MNs and thus, mammalian cells are recommended for mutagenicity testing. (ii) Non 

cytotoxic concentrations: Appropriate cytotoxicity tests should be part of the genotoxicity 

testing strategy. (iii) Time: prolonged (at least 24 h) treatment is recommended to ensure MN 

uptake by cells and access to DNA when the nuclear membrane is dissolved. (iv) Positive 

and negative controls: these should always be included for quality control (as a 

demonstration of correct performance of the assay, and to ensure reproducibility). Specifics 

of these recommendations have been provided in the 2014 OECD meeting.  

Table 6.2.7:  
Considerations for in vitro testing of NMs, which should lead to increased reliability and relevance 
(preferred methods that equate with these components below can be found in Chapter 5.7) 

Components Recommendations 

NM Characterization 1. More than one appropriate technique for physico-chemical (PC) 
characterization should be employed for an accurate description of each 
PC endpoint before, during and after the cell experiments. 

2. Methods are identified for measurement of the following PC endpoints: 
primary particle size distribution; hydrodynamic diameter; volume specific 
surface area; agglomeration behaviour; surface reactivity; dissolution 
kinetics, as applicable; and aging of NMs, particularly in suspension (see 
also Chapter 5.1). 

3. The importance of individual properties differs with respect to the 
exposure scenarios.  

o The identified PC properties of MNs affecting material deposition 
and clearance from the lungs are of particular importance 

Cell Culture 
Characterization 

1. Report the cell source, passage number, and precise cell culture method. 
o To include cell culture medium, brand of the laboratory plastics used 

for culturing and in the assays, as well as a thorough description of 
the cell growth, morphology and differentiation before and during the 
test performance 

Cell Culture Choice 1. A justification of the cell culture selected should be provided. 
2. Cell lines are preferred because they are homogenous and more stable 

and, hence more reproducible in comparison to primary cells; they are 
also better available. 

3. Human cell lines are supported since they more closely mimic human 
responses; however, rodent cell line results are more comparable to in 
vivo animal data.  

4. Fibroblasts for pro-fibrotic signals, macrophages as primary responders, 
intestine or lung epithelial cells due to their barrier functions. 

Dose 
Metrics/Dosimetry 

1. Carefully consider dispersion protocol effects for NM: avoidance of ROS 
generation and other effects on NM; avoidance of stabilizers with toxic or 
mutagenic potential. Test for presence of endotoxins 

2. Analyse for, and consider the effects of, the particle protein corona (via 
the methods specified). 

3. Chronic (e.g. repeated) exposures are currently more important for 
regulatory risk assessment.  

4. Consider specified methods to ensure that concentration of MNs in tests 
do not exceed the level at which agglomeration is enhanced. 

5. The use of mass or number concentration per cell seems to be 
particularly appropriate for MN testing; however it is recommended to 
express concentrations in at least two different units, such as NM per 
surface area and number of NMs. A single method is specified also for 
detection of intracellular NM concentration as this is also an appropriate 
metric, particularly if alterations to NM surface chemistry or dissolution are 
likely. 

6. For tests in liquid suspension, consider 1 – 100 µg MNs/mL for 
suspension experiments, with the lower and higher limits at 0.125 and 200 
μg/mL. 

7. Doses selected should be anchored by known human exposures; 
conversions from human exposures <->in vitro exposures are suggested, 
via the methods specified (such as reverse dosimetry models).  

8. For submerged culture systems, the deposited dose on the cell surface 
should be calculated; three methods/models are specified for this 
purpose. 

9. ALI protocols for lung cell experiments, such as those specified, 
overcome the issue with suspension cultures by a direct deposition of a 
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NM onto the lung cell surface. Use of ALI (and barrier protocols) avoids 
the need for many dosimetric conversions. 

The development of an OECD „Guidance Document on the Adaptation of In Vitro 

Mammalian Cell Based Genotoxicity TGs for Testing of Manufactured Nanomaterials” 

focused on TG 476 and TG 487 should be pursued. In addition to these OECD 

recommendations, controls with the NM solvent or NM supernatants (to avoid 

coating/solvent/stabiliser effect; or due to ion dissolution) should also be included to avoid 

false positive results. 

ECETOC has designed a framework for tiered testing and grouping that involves system-

dependent NM properties and in vitro effects: Dissolution in biological media, surface 

reactivity, dispersibility, cellular effects and in vitro (geno)toxicity. The NANoREG project also 

has developed a ranking and grouping system for nanomaterials that consists of three 

phases: The in vitro part of the process in phase I includes genotoxicity and immunotoxicity 

evaluations. That report contains specific test methods that align with these in vitro 

endpoints. Finally, a good correlation between in vivo short-term inhalation results (STIS) 

and an in vitro rat-derived alveolar macrophage test were obtained: the in vitro system was 

shown to be predictive of acute pulmonary toxicity in rodents, and grouped materials into two 

categories (in vitro active, and passive, NMs). Therefore, progress is being made on 

incorporation of in vitro tests into strategies for grouping and tiered testing. The following 

tiered testing strategy for cell culture assays is recommended before in vivo tests are 

performed: 

a) In addition to the physico-chemical characterization of NM before, during and after 

the test performance, protein corona kinetics during and after the test, analysis of 

NMs stability / biopersistence in relevant physiological fluids is required. 

b) The choice of relevant cell models including thorough characterization of cell growth 

and differentiation, inclusion of endpoints mimicking the in situ cell response. 

Comparison between acute and long-term effects. 

c) Assessment of cellular uptake, biokinetics, inclusion of i.e. screening methods (omics) 

to determine MOA. 

Overall, in vitro results may be useful now in ranking nanomaterials for follow-on in vivo 

testing in certain circumstances, and can also contribute to the interpretation of in vivo results 

by identifying their mode(s) of action.  

Future Research, and Needs 

More standardized approaches to allow comparability of in vitro results and the building of 

databases for predictive modelling and grouping. 

The biopersistence of the NM in relevant biological fluids needs to be addressed not only in 

NM inhalation studies, but also in intracellular fate and distribution of MNs in other cell types 

such as those related to oral studies.  

Development of additional in vitro methods that predict chronic duration effects is needed.  

Research should be done on the alternative in vitro mammalian cell gene mutation assay 

methods recommended in OECD TG 476 (OECD 2013)). Identification of suitable positive 

NM control(s) for genotoxicity are needed. Beyond these needs in genotoxicity, colony 

transformation assays that measure potential cell transformation (that is one step in the 

multistep cancer process), and can detect both genotoxic and non-genotoxic carcinogens, 

should receive more attention.   

Air liquid interface (ALI) and co-culture systems and advanced human in vitro models (such 

as co-cultures and 3D constructs) should be validated to assess NM interactions and 
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biokinetics. These systems may also be more applicable to the prediction of potential effects 

in healthy, diseased, and sensitive populations. 

The use of different “omics technologies” seems to be a promising approach to identify 

MOAs. However, more experimental data should be compared to in vivo outcomes before 

any clear guidelines could be defined. 

Continue the development of a tiered testing strategy for cell culture assays that would 

precede in vivo tests. 

Databases should be established that incorporate the results of studies incorporating factors 

such as those noted in Table 6.2.7 (to include negative results from such studies). Research 

conducted, based on these data, should be used for grouping, tiered testing, and predictive 

model development.  

6.2.8 (Q)SAR Modelling of Nanomaterials 

Like the modellers for environmental exposure to nanomaterials the (Q)SAR modellers need 

datasets which allow them to develop and validate their models. And the problem is the 

same: in contrast to conventional chemicals reliable datasets with nanomaterials are 

extremely scarce. The OECD published five principles for the validation of (Q)SAR models 

with regards to their use in regulatory assessment: 

 defined endpoints,  

 unambiguous algorithms,  

 defined domain of applicability,  

 appropriate measures of goodness-of-fit, robustness and predictivity, 

 mechanistic interpretation. 

 

Examining the diversity of the (Q)SAR models for nanomaterials, many of them do not fully 

comply with all the five OECD validation principles and/or do not consider regulatory relevant 

endpoints. 

To make a prediction with a (Q)SAR model, one has to calculate the descriptors for the 

nanomaterial(s) whose toxicity needs to be estimated. This means that structural information 

as close as possible to the real nanomaterials must be available. Whereas conventional 

substances mostly have a definitive structure, detailed structural information of most 

nanomaterials is lacking. This makes the calculation of descriptors difficult. Some (Q)SARs 

use software packages to overcome this problem; others use empirical equations and 

experimental data, e.g. from X-ray crystallography.  

Often the authors do not report on the correlation between calculated descriptors and 

experimental measured properties, which should be an additional precondition for a 

reliable (Q)SAR for nanomaterials that can be used for regulatory purposes. The deviations 

can be remarkable in some cases. A further problem is that the majority of the published 

(Q)SAR studies on nanomaterials is currently focusing on the same datasets and therefore 

the same endpoints, namely metal oxides and induced oxidative stress. This means that the 

applicability domain is limited and other toxicity mechanisms are not taken into account. The 

lack of non-contradicting large datasets for use by modellers highlights the need for an 

intensive cooperation between experimentalists and modellers when designing the 

experiments, the need for standardized experimental methods, and the necessity to develop 

reliable high throughput systems (HTS) which can deliver large datasets. Moreover, specific 

guidance on data curation would help to develop and test robust (Q)SARs for nanomaterials. 
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Better cooperation between modellers and experimentalists would also have the mutual 

benefit of allowing them to explore other toxicity mechanisms (MOA) like lysosomal 

degradation, cellular uptake, immunotoxicity, other nano-bio interactions as well as the 

interplay with the environment. 

For a number of reasons the current (Q)SAR models are not mature enough for immediate 

use for regulatory purposes. However, their use in a weight of evidence approach together 

with in vivo and in vitro results can be recommended. Moreover, they may play a future role 

in tiered testing and assessment schemes and for the development of functional assays 

which reflect toxicity mechanisms of nanomaterials. In addition to close cooperation of 

modellers with experimentalists, it is recommended that modellers also 

 focus on descriptor development for nanomaterials; 

 include in the (Q)SAR development phase, as many descriptors as possible to 

account comprehensively for the structure of nanomaterials; 

 contribute to the development of functional assays and adverse outcome 

pathways, by focusing on nano-bio interactions. 

 

It seems that reactivity (of metal oxides) can be predicted reliably using the conduction band 

energy level (Ec), whereas dissolution is another characteristic which helps classifying 

nanomaterials. (Q)SAR models basing on these two properties are so far potentially useful 

for tiered testing and for developing functional assays, especially for ROS generation and 

inflammation. 

Table 6.2.8 summarizes the recommendation on (Q)SAR modelling of nanomaterials. 

Table 6.2.8:  
Recommendations for (Q)SAR modelling 

Method Recommendation 

Testing of (Q)SARs basing on energy band gap 
and dissolution rate. 

Comparison of experimental results with model 
predictions aiming at regulatory use in weight of 
evidence approaches. 

Development of relevant descriptors using 
experimental properties and develop quantitative 
structure property relationships (QSPR) to 
obtain extrinsic physicochemical characteristics. 

Development of (Q)SARs with broad application 
range, meeting the OECD principles and high 
correlation with experimental values. 

Consensual rules for data curation  Develop guidance document on OECD basis. 

Cooperation of modellers with experimentalists. Design experiments which give modellers 
information to develop and validate their models. 

Investigation of further nano-bio interactions 
playing a role in nanomaterials’ toxicity and fate. 

Broadening the data basis of examined MNs, 
develop data sets on influence of 
hydrophobicity, surface properties using HTS, 
where possible. 

 

6.2.9 Risk Assessment  

While risk assessment frameworks and grouping strategies for nanomaterials follow the 

same overall formats as those used for conventional chemicals, the physicochemical 

properties of nanomaterials can influence fate and toxicokinetic behaviour as well as hazard 

in a complex manner. The current state of how these properties affect resultant risk-related 

outcomes is still an area of active investigation. Consequently, all of the risk assessment 

frameworks and grouping strategies have inherent limitations for regulatory application. Risk 

assessment frameworks and grouping strategies that are more general are useful for 

prioritisation purposes in the early stages of product development (prior to submission to a 
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regulatory authority) and promote Safe(r)-by-Design considerations to lessen potential 

implications for nanomaterials which are submitted for regulatory review. Risk assessment 

frameworks and read-across strategies that are most useful in the later stages of approval 

involving formal regulatory review are those that are quantitative and detailed, i.e. moving 

towards data-based decision points and triggers, specific validated protocols for testing, and 

tiered decisions. Such frameworks and strategies may be route-, receptor-, and/or material-

specific. An overview of generic and more specific risk assessment and grouping strategies 

is shown in Figure 5.9.1 of Chapter 5.9, and additional details on these and other relevant 

strategies are contained in Table 5.9.1 of Chapter 5.9. 

Current Preferred Risk Assessment and Read-Across Schemes 

The ECHA/JRC/RIVM approach on read-across between nanoforms of the same substance 

adequately outlines overarching principles on read-across to fill an information gap relevant 

for risk assessment by using information from one or more (source) nanoforms (ECHA, 

2016). This scientifically based approach can thus be incorporated in risk assessment and 

read-across schemes. Given the limitations above, the better screening-level risk 

assessment frameworks include the NANoREG nano-specific approach for risk assessment 

by Dekkers et al. (2016), and the NanoRiskCat by Foss Hansen et al. (2014): these are the 

most transparent and developed, underpin their choices using scientific information (as far as 

possible), and build upon existing approaches for normal substances. These frameworks 

consider materials and products, respectively. For general screening of inhalation exposure 

in an occupational setting the general risk banding framework for inhalation of low aspect 

ratio nanoparticles by Oosterwijk et al. (2016) seems the most useful, whereas for 

environmental risks the general test strategy for assessing the risks of nanomaterials in the 

environment by Hund-Rinke et al. (2015) is one of the more advanced.  Furthermore, tools 

like the LICARA nanoSCAN (van Harmelen et al., 2016) that provide a qualitative 

assessment of potential benefits and risks of a new ‘nanoproduct’ early in the innovation 

chain are relevant as they may also facilitate the development of safe(r) application of 

nanomaterials in products and can aid in ‘regulatory preparedness’ related to technological 

developments. Finally, the screening strategy to identify potential risks of manufactured 

nanomaterials at early stages of innovation as presented in NANoREG D6.4 (Noorlander et 

al., 2016) is highly relevant. 

The best specific risk assessment framework is the DF4nanoGrouping framework (Arts et al., 

2015a,b), as this the only fully elaborated risk assessment framework that includes clear 

decision criteria, triggers/cut-off values and tools to assess inhalation risks by. The 

framework also has specific associated case studies. However, an independent evaluation of 

these triggers and methods has not been conducted, and its approach does not currently 

integrate easily into the existing processes specified by regulations such as REACH. 

Therefore, although the DF4nanoGrouping framework approach is detailed and includes 

specific decision criteria that would be needed for application, the regulatory acceptability of 

this framework remains unclear. An independent evaluation of this framework including its 

cut-off values and decision criteria is therefore considered relevant. 

Most frameworks only address as-manufactured (pristine) nanomaterials. Some frameworks 

such as the DF4nanoGrouping (Arts et al, 2015a,b), the MARINA Risk Assessment 

framework (Bos et al., 2015), the testing strategy for nanomaterials in the environment 

(Hund-Rinke et al., 2015), and the ECHA/JRC/RIVM read-across approach (ECHA et al., 

2016) explicitly consider changes in physicochemical properties of the nanomaterials during 

their life cycle, but further elaboration will be needed to apply this in practice. The idea of the 

DF4nanoGrouping framework is to comprise the entire life cycle by determination of 

‘hotspots’ with probable occupational or consumer exposure. The ECHA/JRC/RIVM report 
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envisions a read-across type of hypothesis between the pristine nanomaterial and the 

nanomaterial as present in different life cycle stages. To address the issue of life cycle, 

Potthof et al. (2015) developed a series of decision trees and flow charts to support the 

testing of nanomaterials, differentiating between relevant/probable conditions and worst-case 

conditions. In the latter case, stable dispersions of the pristine material are used. 

