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FOREWORD 

 

1. Guidance for the ecological toxicity testing of manufactured nanomaterials (MNs) 

was identified as a priority goal by the OECD's Working Party on Manufactured 

Nanomaterials (WPMN). On behalf of the WPMN, an expert meeting on 

ecotoxicology and environmental fate of manufactured nanomaterials (MNs) took 

place in January 2013 in Berlin. During the meeting attendees identified the need for 

development of an OECD Guidance Document (GD) for aquatic ecotoxicity testing 

of MNs. Toward that end, a Standard Project Submission Form (SPSF) was 

submitted to OECD and the WNT in November 2013. Following review by National 

Experts, the SPSF was revised and approved by the WPMN and the WNT-26 in 

April 2014.  

2. In February 2014, a coordination meeting focusing on the TGs/GDs in 

development on dispersion, stability and dissolution of MNs took place in Vienna, 

Austria and the experts engaged in discussion of whether these documents should 

primarily support this GD (on Aquatic and Sediment Toxicology Testing of 

Nanomaterials) or if they should first serve their own SPSF objectives.  The 

consensus decision was these documents should leverage, coordinate and reference 

one another to the degree practicable. In July 2014, an OECD workshop was 

specifically convened to consider issues in, and approaches to drafting this GD. The 

workshop was held at the U.S. Environmental Protection Agency (EPA) 

Headquarters in Washington D.C. and was attended by 23 experts from seven 

countries.  A follow up workshop to coordinate multiple TG and GD on MNs was 

held in Dessau, Germany in January 2015 also provided a foundation for the content 

in this GD.  Finally, discussions from the ProSafe meeting hosted at OECD 

Headquarters (Paris, France, November 2016), specifically the EcoEffects breakout 

group, were integrated into this guidance document.   (This section will be reviewed 

when the DG is finalised) 
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Glossary of Terms and Nomenclature used in the Guidance Document1 

agglomerate (ISO) Collection of weakly or loosely bound particles or aggregates or 

mixtures of the two in which the resulting external specific surface area is similar to the 

sum of the specific surface areas of the individual components 

aggregate (ISO)   Strongly bonded or fused particles where the resulting 

external specific surface area might be significantly smaller than the sum of calculated 

specific surface areas of individual components 

as received or as processed The instance of characterization that describes when a 

characterization has been performed on the nanomaterial in its native state after received 

from another lab or a manufacturer or synthesizing it  

dispersion A mixture of nanomaterials in a continuous phase of a different 

composition or state, i.e. water or sediment  

dissolution Disassociation of an originally solid solute into a solvent (usually 

referring to water herein) 

dissolution rate How quickly a solute dissolves into a solvent 

media (test media, biological test media) In general, refers to the standard water used 

for organism testing according to OECD Test Guidelines.  This water is: (a) formulated to 

meet test organism requirements; (b) it is used as the performance control; and (c) it is the 

water that the MN is dispersed (or spiked) into  

media (stock media) In general, the water into which the MN test material is initially 

dispersed into prior to spiking into the biological test media used in toxicity tested.  This 

water is often ultrapure water to increase the dispersion and stability of the MN  

nanomaterial (ISO) Material with any external dimension in the nanoscale or having 

internal structure or surface structure in the nanoscale; hereafter referred to as a 

manufactured nanomaterial (MN) 

nanotechnology (ISO) Application of scientific knowledge to manipulate and control 

matter in the nanoscale to make use of size- and structure-dependent properties and 

phenomena distinct from those associated with individual atoms or molecules or with 

bulk materials 

nanoscale (ISO)  Size range from approximately 1 nm to 100 nm 

primary particle The non-aggregated size of individual as-produced particles 

size (ISO) The physical dimensions of a particle determined by specified 

measurement conditions 

size distribution (ISO) Refers to a group of particles of differing sizes. When a 

group of particles are of differing sizes, they might be described by particle size 

distribution 

                                                      
1
 Terms and their attributions are from the NSF/RTI Nanomaterials Registry 

(https://www.nanomaterialregistry.org/resources/Glossary.aspx) accessed 5 Oct 2016. 
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solubility (ISO) The degree to which a material (the solute) can be dissolved in 

another material (the solvent) so that a single, homogeneous, temporally stable phase (a 

suspension down to the molecular level) results 

stability:  The measure of a MN dispersion that quantifies the rate of change of MN 

physico-chemical parameters (e.g., concentration, agglomeration, dissolution, or other 

selected characteristic). In the present GD an acceptable level of stability, typically 

deviating no more than ± 20% of the initial value is agreed. A deviation from ± 20% 

initial value should be evaluated with respect to the uncertainty of the analytical method 

used to evaluate the stability. The total mass concentration is the primary parameter to 

interpret in context with a ± 20% stability target.  However, other MN exposure metrics 