Quantitatively measuring realistic exposures, including the physicochemical properties of the 

nanomaterial, is very complicated, expensive and time consuming. Development of 

computational models to estimate such exposures and changes in physicochemical 

properties during the life cycle is therefore highly recommended (see sections 6.2.3 and 

6.2.4). 

There are a number of cross-cutting issues that will require further work. There are 

insufficient data to verify the present standard assessment factors. Standardisation of test 

protocols and assurance of high quality data (including sufficient quality controls) is of utmost 

relevance for acquiring reliable and reproducible data that can be used in risk assessment of 

nanomaterials in general. There are few data to support route-to-route extrapolation for 

nanomaterials, and insight in the possibilities for this kind of extrapolation of hazard 

information is therefore recommended. Further, information on representative internal 

concentrations in in vitro studies (such as the cellular load) and animal toxicity studies (such 

as in liver and spleen of environmental organisms) is highly relevant. This information 

provides insight into the amount of nanomaterials actually taken up over time, as the 

tendency for nanomaterials to agglomerate can result in concentration-dependent uptake. 

Additionally the information on internal concentrations provides insight into the potential for 

bioaccumulation and thus can inform regulators about ecotoxicity and human health risks of 

nanomaterials. The risk assessment frameworks do not suggest any unifying dose metric for 

linking in vitro and in vivo tests, although recommendations for such unifying metrics are 

suggested in Chapter 5.6 on in vivo health effects. Given that different nanoforms can display 

different behaviour both in their fate/toxicokinetics and hazard, and thus in risk, it is logical to 

consider this for those dossiers that comprise more than one nanoform which are under 

consideration for formal regulatory acceptance. As long as this has not been addressed, this 

can be considered a regulatory gap which should drive additional policy and research. 

Path Forward 

In addition to the research needs identified above, several new approaches have been 

suggested in literature as additional tests and triggers for use in nanomaterial risk 

assessment. Hendren et al. (2015) suggest surface affinity (also referred to as stickiness) 

and dissolution rate as functional assays for characterizing nanomaterial behaviour in a 

variety of important systems. Dekkers et al. (2016) and Noorlander et al. (2016) consider 

dissolution as one of the six aspects that are most relevant for nanomaterial exposure, 

kinetics and/or hazard. Surface reactivity is considered a potential unifying factor for a mode-

of-action of nanomaterials. Oxidative stress is induced via surface reactivity, which may 

result in inflammation or genotoxicity-related effects. Surface reactivity is considered a key 

descriptor for hazard in grouping and read-across approaches.  

Given the discussion in Chapter 5.9, there is an urgent need for efficient risk assessment of 

NMs with a focus on potential chronic effects. There is limited existing, good-quality 

information at hand, and there is a high cost in terms of time and effort to generate such 

information. 

A way to reduce the number of NMs with a safety issue is to encourage use of frameworks 

that include considerations on human health or environmental risk early on in the innovation 

chain. For NMs submitted for regulatory evaluation, two options can be considered to 

increase efficiency. Firstly one could continue in line with current regulation (e.g. REACH). 
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For NMs some increase in efficiency is possible by grouping and read-across approaches 

according to the outline described in the scientific reference paper by ECHA/JRC/RIVM 

(ECHA, 2016). This document is currently the most advanced in a regulatory sense. Further 

guidance is under development based on this document. Grouping and read-across 

approaches can bring some efficiency to a case-by-case assessment. Considering the 

required substantiation of grouping and read-across and current limitations in available 

information however, these approaches are also not expected to bring the required efficiency 

in risk assessment of nanomaterials for the near future.  

The second, longer-term option is to adopt an international, pragmatic approach, while 

realising that this cannot be fully scientifically supported, as would be the case with a full set 

of acceptable in vivo test results. Such a pragmatic approach should include decision criteria 

(cut-off values, trigger values) and could make use of in vitro tests, functional assays and 

other tools like high throughput systems (HTS) and - in future - in silico approaches etc. 

These could supplement existing methods such as in vivo testing. The decision criteria and 

choices on tests and tools also can only be partially scientifically based, as science is not yet 

sufficiently advanced (as would be the case, for example, for assessment of risk resulting 

from chronic human exposures). As part of this second option, it may be necessary to 

construct several risk assessment frameworks, specifying on factors such as whether an 

environmental receptor or human health is targeted, what the route of exposure is, etc.  To 

get to efficient risk assessment approaches for nanomaterials, attention should be paid to 

organising the operational process. A dialogue between all stakeholders to address and 

move beyond underlying issues and fears, such as the lack of information on nanomaterials 

in the current regulatory frameworks and the fear of extensive additional testing, is therefore 

recommended. 

6.3 Conclusions 

This review demonstrates an impressive diversity of nanosafety research in Europe and the 

US. Around 1,000 publications and other documents were selected and uploaded in the 

database for review by the experts. Not all of this research is reliable or even relevant for 

regulatory purposes. Some studies have significant deficiencies, e.g. the nanomaterials were 

not characterised appropriately. Nevertheless it is significant that researchers in the past 

decade have learnt to take the unique properties of nanomaterials into account. Many 

parallel activities exist in the EU’s NanoSafety Cluster programme, but all these projects 

have provided many ideas, innovative approaches and validated methods which are 

potentially useful for regulation.  

There have been numerous reviews of the state of the science for nanomaterials 

assessment over the past four to six years. We have defined in detail the principle regulatory 

questions faced when bringing new nanomaterials to the market (see Annex 1). The resulting 

responses to these questions in this Joint Document indicate that significant progress has 

been made with regard to the regulatory assessment of nanomaterial properties, fate, and 

effects since the 2011 timeframe. Standardization has become a central issue in research 

programmes like MARINA or NANoREG and numerous SOPs have been developed. Today, 

most researchers are aware of the importance of characterisation. Guidance on the 

preparation of test dispersions has been developed in OECD (OECD, 2012, OECD 2017).  

For physico-chemical characteristics, the challenges faced with the European Commission 

definition the properties of as-produced MNs were enumerated (JRC, 2014, JRC, 2015) in 

terms of both methodological and endpoint considerations. Others have noted the challenges 

with detecting and assessing the characteristics of MNs in biological tissues and 

environmental matrices (NSET, 2011).  Here, by way of example, 16 properties have been 

identified to be of key concern. Associated methods that are most reliable for regulatory 
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assessment are available for most of these physicochemical characteristics. Numerous 

methods address the needs for describing and categorizing as-produced nanomaterials, per 

the current EC definition. Given the improved understandings of how to characterize an as-

produced nanomaterial, it is appropriate to now place a greater emphasis on the 

development of methods to characterize the  extrinsic properties of MNs, i.e. properties that 

are medium-dependent (e.g. dissolution rate). Extrinsic properties may be estimated by 

functional assays that indicate modes of action relevant to the toxicity and/or fate of 

nanomaterials. Such functional assays will thus be important components of tiered testing 

schemes, particularly if a single assay is useful in efficiently addressing several fate and/or 

effects endpoints. 

The knowledge on exposure to nanomaterials is still fragmentary. The gaps in assessment of 

exposure measurements in part stem from the limitations in physicochemical property 

assessment. For occupational exposures, and to a lesser extent for consumer exposure, 

inhalation is a known major exposure pathway. In 2008 EU-OSHA still noted the lack of 

appropriate measurement methods for nanomaterials in the workplace (EU-OSHA, 2008). 

Meanwhile, measurement methods in the workplace are developed, but need validation. 

Here it is noted, for example, that portable devices for particle number and lung deposited 

surface area monitoring are now available (Asbach et al., 2012).  Further, tiered approaches 

for exposure assessment at workplaces have now been developed (OECD, 2015a).  More 

robust models, configured by using concepts from models already accepted by regulators for 

conventional chemicals, are now in use to estimate workplace exposures to MNs (TNO, 2012 

and BAuA, 2016).  In the future, improvements in worker exposure models are needed 

through incorporating more current exposure information from the workplace, and tiered 

approaches need to be accompanied by functional SOPs for measurement and triggers for 

moving from tier to tier. Improved personal monitors that compensate for background 

particulate loads are also needed. 

For consumer exposures, specialized models are now available to estimate consumer 

exposures to nanomaterials, such as exposures due to spray applications (RIVM, 2016). 

However, measured data on consumer exposures are still scarce. The reasons for this are 

incomplete knowledge on which consumer products contain manufactured nanomaterials, 

the interference of manufactured nanomaterials with natural and incidental nanoparticles, 

missing sensitive and cost effective separation and analytical methods and rare real life 

studies. Hence, consumer exposure assessment is still largely based on assumptions, 

estimations and the use of models.  

Some of the challenges related to environmental exposure assessment and fate (NSET, 

2011) have been resolved: methods for isolation and identification of nanomaterials from 

environmental matrices are becoming more reliable but are still cost-intensive, need well-

trained personnel, and are difficult to interpret (von der Kammer et al. 2011). 

Significant progress has been achieved in tests which simulate the release of NMs from 

nanomaterial containing products (MARINA Deliverable 5.1, 2014): methods for estimating 

releases from mechanically, thermally or chemically treated, nanomaterials from consumer 

products that contain them can now be estimated in laboratory experiments. Moreover, tests 

simulating leaching or weathering during use of such nano-enabled products are now 

available. This “framework of releases” delivers plausible results and should be further 

developed and validated for regulatory exposure assessment.    

Most exposure assessments generally do not take account of the fact that consumers and 

the environment are usually not exposed to pristine nanomaterials but rather to aged and 

transformed nanomaterials. These transformations affect the nanomaterial’s properties, and 

as a result, their toxicity and fate profiles. The OECD proposed a testing scheme which may 
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help to identify the major transformation mechanisms and this should be developed further. 

OECD, 2014). The OECD is also currently standardizing several fate tests such as 

dissolution (OECD, 2015b), (homo)agglomeration (OECD, 2016), and retention by sewage 

sludge (OECD, 2015c). Since biodegradation is of minor relevance for most nanomaterials 

abiotic fate tests are urgently needed. However, for heteroagglomeration, which is a 

dominant fate mechanism, no test method is mature for standardization and regulatory use. 

First results and approaches are now published and should be used for further regulation-

oriented research (Labille et al. 2015). 

Environmental modelling of nanomaterials following their release was reviewed by 

Gottschalk and Nowack (2011). Since that time, material flow analysis (MFA) and 

environmental fate analysis (EFM) have become more sophisticated and realistic. Steady-

state models (e.g. SimpleBox4Nano), where input and output are equal, are more applicable 

to the current demands of chemical legislation like REACH with a generic risk assessment 

approach. Dynamic and spatially resolved models are also now available where there is a 

need for spatially and time-resolved information, (e.g. NanoDuFlow or RedNano). Modellers 

of environmental exposure and fate still need reliable exposure and fate data from field 

and/or mesocosm studies to validate and adjust their models.  

Ecotoxicity protocols were being adapted to nanomaterials since the 2012 timeframe (Handy 

et al., 2012).  Now, aquatic toxicity methods and data are more robust.  Aquatic toxicity, 

dosimetry and general guidance for aquatic toxicity testing is addressed by OECD (OECD, 

2017). Many of the remaining questions related to aquatic toxicity were in the process of 

being resolved (Petersen et al, 2015). It is essential to control test conditions in order to 

avoid interferences and to identify physical adverse effects. Limited data indicates that 

pelagic aquatic exposures to nanomaterials are likely to be chronic, and at low 

concentrations, prompting an emphasis on chronic responses of aquatic organisms.  Pelagic 

organisms are more sensitive to nanomaterials than organisms living in sediment or soil. 

Since MNs are mostly released to water they should be tested preferentially. However, 

nanomaterials mostly end up in sediments and soil without partitioning like conventional 

chemicals. Soils and sediments are complex matrices and spiking is a very sensitive step in 

test performance. Limited data is available. Hund-Rinke gives some specific 

recommendations for the adaption of OECD TGs for soil toxicity (Hund-Rinke et al., 2016). 

Little is known on biokinetics, however data derived from the use of the extended OECD TG 

on bioaccumulation for nanomaterials (fish dietary uptake and bioaccumulation in 

oligochaetes in sediment and soil) should greatly assist in further understanding biokinetics 

in organisms. Some useful data are becoming available for higher-tier tests such as fate and 

effects of NMs in mesocosms, whereas in vitro assays will play a role for mechanistic studies 

but not as alternative for in vivo testing. A guidance document to OECD TG 305 

(Bioaccumulation in fish) is in progress based on dietary exposure to nanomaterials (OECD, 

2015d). The corresponding TGs 315 and 317 on soil and sediment organisms should follow.  

Krug (2014) critically commented on the value of nanomaterial publications on in vivo and in 

vitro human health effects. This publication indicated that there was much work remaining 

due to factors such as deficiencies in the characterization of the nanomaterials tested, in the 

characterization of doses or those used, and in the ability to compare toxicological results for 

similar materials. The findings of this Joint Document indicate that the situation has improved 

significantly in the past few years with respect to in vivo testing methods and data. For 

example the new draft OECD TGs for inhalation subacute and subchronic toxicity of 

nanomaterials are suitable now for regulatory use (OECD, 2016b and c): these are among 

the most common TGs needed to respond to regulatory nanomaterial data needs, and 

should generate more reliable inhalation toxicity data. If these draft OECD TGs are adopted 

by OECD member countries, then the data supplied via the use of these protocols (in 
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particular, lung burden data) will also be useful to bridge to short-term and in vitro studies.  A 

bridging proposal for in vivo to in vitro health effects estimation, which would provide data in 

a more efficient manner, is also provided in this document. Such integration should likely 

achieve near-term time/cost savings, and animal welfare goals as well. A focus on numerous 

areas enumerated here, however is still needed: examples include the need for reliable 

chronic toxicity and biokinetic data. 

With regard to in vitro testing for health effects, many protocols have now been evaluated. A 

specific focussed set of criteria is recommended for the conduct of in vitro and abiotic tests 

that will aid in their regulatory acceptance. Advances have been made in understanding the 

doses delivered in submerged culture systems so that they can be related to in vivo results.  

Also, more realistic in vitro systems such as air-liquid interface (ALI) protocols have been 

developed with more biologically-relevant dosing methods, and co-cultures are able to 

indicate responses of cell systems. Combinations of acellular and cellular assays on ROS- 

(reactive oxygen species) generating capacity of nanomaterials are suitable for ranking some 

types of inhalation hazards. The most relevant and reliable methods for cytotoxicity, 

genotoxicity, immunotoxicity and biokinetics (including biodissolution) are identified. While 

validation of in vitro methods remains challenging, their results may be useful in ranking 

nanomaterials for follow-on in vivo testing at least as part of the innovation process, and can 

also contribute to the interpretation of in vivo results in formal regulatory review by identifying 

their mode(s) of action. Work on reliable protocols for in vitro methods which make their 

results more cost-effective and relatable to in vivo results is still needed, as is the need to 

bridge in vitro and in vivo health data for expedited hazard ranking and assessment of MNs.  

The related area of using (quantitative) structure-activity relationships for assessment of 

toxicity, ecotoxicity, and other endpoints is still under development and is continually 

improving: these approaches rely on robust data sets which are not yet largely available; 

however, standards for evaluation and a review of current available (Q)SARs are provided in 

this document. For metal oxides the conduction band energy and the solubility of 

nanomaterials are now the most promising for the relative ranking of toxicity. In silico 

methods can play a very useful role in tiered testing schemes, investigating modes of action 

and designing functional assays. Comprehensive and reliable datasets are urgently needed 

for validation of the models. To this end, a close cooperation of modellers with regulators and 

experimentalists is necessary. 

In general, for all fate and effects endpoint data, there is an increasing need for databases 

that contain detailed methods and results from well-conducted tests. The EU research 

programme eNanoMapper will develop such a database. Further there is a need for 

repositories for well-characterised MNs. Such properly curated databases and MN 

repositories will better enable the bridging of test results, and the building of improved 

models for risk estimations.  

Risk assessment methods continue to be refined, relative to 2014, when OECD held a first 

workshop on categorisation (OECD, 2016d). ECHA, together with JRC and RIVM, have now 

published a 2016 proposal for read-across of nanomaterials for relative risk assessment 

providing a basis for grouping of MN in risk assessment frameworks (ECHA/JRC/RIVM, 

2016). Various proposals for risk assessment frameworks for nanomaterials have been 

developed over the last five years (Dekkers et al, 2016, Foss-Hansen et al, 2014, Hund-

Rinke et al, 2015). Some of them are more oriented to help to estimate potential risks early in 

the innovation chain, rather than to be applied to regulatory purposes e.g. under REACH. 

More quantitative risk assessment testing schemes (Arts et al., 2015 and 2016) are now 

available. These may be most useful in streamlining the formal regulatory process (when 

adapted to current regulations), as they include specific decision criteria, triggers to transition 
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from tier to tier and cut-off values that are accompanied by specific test protocols and case 

studies. Such quantitative schemes for testing/waiving/grouping also could then incorporate 

alternative methods’ results such as those from in vitro tests and shorter-term in vivo tests to 

streamline the process further while adhering to animal welfare goals. However, both 

qualitative and quantitative risk assessment frameworks would benefit from independent 

evaluation of the methods, cut offs and triggers proposed. The further development of 

functional assays and in mid-term in silico approaches as well as the use of HTS systems, 

where feasible, could also help to enhance the effectiveness of such frameworks in future.  

Such approaches should be scientifically-based and must accept compromises to find the 

right balance between being adequately precautionary, while still allowing innovations that 

benefit society as a whole to reach the marketplace.  

The advances in nanosafety research for regulatory needs noted above are examples only: 

additional details and advances are enumerated in this Joint Document.  However, taking 

into consideration that many properties of the NM can influence effects and fate, there is still 

a continuing need for standardization efforts and research for regulatory purposes in order to 

complete the data submission requirements for regulatory risk assessments of commercial 

nanomaterials. 

Major needs for regulation-oriented nanosafety research 

This report demonstrates that an impressing number of tools for regulatory risk assessment 

of nanomaterials is now available or near to be available. 

There is good evidence that regulation of nanomaterials has become increasingly possible 

taking into account their specific characteristics. However, several remaining knowledge 

gaps have been identified for focussed regulation-oriented research. A full listing of these 

gaps are contained, and regulators should further prioritize these needs. However, a few 

examples below highlight the range of needs that still exist: 

 Functional assays on surface affinity and ROS generation should be developed 

and standardized. 

 Improved models for worker inhalation exposure are needed that integrate new 

MN production equipment release data, and can be adjusted by entry of new 

nanomaterial exposure data from the workplace and/or lab.  

 Methods to monitor release of nanomaterials from products should be further 

developed, prioritized and introduced in occupational, consumer and 

environmental exposure assessment. 

 An assay to determine the likelihood of heteroagglomeration as major fate 

process is needed. 

 Validated testing schemes to estimate aging of nanomaterials in the environment 

are necessary. 

 Data sets for the validation of exposure models and in silico approaches for the 

prediction of toxicity and fate using standardized methods should be generated by 

close cooperation of experimentalists with modellers. 

 Major research needs regarding ecotoxicity are the adaption of soil and sediment 

tests to nanomaterials (spiking!) and the generation of mechanistic information in 

order to get tools for prediction and grouping. 

 The predicitivity of the subacute inhalation toxicity test TG 412 for subchronic 

effects should be examined. 
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 Improved approaches for expedited health effects’ estimations -- by incorporating 

alternative in vivo, in vitro, and modelling results to bridge in vivo heath data (such 

as those from subchronic inhalation studies) -- are needed. 

 The importance of additional endpoints (e.g. cardiovascular effects) and 

translocation to distal organs in in vivo toxicity tests should be clarified.  

 In vitro tests that better predict chronic effects on human health should be 

developed. ALI and co-culturing methods may enhance the significance of in vitro 

methods. 

 More robust data sets that contain curated information on regulatory endpoints 

and materials should be developed to allow improved read-across capabilities, 

development of SARs, and other bridging estimations for all endpoints. 

 Specific risk assessment frameworks with validated cut-off values, triggers and 

decision criteria underpinned by case studies have to be further developed and 

validated, in order to enable an efficient assessment of the multitude of nanoforms 

and balancing science and practical and economic considerations. 

 

 

Figure 6.3.1  
Increasing complexity of nanomaterials requires an adaptable testing strategy for assessing 

nanomaterial fate and toxicity (from Saleh et al., 2015) 

Future perspectives 

Nanosafety research has lost significant public attention over the past few years, yet 

nanomaterials are reaching the marketplace in increasing volumes and with ever-

increasingly sophisticated structures. We have learnt that many current-generation 

nanomaterials do not pose extraordinarily great risks for health and environment. However, 

scientists have learnt at the same time that testing, measuring and modelling nanomaterials 

is more difficult and depends on more physico-chemical parameters than conventional 

chemicals. They are “difficult substances” due to both their implied fate and effects 
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uncertainties resulting from their physico-chemical properties that can vary in significant 

ways (even for a group of materials that are similar in their chemical identity). Moreover, 

nanomaterial structures are becoming increasingly complex (see Fig. 6.3.1). It will be difficult 

for researchers and regulators in nanosafety to keep pace with scientific and technical 

progress when the properties of the particle will be more and more dominated by their 

functionality and not their chemical composition. This Joint Document demonstrates that 

there is an impressive amount of scientific data and new methods available that can and 

should be used now, following regulatory authorities’ review. It is hoped that such review by 

competent authorities will follow soon after the OECD/ProSafe conference which was held in 

November, 2016. This Joint Document is intended to serve as a guidance and support for 

this process. Other methods are on the cusp of reaching maturity. As always, however, there 

are continuing critical research needs. Keeping pace means that nanosafety research with 

focus on regulatory application must not reduce its efforts in future. 
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Annex 1 
ProSafe Roadmap for Members of Task Force when 
Reviewing Data, Protocols, Reports and Guidance notes for 
Regulatory Relevance 

Phil Sayre
29

 and Klaus Steinhäuser
30

 

1. Introduction 

It has been recognized that while the traditional risk assessment paradigm holds for 

nanomaterials, many of the test protocols and guidelines for assessment of physico-chemical 

properties, fate, exposures, and effects used for conventional chemicals need some 

adjustments when applied to nanomaterials (OECD, 2010a and 2011a). As new 

nanomaterials are continually being introduced into the marketplace, there is an urgent need 

for acceptable protocols, guidance, data, and estimation approaches for nanomaterial 

evaluation in the regulatory context. Like other chemicals, nanomaterials are addressed in 

the registration dossiers of the producers and importers under REACH and are evaluated by 

the relevant regulatory authorities pursuant to REACH and other EU legislation so that their 

potential environmental and/or health risks and benefits can be determined (EU, 2006). 

However, so far there are only guidance documents but no specific provisions for nano-sized 

forms of a substance within the REACH regulation. 

The EU funded ProSafe project supports the aims of EU Member States in their EU and 

international efforts (OECD, COR, EU-USA) regarding risk assessment, management and 

governance focussing on regulatory orientated (eco)toxicology testing of nanomaterials, 

exposure monitoring, LCA, and disposal and treatment of waste nanomaterials. Safe by 

Design is a core concept supported and promoted by the ProSafe project, together with the 

development of a White Paper, targeting  DG Research, which will recommend short and 

long term strategies for of the EU Commission. 

The White Paper will be the main deliverable of ProSafe. The scientific basis for the White 

Paper is a major state of the art review on key topics within nanosafety which highlights their 

regulatory relevance. The results of this review will be summarised in an expert Joint 

Document. The findings set out in this document will be scrutinized during a major, OECD 

hosted scientific conference from 29 November to 1 December 2016 where up to 250 invited 

specialists will review and debate the findings. This scientific conference requires structured 

inputs and insights to be successful. It will also be the platform to showcase the outcomes of 

the EU FP7 NANoREG project, and selected OECD, EU FP7 or H2020, and US programme 

results that are relevant for regulatory needs. While the focus of this conference is on 

regulatory needs, there will be a broader impact for its outcomes: tools, test guidelines and 

guidance developed by OECD member countries, and data useful for OECD member 

country regulatory evaluations, will be addressed. Subsequently two smaller workshops will 

gather opinion from risk assessors, policy makers and innovators, more focussed on the 

needs of the EU and its member states.  

To carry out the review process leading to the Joint Document, Klaus Steinhäuser and Phil 

Sayre, in consultation with the ProSafe management team, established a Task Force of 9 

international experts to review high priority regulatory areas of concern. To accomplish this 

the Task Force will review the applicability of the results of NANoREG, selected EU and US 
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30

 Berlin, Germany 
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programmes and other research contributors (including the OECD WPMN) for their direct 

application in regulatory risk assessment and management. To assist the experts in their 

review process, a list of key questions was developed appropriate to the fields of expertise of 

each expert. Klaus Steinhäuser and Phil Sayre drew on information from the OECD, 

NANoREG, portions of other programmes and the open literature related to regulatory 

needs, as well as their own regulatory experience to arrive at the questions listed here in the 

Roadmap. They also took into consideration the regulatory questions developed by 

NANoREG. The members of the Task force had the opportunity to comment on the text. This 

document will be used as basis of the Task Force expert review of research products 

provided by various EU, OECD, and US nanomaterial programmes.  

The review will be focussed on guidance documents, test protocols, exposure scenarios, and 

other methods and data that are relevant in the context of regulatory risk assessments for 

nanomaterials. To address reliability criteria, peer-reviewed journal articles from the research 

programmes will be a principle focus. However, reports of the research programmes will also 

be taken into account if they contain regulatory-relevant information that is not yet published.  

Reliability and relevance, which are the main criteria for the evaluation of publications and 

reports, should be understood as defined by OECD (2005). Reliability of a method, and its 

resultant data, is based on the intra- and interlaboratory reproducibility of a method. With 

nanomaterials, special consideration also has to be given to the characterization and 

representativeness of the materials selected for testing a protocol. Relevance refers to the 

applicability of a method for regulatory purposes, and its affordability within the regulatory 

context: 

“Test method validation is a process based on scientifically sound principles by which the 

reliability and relevance of a particular test, approach, method, or process are established for 

a specific purpose. Reliability is defined as the extent of reproducibility of results from a test 

within and among laboratories over time, when performed using the same standardised 

protocol. The relevance of a test method describes the relationship between the test and the 

effect in the target species and whether the test method is meaningful and useful for a 

defined purpose, with the limitations identified. In brief, it is the extent to which the test 

method correctly measures or predicts the (biological) effect of interest, as appropriate. 

Regulatory need, usefulness and limitations of the test method are aspects of its relevance. 

New and updated test methods need to be both reliable and relevant, i. e., validated.” 

While the terms reliability and relevance are couched in terms of biological effects, they also 

apply to other endpoints (physicochemical, fate, etc.) as well as to in vitro protocols and non-

experimental tools and methods like modelling, grouping etc. 

You, as a recognized nanomaterial expert in your respective field, have been asked to 

evaluate the utility of selected research findings for their direct use in regulatory risk 

assessments of commercial nanomaterials.  You have been provided with research 

outcomes documents for review, and have been asked to write a chapter, in line with your 

expertise, that will form a part of the “Joint Document” (JD). If you know relevant publications 

that help to answer the questions which we have not included, please also review them, 

In order to develop the document, you have been asked to review the research outcomes, 

documents and respond to the questions we have selected that meet your expertise.  All 

reviewers should respond at least to the Overarching Questions on reliability and relevance 

(chapter 2) as they relate to all other questions you will review. The question set on 

physicochemical properties should be taken into account in all cases of experimental results 

whose quality depends on accurate characterisation since they are fundamental for the 

evaluation of scientific and regulatory relevance. You have been asked to respond to further 
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specific question sets below. Apart from the specific question sets posed below, your insights 

on other regulatory-relevant issues that you see as important is highly valued, and requested 

at the end of this roadmap. Moreover, some of the following question sets are 

interconnected, i.e. you should mention related questions in neighbouring sections and 

where possible, collaborate with your colleagues of the task force. The aim is not an 

individual review of each publication or document we have selected; nor are you to comment 

on publications that are not useful in responding to the regulatory questions in this roadmap. 

Rather the request is for an integrated response to each question in the roadmap: the 

integrated response will rely on the useful papers identified in the roadmap (and stored in the 

CIRCABC database), papers you provide, and of course your knowledge of the areas under 

consideration. Your findings, with the journal references you provide in support of your 

conclusions, will be documented in the JD. Roadmap responses will also be used for a peer-

reviewed journal publication. 

The document will form the basis for the three-day scientific conference in Paris at OECD 

from 29thNovember to 1st December 2016. All of this work is conducted under task 5.4 of the 

ProSafe H2020 project. 

The review will be focussed on guidance documents, test protocols, exposure scenarios and 

other methods that can be applied to regulatory risk assessment due to their relevance and 

reliability. While identifying the products most useful in a regulatory context is the prime 

focus, the relevant knowledge gaps for regulatory purposes shall be also identified, and brief 

proposals shall be outlined on how to address gaps in a regulatory context. Projects that are 

not yet finalized will be at least noted when analysing knowledge gaps. It is not the aim of the 

review to evaluate solely the pure scientific value of the research programmes and their 

deliverables, the utility for the research project itself, or the applicability of the results to 

industrial product development and predictive approaches. 

The outcomes of the November 2016 conference will be summarized largely by the German 

Federal Environment Agency (UBA) as task leader, in a written findings’ document. This 

document will be used, along with the Joint document and additional information, in quick 

succession, in workshops for EU risk assessors and policy makers / legislators in early 2017 

(to be held in the Netherlands). 

Finally the Joint Document will form the annex to a White Paper as main deliverable of the 

ProSafe project. 

2. Overarching questions/considerations 

The following questions should be addressed in all expert responses on significant studies, 

reports, guidance documents and test protocols. Essentially, these questions should be 

addressed for each item reviewed in writing by you, since if the method is not well-described, 

reliable, relevant and scientifically sound then it has limited utility in a regulatory context in 

the near term. 

1) Is the (test) method or approach well described? This should include a clear 

statement of the scientific basis, purpose and need for the method/approach. 

 Is the relationship between the test method’s endpoints and the endpoints of 

interest well documented? 

 Is the protocol sufficiently detailed and does it include a description of the 

materials needed, such as specific cell types or animal species that could be used 

for the test (if applicable), a description of what is measured and how it is 

measured, a description of how data will be analysed, decision criteria for 

evaluation of data and what are the criteria for acceptable test performance? 
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 Are the experimental conditions under which the test is conducted well described 

(e.g. pH, ionic strength, organic content)? 

 Is the method sufficiently clear and transparent and can it be applied by other 

study groups and regulators, e.g. by drafting a SOP? 

 Are the pre-conditions to apply the method described clearly and in a transparent 

manner?  

 Which information is needed for the application of the method (e.g. modelling 

approaches)? 

 

2) Is the method or approach reliable? Reliability measures the extent that a method can 

be performed reproducibly within and between laboratories or study groups over time, 

when performed using the same protocol. It is assessed e.g. by calculating intra- and 

inter-laboratory reproducibility and intra-laboratory repeatability. For non-experimental 

methods, reliability comprises the applicability to at least a group of nanomaterials 

and good correlation with experimental results. 

 Is it a screening study/method, a definitive test method/study, or a higher tier 

approach such as a model or categorization framework?  

 Does the method/study apply for all/most/only a few MNs? 

 Are the MNs to which the method is applied well characterised?  

 Is the intra- or interlaboratory reproducibility already tested and documented? 

 Are the test concentrations realistic or do they far exceed expected exposure 

concentration and are beyond the limitations of the test? 

 Is there a prediction model included or is it just a description of an experimental 

procedure? 

 Is the power of predictability analysed (e.g. for QSAR)? 

 Can the application of the method reduce the need for, or the level of the 

performance of hazard and risk assessment (e.g. for grouping approaches and 

tiered testing schemes)? 

 Is the method mature enough for standardization? 

 

While the ultimate measure of reliability is defined by the OECD above, it must be recognized 

that reproducibility and repeatability, as well testing with an adequate number of types of 

nanomaterials has not yet been done for many test protocols and methods. Additionally, in 

vitro effects test methods have not been adequately compared with in vivo results for the 

same nanomaterials. Similar conclusions can be reached for other modelling methods for 

nanomaterials. Therefore, the task force is asked to identify those test protocols and other 

methods which are considered the most reliable at this time (as judged by available data and 

expert opinion). This approach will hopefully allow a fair number of methods and protocols to 

be identified as reliable enough to use at this time (as opposed to finding that there are no 

methods or protocols that would meet the highest gold standard of reliability). 

3) Is the method or approach relevant? Does the method correlate with the endpoint of 

regulatory interest, and is the method meaningful and useful for the regulatory 

purpose? Does the method correctly determine or predict the endpoint of interest? 

Relevance incorporates consideration of the accuracy (concordance) of a method. 



 

 
ProSafe Deliverable 5.08 

Page 326 of 367 

 Does the method address an existing endpoint already established for traditional 

chemicals (OECD, 2015a)? If so, is it a modification of an existing regulatory 

protocol for conventional chemicals? 

 Has the endpoint addressed regulatory relevance for MNs? Has it already been 

identified by OECD member countries as one requiring further method 

development for MNs (see specific expertise questions below)? 

 Does the method fill an important knowledge gap? 

 Is the method mature enough to be incorporated into regulatory schemes in the 

near-term, mid-term, or will it require more than five years to reach this level of 

acceptance? 

 If the method is to measure a biological endpoint, does it lead to a refinement in 

the use, or reduction or replacement of animals? 

 Does the method simplify or improve regulatory risk assessment of MNs? 

 Is the method affordable within the regulatory context? 

 

For experimental studies the following questions may help to evaluate relevance: 

 Are dose-response relationships established, rather than just one dose?   

 Are negative and/or positive controls included? If so, with chemicals or with 

nanomaterials? 

 

4) Further generic questions that may be relevant to consider are: 

 What is the aim of the test, method, framework under consideration? 

 Does it align to a current regulatory framework, in particular that of the EU (and if 

so, which one)? 

 When should the test, method or framework under consideration be applied (e.g. 

early in the innovation chain, before approval for the market, after application on 

the market, etc.)? 

 What would be the added value for risk assessment of the test, method, or 

framework under consideration? 

 

The regulatory challenges associated with manufactured nanomaterials were discussed in a 

topical scientific workshop at ECHA in October 2014 (ECHA, 2014). The EU research project 

NANoREG published 16 (groups of) regulatory questions, which were developed after getting 

feedback with regulators in Europe (NANoREG, 2015).The authors of this roadmap used 

these questions as a source and looked across OECD, NANoREG, portions of the open 

literature related to regulatory needs, and their own experience to arrive at the questions 

summarized here. 

3. Areas of concern – Specific questions 

3.1. Physicochemical Characterisation of Nanomaterials for Identification, and 

Risk-related Concerns 

The physico-chemical properties of nanomaterials will in part determine whether a given 

nanomaterial is subject to regulatory oversight, based on its as-produced characteristics. 

Once the material is subject, the physicochemical properties are examined, as an indicator of 
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their potential fate and effects. Therefore, thorough and well-documented characterization of 

the physicochemical properties of nanomaterials is fundamental to evaluating whether they 

are subject to any subsequent potential risks. The OECD has made some progress on which 

endpoints are of most interest to regulators in OECD member countries, and which methods 

are appropriate (OECD, 2014a; OECD, 2014b, and OECD, 2014e). NANoREG has also 

produced standardized protocols for physicochemical endpoints. Also, current ISO standards 

on the characterisation of nanomaterials as well as the OECD test guidelines or guidance 

documents for testing chemicals should be considered.  There is uncertainty with regard to 

which methods are appropriate to assess most nanomaterial physicochemical endpoints in a 

way that will be acceptable for regulators, and with how they correlate with specific endpoints 

in terms of predicting their fate and/or effects.  

All experts examining experimental results should identify the nanomaterials’ 

physicochemical characteristics best suited to determining whether a material would be 

defined as a nanomaterial for regulatory purposes, and then, which physicochemical 

characteristics are most relevant to determining the fate or effects of the target nanomaterial 

for regulatory decisions.   

The European Commission recommended a definition of nanomaterials based on size, size 

distribution (by number), and specific surface area (EU, 2011). Measurement methods are 

generally used on manufactured nanomaterials in their “as manufactured” (pristine) state, 

e. g. in a powder or in suspension.  

Other physicochemical properties are determined in order to characterize the nanomaterial 

“as manufactured”, and in later life cycle stages. Each expert should address the following 

questions within his/her respective area of knowledge. Therefore health, exposure/fate, and 

(eco)toxicity experts should each respond to this question in their individual written 

comments. 

Functional assays e.g. on dissolution rate, stickiness or ROS generation may impact 

important modes of action in cell-free systems. Such functional assays should, therefore, be 

evaluated for their usefulness to screen (eco)toxicity and fate (OECD, 2015c, Hendren et al, 

2015 and Barton et al, 2014). 

Size, size distribution and surface area as identifiers: 

 Is the method of measuring the nanomaterial adequately described, reliable and 

relevant to identify its size, size distribution, or surface area within the context of 

the current definition of the European Commission (EU, 2011)? 

 If so, how does the method address concerns about these physicochemical 

measurements raised by the JRC (JRC, 2012; JRC, 2014 (Parts 1 & 2), JRC 

2015a) and OECD (OECD, 2012c)  

 Does the method reliably determine particle size distribution, including the 

minimal external dimension of a nanoparticle, and alternative methods for 

measurement of specific classes of nanomaterials? 

 Which are the key limitations of the method? 

 Are measurements of the specific surface area an appropriate alternative to size / 

size distribution measurements? If not, are they an important parameter to 

characterize nanomaterials (see below)? 

 Does the method provide guidance in determining the specific surface area? 

 Can the method determine the surface area of nanoparticles in suspension, or 

extremely challenging (e.g. highly porous) nanomaterials (JRC, 2014 and JRC, 

2015a)? 



 

 
ProSafe Deliverable 5.08 

Page 328 of 367 

 

 

Physicochemical properties to characterize nanomaterials, and to predict their (eco)toxicity 
and fate: 

Characterisation of nanomaterials is necessary for description of fate and (eco)toxicity, for 

interpretation of experimental results, for modelling exposure or biokinetics, and for 

developing QSARs.  

While there are many physicochemical properties which have been noted that are of interest 

for regulatory determinations (regarding whether a material is considered nano-sized, and 

hence subject to nano-relevant regulatory reviews, and with regard to interpretation of hazard 

and effects endpoints), the overall list of physicochemical characteristics needs to be 

narrowed in order to provide a realistic number of properties which are considered key to 

regulatory review. In order to narrow the list of properties for ProSafe review, the most recent 

ECHA/RIVM/JRC regulatory document on read-across for nanomaterials (ECHA, JRC, 

RIVM, 2016) was considered; also, each discipline expert on the ProSafe Task Force listed 

which physicochemical endpoints were most important to interpretation of endpoints of 

interest for characterization, hazard, and exposure/fate endpoints. 

The ECHA/RIVM/JRC proposed a selection of properties to measure for the prediction of 

toxicity, ecotoxicity and fate (Figure 1 - ECHA, JRC, RIVM, 2016): 

 

Figure 1: 
Physicochemical properties that are relevant for grouping and read-across (according to ECHA, JRC, 
RIVM, 2016) 

 

Upon review of these properties, and taking account of the properties considered important 

by each Task Force expert, the following physicochemical properties were selected (see 

Table 1) as the ones that the ProSafe review will focus on (beyond the questions above, that 

apply specifically to the EU regulatory definition of what constitutes a nanomaterial): 

 

Please note that the physicochemical characteristics are grouped by both intrinsic and 

extrinsic properties. 

“What they are”: 

Chemical identity 

“What they are”: 

Physical identity 

Chemical 

composition 

Surface 

characteristics 

Impurities 

Particle size / 

range 

Surface area 

Shape 

“Where they go”: 

Fundamental 

behaviour 

“What they do”: 

Reactivity 

Solubility 

Dispersibility 

Hydrophobicity 

Physical 

hazards 

Photoreactivity 

Biological 

(re)activity 

Dustiness 
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Further, these groups of properties also align naturally with the ECHA categories of 

physicochemical properties shown in Figure 1 above. For these listed physicochemical 

properties in the table above, please consider the following questions: 

 Do you still agree that these are the key physicochemical properties to examine, 

across all endpoints for nanomaterial identification, and environmental health and 

safety?  

 What medium are the properties measured in?   

 How accurate must those measurements be to provide reliable estimates? 

 Which features are relevant for later stages of the lifecycle? In which biological or 

environmental matrices?  

 

Table 1: 
Physicochemical properties on which the ProSafe review will be focused

 

Intrinsic Particle properties 
(most relevant to regulatory 
definitions of a  
“nanomaterial”) 

Extrinsic Particle Properties (medium-, and time-
dependent) 

“What they are” “Where they go, and their 
persistence” 

“What they do” 

 Properties and Processes “Reactivity” 

Particle size distribution 
(number average) 

Biodurability ROS production (incl. 
photoreactivity) 

Particle shape  
(e. g. aspect ratio) 

Zeta potential  

Crystalline phase(s) Density (including effects of 
milieu) 

 

Hydrophobicity Surface affinity  

Chemical composition 
(impurities, surface 
chemistry) 

Dustiness (depends on 
moisture) 

 

Rigidity Dissolution rate  

Redox potential / band gap Agglomeration 
/Hydrodynamic diameter 
(dispersion stability) 

 

Specific surface area   

 

 Additional questions should include the following: 

o What method (by reference to a published paper) is sufficiently reliable for 

each property/medium, and should be validated further?  

o Which are the key limitations of the method? 

o Is the method sufficiently reliable and relevant to the extent that it has 

been, or can be, simplified for use in high throughput or high content 

systems?  

 The OECD held workshops in 2013 and 2014 on the utility of physicochemical 

data and protocols and published a report on the evaluation of methods applied in 

the OECD WPMN testing programme. (OECD, 2014e, 2016a and 2016b). Do you 

find these OECD recommendations and protocols helpful, and does the research 

under review contribute further to these findings? If yes, then how? 
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Functional assays 

 Which functional assays do you recommend for hazard ranking or determination 

of fate processes in the environment?  

 How reliable are the recommended methods and should they be validated 

further? 

 Does the assay provide a rate constant or other parameter that can be used to 

model hazard or fate? 

 

3.2. Exposures through the Life Cycle 

Exposures that could cause health concerns in the workplace, where nanomaterials are 

produced, and/or incorporated into commercial products such as consumer goods, have 

been identified in the literature. The workplaces of relevance comprise all those listed by 

ECHA; manufacturing, formulation, industrial use, professional use (ECHA, 2012). Such 

workplace-related exposures to as-manufactured nanomaterials, and resulting releases from 

sites of production or incorporation into environmental matrices such as air or surface waters, 

are of interest. Exposure scenarios in REACH typically contain information on the following 

points: the procedures involved during synthesis, use or disposal of the MNs; the associated 

operational conditions (OCs) of use; the Risk Management Measures and waste treatment 

techniques which are necessary for safe use; and information about the exposure estimation 

and the models used for this purpose. The OECD has suggested tiered approaches to 

measuring and assessing exposure to airborne emissions in workplaces (OECD, 2015g). 

Methods to determine exposure include measurements as well as models to estimate 

exposures. Estimation models that apply to nanomaterial exposures in the workplace, such 

as Stoffenmanager nano (TNO, 2012) are available.  

As nanomaterials increase in production volume, and become incorporated into more and 

more commercial articles, concern should also focus on potential significant exposure of 

consumers that result from use of products containing MNs. Modelling approaches exist 

concerning consumer exposure by spraying or grinding. Emission into the environment 

through the lifecycle subsequently leading to potential exposure may take place via 

wastewater, disposal of sewage or by incineration of waste. A study on nanomaterials in 

tyres includes lifecycle assessment and exposure consideration (OECD, 2014h). 

Modelling material flows and environmental exposure and fate are discussed in section d. 

Several measurement and modelling methods needed for an exposure assessment are 

currently available at ISO and OECD. Exposure endpoints for nanomaterials are at least in 

part included in those exposure endpoints addressed in the OECD test guidelines and 

guidance for physical chemical properties, degradation, and accumulation (OECD, 2015a). 

These test guidelines and guidance should be used where appropriate, since these 

endpoints have been assessed in view of their general relevance for chemicals and are also 

relevant to nanomaterials if applicable.  

 Does the method address occupational, consumer, and/or environmental 

exposure? 

 Is the interpretation of the data (sufficiently) science based? 

 Are the data sufficiently robust, reliable, and relevant to use in applications such 

as predictive modelling for one, or a group of similar MNs? 
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 What is the applicability domain of the method? Does the method address a 

particular nanomaterial that has potentially high exposures to workers, consumers 

or the environment? 

 What is the limit of detection and the limit of quantification of the method, and how 

does this compare to the hazard concern levels for the MN under study? 

 Can the method differentiate between primary particles and agglomerates? Can 

the method also detect particles with low diameters (e.g. below 40 nm)?  

 Which metric is used to characterize exposure? Can the exposure data reported 

be related to effect data from (eco)toxicity tests? 

 Is the method sufficiently reliable and relevant as it is, or can it be simplified for 

use in high throughput or high content systems? 

 Are the data generated by research on measured concentrations of MNs in 

environmental, consumer and workplace locations sufficiently reliable and 

relevant to use in applications such as specific regulatory risk assessments, 

and/or broader predictive modelling? 

 

Regarding workplace exposure 

 Does the research provide data on measured concentrations of MNs under key 

workplace scenarios that would be sufficiently reliable and relevant to determine 

human exposures for a regulatory risk assessment?   

o Do we have a consistent set of detection and measurement methods to 

quantify all MNs at relevant concern concentrations in workplaces with the 

current methods, e.g. for carbon nanotubes at their low concern 

concentration? Are these methods reliable, robust, easy to use and cost-

effective? 

o Are new estimation methods and data available for determining dispersive 

releases in the workplace (such as those resulting from spraying of 

nanomaterials, sanding of matrices containing nanomaterials, and 

exposure to nanomaterial powders) minimising the need for workplace 

measurements? For example, have methods such as electron microscopy 

and newer instruments been improved to reliably quantify / model 

nanomaterials in workplace air?  

o Are currently available control banding tools to estimate workplace 

exposure appropriate for NPs or will these need to be further evaluated, 

improved (related to exposure assessment, too)? 

o Do these methods provide standardized and efficient testing procedures 

for estimating release of nanoparticles (NP) from powders (dustiness 

tests)? 

 Which methods provide reliable data on PPE and engineering controls that limit 

exposure to workers? Do the studies provide reliable data that can be used to 

estimate the protectiveness of respirators and engineering controls in models 

used to quantitatively estimate exposures to workers? 

o Are risk management measures (RMM), in particular the use of personal 

protective equipment and engineering controls, understood in terms of 

how well they limit exposure to MNs?  Should the RMM for MNs be 

different than those applied to their bulk powder equivalents? In which 

instances would this hold true or not, and is it possible to adjust a RMM 

measure for nanomaterials (based on its applicability to bulk powders)? 
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 Are new reliable modelling approaches suggested that account for nanomaterial 

manufacturing and incorporation, as opposed to those used mainly for 

conventional chemical exposure estimation in the workplace? 

Regarding consumer and environmental exposure 

 Does the method address releases from commercial products containing 

nanomaterials at a point in the life cycle where relatively high exposures are 

possible (consider studies such as Hirth et al, 2013 and Walser et al, 2012)?  

o Does the method focus on releases where there are currently little data 

such as releases during consumer use, recycling, or disposal/incineration? 

o Does the method help to identify the most relevant stages of the lifecycle? 

o Does the method cover releases from processes like sanding or grinding? 

 Does the method separate (such as field flow fractionation) and/or identify 

nanomaterials in complex matrices that are expected to contain nanomaterials 

such as sediment or commercial products containing or in contact with 

nanomaterials? 

 Does the test system reflect environmental releases from nanomaterial containing 

commercial products realistically (e.g. leaching tests, weathering tests)? 

 Is the method a reliable modelling approach for the estimation of consumer 

exposure by use of commercial products containing nanomaterials? 

 Do the data reviewed address major sinks of nanomaterials or their transformed 

products in the environment? What are these sinks and which nanomaterials 

features (like poor solubility and degradability) are responsible for the 

accumulation in the respective sink? 

 

3.3. Fate – Persistence – Bioaccumulation/Biomagnification 

Key environmental compartments - where higher exposures, or exposures to nanomaterials 

of higher hazard concern are likely – should be the main focus since these scenarios pose 

higher potential risk. Links to exposure data and methods in the above section should be 

drawn so that this research complements the work evaluated under the fate research topic 

area. Key data and predictive methods from the exposure research in the section above 

should be used to develop additional predictive methods and models that determine the fate 

of MNs and their transformed products. Fate endpoints for nanomaterials are at least in part 

addressed in the OECD test guidelines and guidance for conventional chemicals (OECD, 

2015a): in particular please refer to the guidelines and guidance on physical chemical 

properties, degradation and accumulation where appropriate, since many of these endpoints 

should also be relevant to nanomaterials. 

Both methods and data on fate are sought, as well as algorithm-based estimation techniques 

for key nanomaterial-related properties such as those that exist for conventional chemicals 

(EPA, 2015a).  

With regard to environmental fate the determination of the mobility of nanomaterials in soil, 

sediments and groundwater may be important as well as heteroaggregation (Prätorius et al, 

2014b) and transformation processes like aging. 

Bioaccumulation and biomagnification may enhance the internal exposure concentrations in 

organisms and thus increase the risk potential. Nanomaterials are unlikely to accumulate by 

reaching an equilibrium between the body and the surrounding medium but lead to higher 
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internal concentrations by feeding (Handy, 2012). This may even result in biomagnification in 

the food chain if depuration of incorporated nanoparticles is negligible. 

 Which information was available or is necessary before conducting the test? Are 

the characteristics of the tested MNs sufficiently determined and described?  

 Is the method sufficiently reliable and relevant to the extent that it has been, or 

can be, simplified for use in high throughput or high content systems? 

 

Release to water 

 Regarding releases from nanomaterial manufacturing to water, data on fate are 

still needed since it is known that they could impact environmental receptors. In 

addition, fate protocols and models that predict releases from sewage treatment 

and incineration processes are also important. The OECD (OECD, 2015b) has 

developed a draft test guideline for rapid estimation of MN retention by sewage 

sludge in order to predict more realistic concentrations of MNs entering the 

stream. Additional factors such as stickiness coefficients may also be estimated.  

Do you find this OECD draft TG helpful and reliable, and does the research under 

review contribute further to this guideline?   

 Do the data reviewed mention direct inputs of nanomaterials into the environment, 

e.g. as components of pesticides, and provide data on the fate of those MNs? 

 

Transformation of nanomaterials in the environment 

 After release to water or soil, will the nanomaterial (or its component parts like 

coatings) be degraded or changed in terms of its principle fate determinants? Are 

the test guidelines of the OECD on biodegradability and abiotic degradability 

applicable to some MNs (OECD, 2015a)?  

 Does the research reviewed provide information on other transformation 

processes like oxidation, sulphidation etc. and how do these processes influence 

the characteristics of the MNs? 

 Does the method determine the transformation rates of certain MNs in 

environmental matrices, and relate them to fate, exposure, bioaccumulation, and 

hazard outcomes? 

 

Agglomeration, (Hetero)aggregation, Dissolution 

 Does the research reviewed provide information on agglomeration or 

heteroaggregation and are these processes reversible possibly leading to a re-

mobilisation of the MNs?  

 Are the methods reviewed likely to determine the mobility of MNs in soil and 

sediments and the possible exposure of groundwater?  

 The OECD workshop on ecotoxicology and environmental fate (OECD, 2014f) 

provided a recommendation on dispersion and dissolution, and how these 

properties of nanomaterials can be used to predict the environmental fate of 

nanomaterials, and how they can be used in the design of ecotoxicity tests? Do 

you find the OECD workshop findings and the recommended tiered testing 

schemes helpful, and does the research under review contribute further to these 

findings? If so, then how? 
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 The OECD has drafted documents that provide protocols for agglomeration 

behaviour (OECD, 2014a) and dissolution (OECD, 2014b).  Do you find these 

OECD protocols helpful, and does the research under review contribute further to 

these protocols? If so, then how?  

 Are other or additional protocols and methods necessary to realistically predict 

exposure of environmental compartments? Is hazard information for the 

transformed MNs available, and are they of greater or less concern than the 

pristine nanomaterials? 

 

Bioaccumulation/Biomagnification 

 Is the method appropriate to determine the bioaccumulation of MNs in 

environmental species, or in the food chain? Some of the challenges with 

determining bioaccumulation in fish and other aquatic receptors have been noted 

by Handy, et al (Handy, 2012) and others. Please see the OECD guidance, the 

report of the OECD workshop on ecotoxicology and environmental fate (OECD 

2014f) and test guidelines applicable for accumulation (OECD, 2015e) for relevant 

endpoints and protocols for conventional chemicals. 

o For apparent bioaccumulation in fish, the OECD currently drafts a 

guidance (OECD, 2015e).  Do you find this OECD draft guidance helpful 

and reliable, and does the research under review contribute further to this 

guideline? If so, then how? 

o As epifaunal and infaunal sediment receptors are likely to be exposed to 

higher concentrations of some MNs, do the data and methods under 

review contribute to this need?   

o Do the methods under review support the hypothesis that MNs 

accumulate in the food chain (Skjolding et al, 2014)?   

o Are there classes of MNs that are unlikely to bioaccumulate or biomagnify 

in the environment, as suggested for CNTs (Peterson et al., 2011)? 

 

3.4. Modelling of Environmental Exposure and Fate 

As nanomaterials increase in production volume, and become incorporated into commercial 

articles, there are concerns about the potential flows of nanomaterials over the lifecycle 

resulting in significant exposures from use and disposal of products containing MNs. This 

includes modelling of exposure of consumers and the environment via wastewater, disposal 

of sewage or disposal of waste e.g. by incineration etc. A study on nanomaterials in tyres 

includes lifecycle assessment and exposure consideration (OECD, 2014h). 

Further models are sought that integrate key nanomaterial properties as is done for 

conventional chemicals: consider for example the work of Mackay (Mackay, 2001) which 

uses properties such as log Kow, vapour pressure, and other parameters in fugacity models 

that predict whether a conventional chemical will occur in relevant environmental matrices. 

Since log Kow and vapour pressure are not applicable to nanomaterials, other models for fate 

predictions in a regulatory context have been proposed (Goldberg et al, 2014, EPA, 2015b; 

Prätorius et al, 2013 and Prätorius et al, 2014a). 

Questions related to the flows of nanomaterials over the whole life cycle (material flow 
analysis) 
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 Is the model robust enough to predict where the most significant exposures will 

occur in the life cycle? 

 Does the method allow the calculation of estimated releases of MNs from WWTP, 

from the disposal of sewage sludge, or from waste incineration? 

 What are the key release points in the environment for nanomaterials apart from 

release to water from the site of MN manufacture?  

 Do the data reviewed address releases from landfilling, incineration, and/or 

releases directly from consumer uses of articles such as through garment 

washing, and do they appear to be relevant sources of MNs in the environment; if 

so for which MNs and MN bearing products?   

 Do the data reviewed mention direct inputs of nanomaterials into the environment, 

e.g. as components of pesticides, and provide data on the fate of those MNs? 

 Will the model be accepted by regulators to any degree, as are some non-nano 

models like EUSES? 

 

Questions about fate models (environmental fate analysis) 

 Are there nanomaterial specific substitutes for fate predictors like vapour pressure 

and log Kow that hold promise for determining the fate of nanomaterials in the 

environment, such as affinity coefficients (Lin, 2011)? Are there other substitutes 

for such predictors such as dye tests (Xiao and Wiesner, 2012) or other 

measures, which help to predict environmental fate (Cornelis, 2015 and Dale et 

al, 2015)? Do any of the data reviewed address these predictors? 

 Are models based on equilibrium conditions adequate for estimating 

environmental fate of nanomaterials? 

 Do the data reviewed address major sinks of nanomaterials in the environment? 

What are these sinks and which nanomaterial features (like poor solubility and 

degradability) are responsible for the accumulation in the respective sink? 

 Do the fate models address transformation and/or aging of nanomaterials in the 

environment? 

 Do the fate models also provide indications on the expected physicochemical 

properties of (transformed) MNs at different stages of the lifecycle? 

 Will the model be accepted by regulators to any degree as is the case with some 

non-nano models? Which are acceptable, and on which nano versions are they 

being developed (Meesters et al, 2014, Yin Sun et al, 2015)? 

 

3.5. Ecological Effects and Biokinetics 

Endpoints for ecological effects of regulatory interest can be found by searching the OECD 

TGs and Guidance for conventional chemicals (OECD, 2015a). These endpoints and 

receptors should be largely applicable to nanomaterials (with the possible exception of 

biokinetics). The major problems that have arisen thus far are around issues that result from 

the insolubility or limited solubility of most nanomaterials: what is the best way to prepare and 

stabilize a dispersion, what is the best way to maintain dispersion concentrations during 

testing, what are the best dose metrics for correlating effects with some physicochemical 

parameter of the nanomaterial? Such questions are generally discussed for conventional 

chemicals in OECD’s guidance in testing of difficult substances with respect to conventional 

chemicals (OECD, 2000) and mentioned in more detail in the guidance for sample 
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preparation and dosimetry of MNs (OECD, 2012c). They were also reviewed in the workshop 

on ecotoxicology and environmental fate(OECD, 2014f), and have evolved since then for 

nanomaterials as reflected in the OECD draft guidance on aquatic toxicity testing of MNs 

(OECD, 2015d). Other problems arise from difficulties to analyse MNs in test dispersions 

before, during and after conducting the test. 

Many of the data generated thus far have included pelagic freshwater receptors such as 

daphnids, algae, and fish. Given that at least some nanomaterials are predicted to lodge in 

sediments, sediment-testing protocols for receptors such as invertebrates and molluscs, and 

data are also relevant to regulatory needs. Another sink for nanomaterials besides sediments 

includes terrestrial matrices such as soils: therefore, invertebrates such as decomposers and 

plants, may also be affected.  

Little is published in the literature on higher-level effects of MNs beyond those on individual 

receptors (such as ecosystem level effects).Such experiments and protocols are rarely 

considered in common regulatory schemes because of costs, difficulties in interpretation etc. 

Per OECD guidance (OECD, 2005), any method that is reliable and relevant should also, 

where possible, lead to a refinement, reduction, and eventual replacement of animals in 

effects studies. Therefore, in vitro-Tests with fish cells should be examined for their 

applicability.  

 

The following questions should be addressed: 

 Which information was available or is necessary before conducting the test? Are 

the physicochemical characteristics of the tested MNs sufficiently determined and 

described? 

 Chronic effects protocols are often more of a priority for ecological effects of MNs, 

relative to acute protocols. Do you agree with this statement, and do the data 

under review support this statement? Do the data allow for reliable acute to 

chronic endpoint extrapolations? 

 

Aquatic toxicity testing 

 Do you find the OECD aquatic testing guidance for MNs (OECD, 2015d) helpful 

and reliable, and does the research under review contribute further to these 

findings?  

o Does it provide appropriate guidance for determining whether sediment or 

water column or no receptors should be tested (as judged by the 

nanomaterial’s dispersibility and dissolution characteristics? 

o Does it give sufficient guidance on the best sample preparation methods, 

including how to bring a material into dispersion or dissolution for aquatic 

testing in a regulatory context? 

o Does it provide helpful guidance on how to maintain, or otherwise adjust to 

instability in MN concentrations during testing? 

o Does it provide reasonable advice how to analyse MN dispersions? 

o Does it provide appropriate methods, or insights into, the best 

physicochemical parameters to anchor adverse effects seen, such that 

these dose metrics are useful for one, or a group of similar MNs? 
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o Does it provide helpful statistical analysis approaches for deriving levels of 

key effects such as ECx and/or NOEC values? 

 For chemicals, it is assumed that daphnids, algae, and fish are the most sensitive 

pelagic receptors to test in the regulatory context. Does this apply also for MNs or 

do any of the data indicate otherwise? 

 Do the data and protocols separate ion effects from particle effects? 

 Do the data and protocols explain environmental matrix components (e.g. humic 

acid) that mitigate or enhance toxicity in that way that such parameters can be 

standardized for regulatory testing by scenarios that would represent, for 

example, worst-case realistic scenarios? 

 Do the data address effects of photoactivation such as observed with some 

titanium dioxide MNs? 

 Special conditions associated with some materials can lead to interferences and 

variances in data interpretation and protocol components. Does the research 

address these issues, e.g.? 

o Does the research address shading effects in algae such as those seen 

with carbon nanotubes? 

o Other special conditions of note, e.g. interferences by counting of algae, 

blocking the respiration or digestion system of invertebrates? 

 

Testing sediment and terrestrial organisms 

 Since MNs mostly end up in soil and sediments as environmental sinks, would it 

be more relevant to conduct tests with sediment and terrestrial organisms?  

o Which sediment receptors are most relevant and/or sensitive to MN 

effects? 

o Which terrestrial receptors are most relevant and/or sensitive to MN 

effects? 

o What would you recommend for application of MNs to the test matrix? 

 

Biokinetics 

 Does the method address biokinetics for ecological receptors that would lead to a 

greater understanding of MOA of individual MNs? 

o Do certain MOAs apply more broadly to groups of similar MNs? 

o Are some MNs such as carbon nanotubes of less concern for 

bioaccumulation than others, hence decreasing concerns related to 

biokinetics (Peterson et al, 2011)? Are the corresponding mechanisms 

well understood and can be extrapolated to other MNs? 

o What, if any data confirm the importance of protein or other corona effects 

in tissues and fluids of environmental receptors (Docter, 2015)? 

 

Further questions 

 Do the data from different ecological receptors allow interspecies or intergeneric 

extrapolations to be made with sufficient confidence? 
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 Does the research examined indicate that in vitro testing with cells of 

environmental organisms (e.g. fish) will be suitable to complement or replace 

tests with organisms? 

 Are there sufficiently interpretable results of higher-level ecosystem tests (e.g. 

mesocosms) that indicate that such tests should be further developed for 

regulatory purposes? 

 What are the most appropriate dose metrics for correlating effects with some 

physicochemical parameter of nanomaterials and for ranking their hazard 

potential?  

 Is the method sufficiently reliable and relevant so that it has been, or can be, 

simplified for use in high throughput or high content systems? 

 

3.6. Health Effects and Biokinetics (in vivo) 

As with the ecotoxicity effects, end points for health effects of regulatory interest can be 

identified by searching the OECD TGs and Guidance for conventional chemicals (OECD, 

2015a). These endpoints, and mammalian receptors should also be relevant for 

nanomaterials. Thus far, for nanomaterials used in commercial products such as consumer 

goods and industrial applications, the highest exposures are expected to workers via the 

inhalation route. Oral exposures are of less concern for workers, but are clearly of concern 

for consumers, in particular when nanomaterials are used as food additives. Most peer-

reviewed literature on dermal penetration and effects indicates little concern for adverse 

effects in scenarios involving workers or consumers with intact, healthy skin: therefore, 

dermal effects should be less of a focus for review, relative to effects via the inhalation and 

oral routes of exposure (Sadrieh et al, 2010, Liang et al, 2013 and Watkinson et al, 2013).   

Given that airborne exposure to workers is often continuous and occurs at low exposure 

levels via the inhalation route, and that nanomaterials in food and consumer goods would 

also rarely lead to high concentration, short-duration exposures, effects due to subchronic 

and chronic exposures are of higher concern than acute effects.  

There is a still a lack of data for chronic effects at lower concentrations that would reflect 
actual human exposures, and only a few subchronic inhalation exposure studies for 
nanomaterials have employed test protocols which meet the needs of regulators (OECD, 
2012b).Some have suggested shortening the exposure period for inhalation studies to 
five(Landsiedel, et al, 2014) or 28 days (Gosens, et al., 2014), and using the resultant data to 
alleviate the need for some subchronic inhalation studies.  

Other approaches to exposure from the inhalation route, such as instillation or pharyngeal 

aspiration may be suitable to judge relative hazards of several nanomaterials, but are not yet 

regarded as adequate substitutes for subchronic inhalation studies. 

In parallel with ecotoxicity effects testing, some of the challenges that have arisen so far are 

around issues that result from the insolubility or limited solubility of most nanomaterials in 

liquid media. Additionally, their dispersal into aerosols for inhalation testing is also of 

concern. Other problems arise from difficulties to analyse MNs in test dispersions before 

during and after conducting the test. Such questions are generally covered in OECD (OECD, 

2014f).  

Further challenges have included measuring body burdens of some MNs following inhalation 

exposures, and determining the most relevant organs and/or tissues associated with given 

classes of nanomaterials. 
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Finally, the appropriate dose metric for a given nanomaterial may vary by route of exposure 

and by nanomaterial (Gosens, et al., 2014). Per OECD guidance (OECD, 2012c) at this time, 

it is advisable to try to record toxicity relative to three metrics: mass concentration, particle 

number, and surface area concentration). Per OECD guidance (OECD, 2005), any method 

that is reliable and relevant should also, where possible, lead to a refinement, reduction, and 

eventual replacement of animals in effects studies.  

 Which information was available or is necessary before conducting the test? Are 

the characteristics of the tested MNs sufficiently determined and described? 

 Does the test design allow to generate NOAELs and LOAELs (min. 3 

concentrations necessary to derive a NOAEL/LOAEL)? 

 Do the data from different animal models allow reliable intergeneric extrapolations 

to be made? Are the conclusions in the OECD document on interspecies 

variability (OECD, 2015i) reliable and helpful? 

 

Inhalation Toxicity Testing 

 Are the OECD draft Test Guidelines and Guidance on inhalation and instillation 

testing of MNs helpful and reliable (OECD, 2015f)? Is there a need to greatly 

modify or complement the subchronic inhalation TGs and Guidance for chronic 

exposure endpoints when testing MNs? Is a new separate TG for MNs 

preferable? Do you agree with the conclusions of the OECD Workshop on 

Inhalation Toxicity Testing of Manufactured Nanomaterials (OECD, 2012b)? 

 Does the research reviewed contribute to further improvement/adaptation of these 

guidance documents? 

o Are the guidances adequate to allow reliable and relevant sample 

preparation of MNs, and provide sufficient guidance for conducting the 

tests with MNs to the extent that the results are useful for regulatory 

purposes in interpreting adverse effects due to inhalation exposures? 

o Is it necessary to have more explicit guidances for different nanomaterial 

types as regards methods of sample preparation, administration, and 

dosimetry (Oberdörster et al., 2015)? If so, do the methods and data in the 

research under review contribute to such guidances? 

o What is the best way to prepare and stabilize an aerolised dispersion, 

what is the best way to maintain dispersion concentrations during aerosol 

testing? 

o Are the inhalation or instillation studies examined, and the resultant data, 

useful in further developing the draft OECD TGs? Can either a 5-day or a 

28-day inhalation study be used to either replace, or bridge an existing 

regulatory-compliant subchronic inhalation study so that a new subchronic 

inhalation study would not need to be performed for regulatory review of a 

new material? (The purpose in obtaining the data is to supplant the data 

from a new subchronic inhalation study for purposes of generating a 

NOAEL/LOAEL to use in calculating a human Occupational Exposure 

Limit (OEL) acceptable to regulatory authorities.) 

o In the case of bridging designs, please provide the framework for a 

bridging study design (including a diagram; and stipulations on data quality 

and types, limitations of approach, and material types that are appropriate. 

Can instillation study results be used to decrease the need for subchronic 

or chronic inhalation testing? 
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o Is it likely that the observed effect has been generated by too high 

exposure concentrations (lung overload)? 

 

 Chronic effects protocols are often more of a priority for toxicological effects of 

MNs, relative to acute protocols. Do you agree with this statement, and do the 

data under review support this statement? 

 

Other exposure pathways 

 Which protocols are most useful for further developing oral exposure toxicity 

studies for nanomaterials? 

o What sample preparation methods are most suitable? 

o What test designs, administration methods, detection methods, endpoint 

metrics, and data analysis methods are most suitable? 

 Given the data under review, are there other exposure routes, endpoints and 

methods that should be considered of high relevance for regulatory data and need 

protocol amendment or development in the near term (dermal exposure)? Should 

enhanced barrier translocation in disease states or skin damage by sunburn be 

considered and, if yes, how? 

 

Other endpoints 

 Do you think that effects on the cardiovascular system are potentially as important 

as those on the pulmonary system?  

 How would you estimate the importance of other endpoints such as neurological 

or immunological ones, reproductive endpoints, etc.? If so, which amendments / 

new guidelines would it be necessary to developed? 

 Which testing approaches/endpoints are adequate to examine the carcinogenicity 

potential of nanofibers (e.g. CNTs)?  

 Which in vivo-protocols are adequate to examine the mutagenicity potential of 

MNs? (OECD 2014d)? 

 

Dose metrics/modes of action (MOA) 

 Are there data from the studies under review that you believe are reliable and 

relevant (including material characterization and dosing levels which reflect 

realistic MOAs), that are particularly useful for the following: 

o Establishing the best dose metric (mass, surface area, volume, particle or 

fibre count, etc.) for a given exposure route (inhalation or oral, principally), 

endpoint, and nanomaterial category? The purpose is to obtain the most 

meaningful metric that would translate from rodent studies to human OELs 

and other limit values of regulatory relevance. 

o What are the most appropriate dose metrics for correlating effects with 

some physicochemical parameter of the nanomaterial? 

o Establishing MOAs /AOPs for MNs or groups of MNs?  

 

Biokinetics 
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Information on biokinetics was seen as particularly relevant forgetting information on target 

organs and important endpoints in toxicological studies with mammalian systems. There is 

therefore a need to better understand how to conduct such studies, and interpret their 

results. 

 Are the questions and directions identified in the OECD workshop on 

Toxicokinetics (OECD, 2016d) helpful and reliable and do the findings under 

consideration contribute significantly to them? 

 Should the OECD TG for inhalation toxicity include toxicokinetic endpoints? 

 Which tests/endpoints are adequate to observe biopersistence of nanoparticles, 

e .g. cell-free dissolution studies for biodurability? 

 Do you agree with the general direction of the “next steps” for biokinetics, as 

outlined in the OECD TG and Guidance on Inhalation of MNs (OECD, 2015f)?  

 Are there aspects which are not mentioned in the OECD documents (TG 417) and 

should be taken into account (Kermanizadeh et al, 2015, Kreyling, 2014)? 

 Are there specific parameters associated with nanomaterial biodistribution that 

differ from those of conventional chemicals in such a manner that they can be 

predictive for MN target organ concentrations/distribution rates and appropriate 

endpoints? 

 What are the specific factors controlling barriers to biodistribution of 

nanomaterials (blood-brain, intestinal and respiratory epithelia, mucous 

membranes, placenta)? 

 Which organs should be examined as a priority in biokinetic studies after 

inhalation or oral exposure? 

 What, if any, data demonstrate the importance of protein or other corona effects in 

tissues and fluids of human receptors (Docter, 2015)? 

 Do you agree with the conclusion in some reviews, largely for metal oxides, that 

systemic availability after subchronic inhalation exposures is low and unlikely to 

contribute to significant doses of MNs in distal organs, from a toxicological point of 

view (Gebel et al, 2014)?How do these findings relate to other work, such as that 

found for 90-day inhalation studies on BaSO4 that were the result of NANoREG-

funded testing (Gebel, personal communication, see also: Konduru et al., 2014) 

 Are findings from intravenous exposures relevant for the assessment of 

biokinetics, e.g. the finding that TiO2nanoparticles in blood are rapidly transferred 

to tissues in which the MNs can be retained for longer periods of time (Geraets et 

al, 2014)?Can soluble ions cause this effect? 

 What is the added value of information on biokinetics for risk assessment of MNs? 

 Biokinetics modelling is also critical to the assessment of risks of nanomaterials. 

PBPK models may be used to predict MN distribution in the body. Models such as 

the MPPD2, which predicts lung burdens for inhaled particles, are being modified 

to more reliably predict lung burdens of fibres (Asfgharian, et al., 2016). Are there 

other models -which the data/methods under review contribute to -that could be 

used in a regulatory context? What information is needed to develop and apply 

reliable PBPK models? 

 

Beyond mammalian model testing 
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 What are the key triggers to indicate that biological monitoring or health 

surveillance of (occupationally) exposed individuals is needed? 

 

3.7. Health effects and Biokinetics (in vitro) 

Endpoints for health effects and in vitro tests of regulatory interest for conventional 

chemicals, can be found when searching the OECD TGs and Guidance Documents (OECD, 

2015a). These in vitro tests are narrow in their coverage of endpoints: they address genetic 

toxicity, adverse effects and/or penetration of the skin, endocrine disruption, and a few other 

selected endpoints. While genetic toxicity is of interest for MNs, the protocols must be 

carefully considered to eliminate interference between test components and MNs; skin 

penetration has not been a major concern for MNs as noted above; endocrine disruptor 

effects for MNs are also not currently a focus of research or regulatory concerns.  Rather, the 

most relevant in vitro protocols for MNs would align with the current major routes of MN 

exposures: effects due to inhalation exposures are perhaps most relevant, with oral 

exposures also of concern. Given the likelihood of genetic toxicity of some MNs due to 

cellular interactions of MNs and DNA, spindle fibres, and centrosomes (Sargent, 2014; 

Oesch, 2012 and Magdolenova et al, 2014), this set of endpoints is of interest here. Other 

endpoints for MNs which may be of greater concern include those which test for biological 

fate of MNs at the cellular or multicellular levels such as size exclusion criteria for given key 

cell types (Zhu, et al., 2013), and adverse effects such as fibrogenicity at these levels of 

organization (Azad, et al 2013). Goals include near-term use to clarify MOAs and biokinetics 

for categories of MNs (e.g. transport through interfaces like air-liquid interface), with later use 

in weight of evidence analyses or tiered testing schemes in combination with other in vivo 

data, then eventual replacement of in vivo tests (e.g. NAS, 2007; and efforts of ECVAM in 

the EU and ZEBET in Germany). These approaches may help to replace and reduce animal 

testing according to the 3R strategy. With all these goals, it is critical to use environmentally 

or occupationally relevant MN concentrations, and to be able to relate these in vitro test 

concentrations to in vivo test exposures so that results can be correlated and used in a 

regulatory context. 

Test method: 

 Which information was available or is necessary before conducting the test? Are 

the characteristics of the tested MNs sufficiently determined and described? 

 Is the cell-type used relevant for the endpoint tested, well characterised and 

suitable for the investigation of MNs? Are the guidelines for good cell culture 

practice considered, including the control of the starting material, e.g. the cultured 

cells, the culture medium, and the culture substratum (Gstraunthaler et al., 2002)? 

 

Dosimetry, dose metrics 

 Do the protocols under review correctly characterize the MNs and their 

concentrations prior to, and during the in vitro test? Some researchers have noted 

that the type of MN protein corona established by a specific test medium can 

strongly influence the uptake and toxicity of a given MN so that in vitro results 

may be test system-specific (Kim, et al. 2014, Docter 2015). Are there medium 

components, which strongly influence the test result? 

 For in vitro results to be useful in a regulatory context, they must be transformed 

to concentrations that would be meaningful in an in vivo setting. For example, 

models have been published that may be used to correlate in vitro liquid culture 
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MN concentrations with the deposited NM concentrations on the cell surface to 

concentrations in a rodent inhalation test (Hinderliter et al., 2010). Other in vitro 

methods, such as air-liquid interface systems and other systems which examine 

how MNs cross other barriers, can largely avoid reverse dosimetry models as 

they offer on-line determination of deposited NM dose, and more closely directly 

mimic aerosol exposures seen in vivo(Huh, et al. 2012; and Chortarea et al, 

2015). Also, for more direct relevance to in vivo tests, the dose within the test 

cells, i.e. cell burden, can be more directly correlated to in vivo target organ 

concentrations where effects are noted.  

o Do the results and protocols under review support a correlation within vivo 

exposure concentrations?  

o Do they measure concentrations in the media, the deposited NM 

concentration on the cell surface, or directly in the subcellular component 

of the in vitro target cell? 

 

Biokinetics 

 Do the results and protocols under review provide unequivocal information about 

the kinetics, and MOAs for nanomaterials? 

o Do the data and protocols under review support decisions regarding 

cellular, organelle, or subcellular component uptake/interaction of certain 

MNs? 

o Can traditional mineral fibre biopersistence protocols in the lungs be 

applied to nanomaterials? 

o Is there a reliable and relevant in vitro or cell-free method to predict 

whether a nanomaterial should be considered biosoluble in lung or, 

digestive or lysosomal fluids, to allow for protocol adjustments for an in 

vivo test, etc.?  

o Which key physicochemical parameters determine cellular uptake and 

fate? Factors such as hydrophobicity, hydrophilicity, protein corona, 

dispersability, dissolution rate, surface functionalization, charge, size, and 

shape are all probable factors. Example: The vertebrate nuclear 

membrane pore complex 80 to 120 nm in diameter; particles larger than 

30 nm have reduced penetration of the nuclear membrane (as cited in 

Zhu, 2013).  

 Are there reliable omics methods, which help to identify the MOA of MNs? 

 

Cytotoxicity 

 The OECD also suggested a general cytotoxicity assay for MNs (JRC 2015b, JRC 

2015c). The colony forming efficiency (CFE) assay has been used for the 

cytotoxicity testing of chemicals; it was optimized for the testing of nanomaterials, 

and tested by 12 different laboratories. Do you find the CFE assay to be helpful 

and should it play a role in regulatory assessment? Is its approach for 

interlaboratory validation testing for MNs useful? Does the research under review 

contribute further to these findings? If so, then how? 

 

Genotoxicity 
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 The OECD has recently proposed a genotoxicity TG effort for the in vitro testing of 

MNs (OECD, 2015h). It is based on the findings of the OECD Genotoxicity of 

MNs’ workshop (OECD, 2014d). Do you find this OECD workshop findings’ 

document and the OECD proposal to develop guidance for in vitro testing helpful 

and reliable? Does the research under review contribute further to these findings? 

If so, then how? 

 Do you agree with the conclusion of the OECD workshop that genotoxicity tests 

with bacteria are less relevant for MNs than tests with eukaryotic cells? 

 

(Regulatory) relevance 

 Recently, Gordon et al. (2014) concluded that most in vitro test results for 

nanomaterials were not sufficient by themselves, to make regulatory decisions on 

the toxicity of a given MN. Instead, their use in screening, weight-of-evidence, 

and/or bridging studies that incorporate in vivo test results, was considered 

appropriate at this time (Gordon et al., 2014). Do you agree or disagree with these 

conclusions, and why? 

 Is the method sufficiently reliable and relevant such that it has been, or can be, 

simplified for use in high throughput or high content systems?   

 Are there unifying dose metrics (or conversion algorithms) for linking in vivo and in 

vitro tests that would support such tiered testing schemes that include these two 

categories of tests? 

 Are there in vivo and in vitro tests that can be paired to lead to tiered testing 

constructs? 

 Can the test system examined play a useful role in tiered testing schemes for 

MNs?  

 Do the data and protocols under review support decisions regarding the 

mechanisms of toxicity of certain MNs, such that regulatory screening decisions 

can be made (see mechanisms/MOAs related to in vivo Health section above)? 

 Can the test system help to categorize nanomaterials? 

 

3.8. In silico Strategies – (Q)SAR Modelling as a Tool to Focus Experimental 

Testing and to Reduce Fate and Hazard Testing 

Several methods aim at facilitating and accelerating the assessment of toxicological and 

ecological hazards as well as fate characteristics by reducing the experimental workload. 

These approaches may help to assess MNs efficiently since their hazard and fate 

characteristics are assigned not only by the chemical composition, but also by size, surface 

characteristics, higher level physicochemical measures such as biodurability (Utembe et al., 

2015) and other physicochemical properties. Correlations of toxicity and fate characteristics 

with physicochemical and other properties (e.g. results of functional tests) may simplify the 

testing and assessment schemes of MNs and allow interpolation or extrapolation where 

scientifically justified. The application of these methods also can help to avoid animal testing 

according to the 3R strategy. 

In contrast to conventional chemicals where it is possible to validate models and 

computational methods by comparison with a sufficient number of experimental results, 

reliable effects and hazard data sets which support non-experimental approaches are limited.  

Computational methods may be used directly in lieu of more complex and costly testing, or 
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may help focus in vivo and in vitro hazard and fate testing in a tiered testing and assessment 

scheme.  

Computational methods such as structure-activity relationships (SAR), and quantitative 

structure activity relationships (QSARs) have been considered by regulators for conventional 

chemicals (U.S. EPA, 2015c, JRC 2010). The U.S. Food and Drug Administration (FDA) has 

expressed interest in several SAR approaches for food contact chemicals; they include 

DEREK, MultiCASE, and OncoLogic (FDA, 2015).The REACH regulation in Annex XI, par. 

1.3 lists the following conditions for application of (Q)SARs instead of testing (EU, 2006):  

 

 “Results are derived from a (Q)SAR model whose scientific validity has been 

established,  

 The substance falls within the applicability domain of the (Q)SAR model,  

 Results are adequate for the purpose of classification and labelling and/or risk 

assessment, and  

 Adequate and reliable documentation of the applied method is provided.” 

 

In its Guidance Document on the Validation of (Quantitative) Structure-Activity Relationships 

the OECD provided a toolbox with five principles that validated (Q)SARs for chemicals 

should fulfil (OECD, 2007): 

 defined endpoints,  

 unambiguous algorithms,  

 defined domain of applicability,  

 appropriate measures of goodness-of-fit, robustness and predictivity 

 mechanistic interpretation. 

 

However, it has been more challenging to quantitatively relate physicochemical 

parameters/descriptors to given effects and fate characteristics of nanomaterials due to a 

lack of reliable and relevant data that correlate mode-of-action (MOA) or adverse outcome 

pathway (AOP) mechanisms for MNs to categories of particles. QSARs may help to develop 

functional tests, which are designed to indicate certain modes of action. Possible 

mechanisms for adverse health or ecological effects of MNs include the following (Klaine et 

al., 2008, Nel, 2006): oxidative stress/formation of reactive oxygen species, inflammation, 

protein denaturation/oxidation, membrane damage, DNA damage, interruption of energy 

transduction, immunity, granuloma formation, mitochondrial damage and release of toxic 

constituents. Some correlations, such as for metal oxides and band gap energy or solubility, 

may hold promise for QSAR approaches (Burello et al, 2011a, 2011b and 2015 and Nel, 

2012). Since most of the current research addresses effects endpoints, rather than 

environmental or in vivo fate of nanomaterials (biokinetics), the focus at this time is on the 

review of research related to effects’ endpoints. However, the utility of fate descriptors (such 

as solid-water partition coefficients, stickiness coefficients, and rate constants for dissolution 

and other relevant parameters) for estimation of environmental fate of nanomaterials cannot 

be discounted and may help to develop reliable environmental fate models (Westerhoff et al., 

2012). The following questions regarding the applicability of in silico methods in hazard and 

risk assessment of nanomaterials should be answered: 

 Do the QSAR models reviewed comply with the 5 OECD principles of QSAR 

validation? 
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 What information is needed to apply the computational method? 

 Which data sets from research are most useful in applying read-across, or 

SAR/QSAR correlations, for MNs? 

 Do the QSAR models examined report on the correlation between calculated 

(descriptors) and measured physicochemical properties? 

 Which mechanism/MN classes are most likely to yield enough data for 

developing/applying read-across or SAR/QSAR correlations? For these data sets, 

which physicochemical, or other properties, appear most relevant for such 

correlations? 

 Do the QSAR models examined help to develop and predict the outcome of 

functional assays? 

 Are the methods described applicable as first tiers in a tiered testing and 

assessment scheme? 

 Can the methods described help to:  

o group/categorize manufactured nanomaterials or play a role in read-

across approaches?  

o quantitatively estimate effects, using QSAR or similar methods? 

 

3.9. Risk Assessment 

Risk is the likelihood of harmful effects to human health or to ecological systems to occur as 

a result from exposure to a stressor. Risk assessments (RA) characterize the nature and 

magnitude of health risks to humans and ecological receptors (e.g., birds, fish, wildlife, 

plants) from chemical contaminants and other stressors. Risk from chemicals is usually 

expressed as a function of exposure and hazard. Risk managers use this information to help 

them decide how risk needs to be reduced to an acceptable level in order to protect humans 

and the environment from stressors or contaminants. The components of risk assessment of 

chemicals (e.g. EPA 2015d, EPA 2015e and ECHA, 2015b) include typical components such 

as hazard and exposure assessments, dose-response estimation, risk characterisation, and 

accounting for uncertainty in the overall assessment. One of the key steps which is not often 

noted is that of “problem formulation”, as this is the step in which the key impacted human or 

environmental receptors are identified, given the likely exposures to be encountered. 

Problem formulation helps in focusing the efforts of a risk assessment.  

Other approaches that solely incorporate either hazard or fate tiering or waiving have already 

discussed in sections above. Some of these approaches are broad enough that it is 

meaningful to discuss them in this section. Consider the REACH Read-Across Assessment 

Framework (ECHA, 2015a), which principally applies to health effects endpoints, but is also 

broad enough to incorporate ecological effects. This framework is mainly intended for 

conventional chemicals, but could also cover MNs. It defines terminology and approaches as 

follows: 
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“Substances whose physicochemical, toxicological and ecotoxicological properties are likely to be 

similar or follow a regular pattern as a result of structural similarity may be considered as a group, or 

‘category’ of substances. Structural similarity is a pre-requisite for any grouping and read-across 

approach under REACH. These similarities may be due to a number of factors:  

 Common functional group (i. e. chemical similarity within the group),  

 Common precursors and/or likelihood of common breakdown products via physical 

and/or biological processes which result in structurally-similar degradation products 

(i. e. similarity through (bio)transformation), or  

 A constant pattern in the changing of the potency of the properties across the group 

(i. e. of physico-chemical and/or biological properties).  

 

The term category approach is used when read-across is employed between several substances 

that have structural similarity. These substances are grouped together on the basis of defined 

structural similarity and differences between the substances. As a result of the structural similarity, 

the toxicological properties will either all be similar or follow a regular pattern. Predictions should 

cover all parameters as required in the respective REACH information requirements. It may be 

possible to make predictions within the group for the target substance(s) on the basis of a 

demonstrable regular pattern. Alternatively, whenever there is more than one source substance in 

the category and no regular pattern is demonstrated for the property under consideration, the 

prediction may be based on a read-across from a category member with relevant information in a 

conservative manner (worst case). The basis for the prediction must be explicit.” 

Similar guidance for estimation of values for both human health and ecological effects 

endpoints of conventional chemicals is also available (OECD, 2014g); hence these 

approaches broaden beyond a principle focus on health effects. Grouping based on a more 

mechanistic understanding of toxicity and ecotoxicity trends for conventional chemicals has 

also been conducted through developing Adverse Outcome Pathway (AOP) understandings 

for groups of substances (OECD, 2013a). They also may be applicable to MNs. All of these 

approaches allow for reduced testing/waiving of testing requirements in a regulatory context. 

There is a need to differentiate between read-across and category approaches applied only 

to certain endpoints and broader grouping/categorization of substances in order to conduct a 

uniform risk assessment. 

Recently, risk assessment and tiered testing approaches using category approaches have 

emerged that are specific to nanomaterials, as opposed to conventional chemicals. Tiered 

testing and assessment schemes aim to limit thorough and comprehensive testing only to 

those substances where high hazards and risks can be expected whilst obtaining enough 

data to assess safety. They start with rapid and easy to perform tests. The great variety of 

nanomaterials makes it necessary to develop criteria for tiered testing and grouping / 

categorization of nanomaterials. One of the approaches for nanomaterials considers 

physicochemical properties of nanomaterials, exposure to MN and health effects in a tiered 

fashion, which is in keeping with the concept of problem formulation: the U.S.-Canadian 

Regulatory Cooperation Council (RCC) developed a nanoparticle screening assessment 

framework to allow tiered testing/waiving of testing for MNs for which there are potential oral, 

dermal, or inhalation exposures to workers (Regulatory Cooperation Council, 2013; in 

particular, consider Figure 2).  

ECHA together with JRC and RIVM has recently developed an approach on read-across 

between different nano-forms (ECHA, JRC, RIVM 2016). Other research groups have also 

developed such a framework for adverse health effects that incorporates physicochemical 

properties, in vitro screening, short-term inhalation testing, and exposure factors (Dekkers, et 

al, 2016; Klein, et al., 2012; Oomen et al, 2015; Arts et al 2014 and 2015; Bos et al, 2015; 

Graham et al, 2014; Landsiedel et al, 2014; Ma-Hock et al, 2013; Walser et  al., 2015; 
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Warheit, 2013; Gebel et al, 2014; Sayre and Warheit in OECD, 2016e). Whereas most 

proposals focus on human health risks, Hund-Rinke et al. (2015) published a test strategy 

with respect to environmental risks. RIVM recently published a report on grouping 

nanomaterials discussing which physico-chemical, toxicological and ecotoxicological 

characteristics of MNs may be critical for grouping, and recommending adequate testing 

schemes (Sellers et al., 2015), which was a main source for ECHA’s report. There is a need 

to differentiate between tiered schemes and waiving rules which are based on the intrinsic 

properties of the material tested only (which is more usual in the EU) and schemes which 

also take into account uses and the likelihood of releases from such uses (which is more 

common in the US). 

There are broader frameworks that have been developed for nanomaterial risk assessment 

and testing. For example, Oomen, et al (2014) suggested an integrated approach for tiered 

testing of MNs that covers most fate and effects endpoints, within the context of 

physicochemical properties.   

In addition, there are other risk assessment and testing frameworks that focus more on the 

effects of MNs once they are incorporated into a commercial product, as opposed to earlier 

life cycle stages of the MN: one example of this is the US Army Corps of Engineers’ 

framework that focuses more on ecological risks and testing needs that would result from 

release of a nanoparticle from an article such as cement or an artillery shell (Collier et al, 

2015). 

For all of these assessment models, it is important to understand what physicochemical 

properties drive effects and fate: some of the key properties are noted in the questions of the 

chapters above. However, those that would address both fate and effects endpoints, such as 

log Kow values which are pivotal for conventional chemical assessment estimations, are 

missing for nanomaterials. Some authors have suggested integrative measures that reflect 

mode of action (due to particle – environmental / biological component interaction), such as 

stickiness factors for use in both assessing the fate of nanomaterials and their ecological 

effects (Hendren, et al., 2015) or functional assays for measuring the surface reactivity of 

nanoparticles. 

There are many general risk assessment frameworks for human and ecological effects of 

nanomaterials. Most cannot be tested via an evaluation of specific case studies to judge their 

relative worth. However, such general frameworks are useful as organizing principles for 

more detailed risk assessment/read-across frameworks. Unless these general frameworks 

involve some unique aspects (such as the US Army Corps framework for release from a 

consumer article), the focus of the review should lie on general risk assessment frameworks 

that are applicable to the EU’s REACH legislation, in particular the approach of ECHA on 

grouping and read-across (ECHA, JRC, RIVM 2016). This proposal is reflected in Figure 2 

below. 

Beyond a review of ECHA’s approach on grouping and read-across, the focus should be on 

those frameworks that provide specific tiers, triggers, and test protocols to move through the 

decision process for each route of exposure to human and environmental receptors. Figure 2 

contains some more specific risk assessment and read-across frameworks that are the focus 

of this ProSafe review. Many of these were also identified in the OECD 2016 Brussels 

meeting on Read Across for Nanomaterials (OECD, 2016b).  

Another need in risk assessment is the ability to extrapolate from a limited set of effects data 

for a given receptor, to broader conclusions: assessment factors have been used in both the 

ecological and health context to extrapolate from species to species, and from short-term to 

longer term, etc. However, these assessment factors have been constructed based on data 
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for conventional chemicals. It is an open question as to whether these same factors will apply 

to nanomaterials since uncertainty is often regarded to be greater with nanomaterials. The 

OECD attempted to determine whether assessment factors for MNs could be developed for 

mammalian endpoints, but found that there was insufficient data to reach substantive 

conclusions (OECD, 2012a and OECD, 2013b).  

The questions for risk assessment schemes below should be addressed, keeping in mind the 

higher priority for review of those frameworks noted in Figure 2. Please note that there are 

specific risk assessment schemes for both human health and ecological risk assessment: in 

addition, other Task Force experts should be involved in the review of these schemes. 

General risk assessment frameworks 

Please examine the general Risk Assessment frameworks and approaches at the top of 

Figure 2, and consider the following: 

 Do you agree that the ECHA approach on grouping and read-across provides 

adequate overarching principles to be incorporated in other general schemes and 

to guide the development of the more specific Risk Assessment Schemes?  

 Would a structure that begins with an overarching general framework, followed by 

more specific frameworks, such as that illustrated in Figure 2 be useful? 

 Do the frameworks provided in Figure 2 represent those that would be considered 

the most reliable and relevant in a regulatory context at this time? If they are not, 

then what amendments do you recommend? 

 

 

Figure 2:  
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Tiered Risk Assessment Frameworks for Grouping, Intelligent Testing, and Read-across. The principal 
frameworks and approaches to both health and ecological risk assessment are shown, relative to their 
degree of elaboration and applicability. Those that apply to both health and ecological risks are toward 
the top, with more specific health and ecological frameworks toward the centre and lower portions of 
the diagram.  Where there are case studies available, or planned, they are also noted in the centre to 
lower portion of the diagram. The ProSafe Task Force will consider these principal 
frameworks/approaches, and accompanying case studies, as a focus. In particular, both the health, 
environmental fate, and environmental effects Task Force members will assist the risk assessment 
Task Force lead with the reviews. Additional frameworks and approaches not in the figure are included 
in the roadmap text.  

 

 

 What is the aim of the framework (prioritisation, full risk assessment, other)? Does 

the framework align with current regulations? 

 What are the pros and cons of the reviewed framework? 

 When/at which stage would the framework be applied (early in the innovation 

chain, before market approval, after application on the market)? Who are the 

(anticipated) users of the framework? Is the framework specific to a particular 

stage of the life cycle of a MN, such as with assessment of the risks due to 

manufacture of the MN, or does it address also the risks of MNs following their 

incorporation into a (consumer) product? 
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Specific risk assessment frameworks 

Please examine the specific Risk Assessment frameworks and approaches that are listed in 

Figure 2, and consider the following: 

 Does the framework or approach apply (only) to certain endpoints or does it 

incorporate all endpoints and pertain to the entire hazard or risk assessments? 

 Does the framework build on any already-established frameworks?   

 What are the pros and cons of the reviewed framework?  

 Does the framework contain elements, which may be incorporated in the read-

across proposal of ECHA or another general risk assessment framework?  

 OECD Aquatic Toxicity Guidance document (OECD, 2015d) and the decision 

trees on fate, proposed in the OECD Workshop on Ecotoxicology and 

Environmental Fate (OECD, 2014f) were designed in part to allow for prioritization 

in the testing of MNs by determining whether the given MN was likely to partition 

to the water column or sediments; Do you find these guidance documents useful 

for developing tiered testing and assessment schemes? 

 Does the research under review propose any new unifying factor approaches, 

such as that suggested for stickiness or surface reactivity? Are the data reliable 

and obtainable within a short timeframe using the new methods developed, and is 

the unifying factor relevant for regulatory application? 

 Is the assessment framework specific to a certain category of MNs? Or is it 

specific for health or environmental risks, respectively? 

 Is the method practical enough to be used in a regulatory risk assessment, with 

description of adequate and established tools and testing methods, and clear 

decision criteria oriented toward endpoints and receptors of regulatory interest for 

MNs? Does the method have a case study that illustrates its utility? 

 Does the framework provide clear and validated triggers for moving from tier to 

tier (or waiving of testing or exposure refinement respectively)? 

 Which physicochemical properties are key for the framework? 

 Are the test methods, such as physicochemical parameters that are used as 

driving components in the framework established and available?  

 Does the framework provide adequate descriptions or citations of the testing 

methods used to implement the framework (such as dissolution, dispersion, or 

other physicochemical parameter estimation methods; appropriate acute and 

chronic hazard tests, or short- and longer-term fate tests, etc.)? 

 Are the triggers from moving from one tier or step in the framework to the next tier 

or step (or the waiving of tests/steps in the framework) clearly described, such 

that they can be applied in a regulatory context? 

 Are there further methods, that have resulted from the ProSafe review of research 

that would provide additional test methods or modelling approaches that should 

be added to the existing Risk Assessment Frameworks, including the following: 

o Are there unifying dose metrics (or conversion algorithms) for linking in 

vivo and in vitro tests that would support such tiered testing schemes that 

include these two categories of tests? 

o Which functional assays may indicate certain hazard and fate 

characteristics of MNs and can be used in tiered schemes? 
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o Are there omics and/or in silico approaches that may help to target testing 

of MNs? 

 

General aspects of risk assessment of nanomaterials: 

 Do you agree with the conclusions of the OECD (OECD, 2012a and OECD, 

2013b) which indicate that there are insufficient data to establish MN-specific 

assessment factors (such as those that would be used to extrapolate from acute 

to chronic values or from one species to another) at this time? If you do not agree, 

then what data sets are currently adequate to derive nano-specific assessment 

factors? 

 

4. Additional Questions for Each Expert to Consider 

a) This ProSafe effort wishes to give you, as a recognized expert in your field(s), an open 

opportunity to provide additional comments. If you feel it helpful, we request that you also 

provide one to a few key evaluations using other criteria you feel should be addressed in 

the assessment of the topics under your area(s) of expertise (which have not been 

included in this document). If there are other limited key research findings not under 

review that you feel provide major insights into these additional evaluations, please place 

them in the context of their reliability and relevance. 

b) Please identify any key methodological or data gaps of high importance for regulatory 

applications, and provide brief insights into how these key gaps could be filled. 
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Annex 2 
Glossary of terms 

 

ADI Acceptable Daily Intake 

AF Assessment Factor 

AFM Atomic Force Microscope 

ALI Air-Liquid Interface 

ANUC Analytical Ultracentrifugation 

AOP Adverse Outcome Pathway 

ARA Applied Research Associates Inc. 

ATS Alternative Testing Strategy 

BAF Bioaccumulation Factor 

BAuA Federal Institute for Occupational Safety and Health (DE) 

BBB Blood-Brain Barrier 

BCF Bioconcentration Factor 

BET Brunauer Emmett and Teller (method) 

BfR Federal Institute for Risk Assessment (DE) 

BMD Benchmark Dose 

BMF Biomagnification Factor 

BPEI Branched Polyethylenimine 

C60 Fullerene 

CEC Cation Exchange Capacity 

CEN European Committee for Standardization 

CFE Colony Forming Efficiency 

CLP Classification Labelling and Packaging 

CNF Carbon Nanofibre 

CNS Cebtral Nervous System 

CNT  Carbon Nanotube 

CPC  Condensation Particle Counter 

CPH 1-Hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine 

CRM Confocal Raman Microspectroscopy 

CSF Cerebrospinal Fluid 

CTA Colony Transformation Assay 

DCF Dichlorofluorescein 

DCFH Dichlorodihydrofluorescein-diacetate 
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DCS Differential Centrifugal Sedimentation 

DG Direction Génerale (of EU Commission) 

DG  Distorted Grid 

DLS Dynamic Light Scattering 

DLVO  Deryaguin, Landau, Verwey and Overbeek (theory) 

DMA Dynamic Mechanical Analysis 

DMEM Dulbecco's Modified Eagle Medium  

DMPO  5,5-Dimethyl-Pyrroline N-Oxide 

DMPS  Differential mobility particle sizer 

DNA Desoxyribonucleic Acid 

DNEL Derived No Effect Level 

DOC Dissolved Organic Carbon 

DTT  Dithiothreitol 

EC European Commission 

Ec Conduction Band Energy 

ECETOC European Centre of Ecotoxicology and Toxicology of Chemicals 

ECHA European Chemicals Agency 

ECVAM European Centre for the Validation of Alternative Methods 

ECx Effect Concentration x% 

EDX Energy-dispersive X-ray Spectroscopy 

EELS Electron Energy Loss Spectroscopy 

EFM Environmental Flow Model 

EFSA European Food Safety Authority 

EHS Environmental Health and Safety 

ELISA Enzyme-linked Immunosorbent Assay (ELISA) 

ELPI  Electrical low pressure impactor 

EM  Electron Microscopy 

EMA European Medicines Agency 

EB Embryoid Body 

Empa Swiss Institute for Material Science and Technology 

ENM Engineered Nanomaterial. (Note that MN and ENM are synonyms) 

ENP Engineered Nanoparticle 

EPA  Environmental Protection Agency (USA) 

ESR Electron Spin Resonance  

EST Embryonic Stem Cell Test 
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ETH Eidgenössische Technische Hochschule (CH) 

EU European Union 

EURIMA European Insulation Manufacturers Association 

EUSES European Union System for the Evaluation of Substances 

FBS Fetal Bovine Serum  

FCM Food Contact Material 

FDA Food and Drug Administration (USA) 

FFF Field Flow Fractionation 

FIFRA Federal Insecticide, Fungicide and Rodenticide Act 

FMPS  Fast mobility particle sizer  

FP Fragmented Product 

FRAS Ferric-Reducing Ability of Serum 

GAARN  Group Assessing Already Registered Nanomaterials (at ECHA) 

GD Guidance Document (of OECD) 

GHS Globally Harmonised System 

GI Gastro-Intestinal 

GSD Geometric Standard Deviation 

HARN High Aspect Ratio Nanomaterials 

HCA High Content Analysis 

HEC Human Equivalent Concentration 

HIC Hydrophobic Interaction Chromatography 

HPRT Hypoxanthine-Guanine Phosphoribosyl Transferase  

HTS High Throughput Screening 

IARC International Agency for Research on Cancer 

IBM Ion Beam Microscopy 

ICP OES Inductive Coupled Plasma Optical Emission Spectroscopy 

ICRP International Commission on Radiological Protection 

ISDD In vitro Sedimentation, Diffusion and Dosimetry model 

ISO  International Standardisation Organisation 

IUPAC  International of Pure and Applied Chemistry 

JRC  Joint Research Centre 

LAL Limulus Amebocyte Lysate Endochrome Test 

LCA Life Cycle Assessment 

LDH Lactate Dehydrogenase 

LDSA Lung Deposited Surface Area 
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LOAEC Lowest Observed Adverse Effect Concentration 

LOAEL Lowest Observed Adverse Effect Level 

LOEC Lowest Observed Effect Concentration 

LPS  Lipopolysaccharide 

LSM Laser Scanning Microscopy 

MAD Mutual Acceptance of Data 

MALDI TOF Matrix Assisted Laser Desorption Analysis - Time of Flight 

MB Methylene Blue  

mES mouse Embryonic Stem 

MEM Minimum Essential Medium  

MFA Material Flow Model 

MMAD Mass Median Aerodynamic Diameter 

MN  Manufactured Nanomaterial 

MOA Mode of Action 

MPDD Multiple-Path Particle Dosimetry 

MSD Mass Size distribution 

MTD Maximum Tolerated Dose 

MTS  (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-Sulfophenyl)-

2H-tetrazolium) 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide  

MWCNT Multi-walled Carbon Nanotubes 

NAS National Academy of Sciences (USA) 

NC  Number concentration 

NCRP National Council on Radiation Protection and Measurements 

NIOSH National Instute of Occupational Safety and Health (USA) 

NM  Nanomaterial 

NMR Nuclear Magnetic Resonance Spectroscopy 

NMWG  Nanomaterial Working Group (at ECHA) 

NOAEC No Observed  Adverse Effect Concentration 

NOAEL No Observed Adverse Effect Level 

NOEC No Observed Effect Concentration 

NOM Natural Organic Matter 

NOTEL No Observed Transcriptomic Adverse Effect Level 

NP Nanoparticle 

NRU  Neutral Red Uptake Assay 
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NSAM  Nano surface aerosol monitor 

NSC NanoSafety Cluster 

NTA Nanoparticle Tracking Analysis 

nZVI nano Zero-Valent Iron 

OC Operational Conditions 

OECD Organisation for Economic Cooperation and Development 

OEL Occupational Exposure Limit Value 

OPS/C  Optical Particle Sizer/Counter 

PBT  Persistent Bioaccumulative and Toxic 

PCCS photon cross correlation spectroscopy 

PCR Polymerase Chain Reaction 

PE Plating Efficiency 

PEC Predicted Environmental Concentration 

PEG Polyethyleneglycol 

PI Propidium Iodide 

PIXE Proton-Induced X-ray Emission 

PLGA-PEG Polylactic-glycolic acid–polyethylene oxide copolymer 

PLST Poorly Soluble Particles of Low Toxicity 

PMN Premanufacture Notification 

PN  Particle Number 

PNEC Predicted No Effect Concentration 

PPE  Personal Protective Equipment 

PSD  Particle Size Distribution 

PVP Polyvinylpyrrolidone 

(Q)SAR (Quantitative) Structure Activity Relationship 

RBS  Rutherford Backscattering 

REACH Registration, Evaluation and Authorisation of Chemicals 

RGA Reporter Gene Assay 

RIVM National Institute for Public Health and the Environment (NL) 

ROS Reactive Oxygen Species 

RPMI1640 Roswell Park Memorial Institute medium 

RT-PCR Reverse Transcription-Polymerase Chain Reaction  

SAXS Small angle X-Ray Scattering 

SCCS Scientific Committee on Cosmetics Safety 

SEM Scanning Electron Microscopy 



 

 
ProSafe Deliverable 5.08 

Page 366 of 367 

SFP Sieved Fragmented Product 

SME Small and Medium Enterprise 

SMPS  Scanning mobility particle sizer 

SOD  Superoxide Dismutase 

SOP Standard Operating Procedure 

sp ICP MS single particle Inductive Coupled Plasma – Mass Spectrometry 

SPM Suspended Matter 

STEM Scanning Transmission Electron Microscopy 

STIS  Short-term Inhalation Studies 

STM Scanning Tunnelling Microscopy 

STP  Sewage Treatment Plant 

SWCNT Single-walled Carbon Nanotubes 

TA Tannic Acid  

TEER Transepithelial Electric Resistance 

TEM Transmission Electron Microscopy 

TG Test Guideline (of OECD) 

TGA Thermogravimetric Analysis 

TNF- Tumour Necrosis Factor- 

TSCA Toxic Substance Control Act 

UBA Federal Environment Agency (DE) 

UV Ultraviolet 

VCM Volumetric  Centrigugation Method 

vPvB very Persistent and very Bioaccumulative 

VSSA  Volume Specific Surface Area 

WFP Weathered Fragmented Product 

WHO World Health Organisation 

WIP Waste Incineration Plant 

WWTP Wastewater Treatment Plant 

XPRT Xanthine-Guanine Phosphoribosyl Transferase 

XPS X-ray Photoelectron Spectroscopy 

XRD Powder X-Ray Diffraction  

XRF X-ray Fluorescence Spectroscopy 

ZEBET Zentralstelle zur Erfassung und Bewertung von Ersatz- und 

Ergänzungsmethoden zum Tierversuch (at BfR, DE) 
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