(e.g., the extent of agglomeration, dissolution, or change in other MN characteristics, zeta 

potential) in addition to total concentration may also be evaluated relative to the ± 20% 

variability target, where practicable. 

surface area (ISO) The quantity of accessible surface of a powdered sample when 

exposed to either gaseous or liquid adsorbate phase. Specific surface area is a 

fundamental characteristic of nanoparticles defined as the total particle surface area of a 

material per unit of mass. Surface area may also be a measure of exposure, defined as the 

total particle surface area per unit volume of liquid media or per unit mass of sediment.  

suspension A dispersion of a nanoparticles, aggregates, or agglomerates in liquid 

media 

test material the manufactured nanomaterial (MN), including formulation specific 

additions, including coating, dispersant, etc. 
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1.  Introduction 

3. The need for an OECD Guidance Document (GD) on aquatic ecotoxicity testing 

of manufactured nanomaterials (MNs) was identified during the ‘Expert Meeting on 

Environmental Fate and Ecotoxicology of Nanomaterials’ convened in January 2013 

in Berlin on behalf of the OECD Working Party on MNs (WPMN).  As a result, a 

Standard Project Submission Form (SPSF) was submitted to OECD and the 

Working Group of the National Coordinators for the Test Guidelines Programme 

(WNT) in November 2013. Following review by National Experts, the SPSF was 

revised and approved by the WPMN and the WNT-26 in April 2014.  

4. A workshop on aquatic toxicological testing of MNs was convened in July 2014 

to discuss a strategy for drafting the GD on Aquatic (and Sediment) Toxicological 

Testing of Nanomaterials. The workshop was held at the U.S. Environmental 

Protection Agency (EPA, Washington, D.C.) and was attended by 23 experts from 

seven countries. Meeting participants agreed that the format of the GD to be drafted 

should generally follow that of the document; “Guidance Document on Aquatic 

Toxicity Testing of Difficult Substances and Mixtures [OECD Series on Testing and 

Assessment, Number 23; ENV/JM/MONO(2000)6; currently under revision], but 

with significant modifications to specifically consider the hazard implications 

related to the particulate nature of MNs.  Research has shown that MNs (particles) 

have different biological fate (Luoma 2014, Ringwood 2010) and may follow 

different biological and cell uptake pathways (Garcia-Alonso et al., 2014, Wang et 

al., 2014) relative to dissolved substances.   

5. The need for such MN-specific hazard testing guidance is implicit from the 

handling of undissolved substances as described in ENV/JM/MONO(2000)6, which 

generally implies effects are best described by the dissolved fraction of the test 

substance.  ENV/JM/MONO(2000)6 generally suggests removal of settled or 

undissolved material from media prior to testing to eliminate the potential for solid-

phase effects on test organisms.  Minimization of effects from settled or undissolved 

material is also discussed in ECHA (2017a,b) and ECETOC (1996).  

ENV/JM/MONO(2000)6 outlines two exceptions: (1) when there is a specific 

regulatory requirement; or (2) where the test substance has an inherent tendency to 

form an aqueous dispersion or emulsion such as surfactants and detergents. Since 

testing of MNs inherently involves consideration of the effects of particulate, 

undissolved (or dissolving) materials in media, this GD addresses a current gap in 

the OECD guidance documents and TGs.      
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2.       Scope 

6. This document provides guidance for aquatic (including sediment) ecotoxicity 

testing of MNs for the purposes of determining their hazard. The definition of MNs 

as having one dimension between 1 and 100 nm is generally adopted.  However, the 

guidance provided here should also be relevant for colloidal materials (e.g., 1 to 

1000 nm) with primary or aggregate/agglomerate sizes greater than the range for 

MNs. The guidance focuses on freshwater aquatic and sediment toxicity test 

methods described by the OECD Guidelines and summarized in Table 1.  More 

specifically, this GD addresses practical aspects of carrying out valid tests with MNs 

including interpreting and reporting the results, and addresses the specific issues 

listed in Table 2. It also addresses modifications or additions to test guideline (TG) 

procedures needed to assure accurate, repeatable
2
 and reproducible

3
 results. As such, 

this GD considers initial characterization of test materials, preparation of test 

suspension, monitoring MN behaviour in the test suspension throughout the duration 

of the test, quantifying exposure and exposure-response. The guidance provided here 

focuses specifically on issues unique to testing MNs, and does not reiterate issues 

that apply equally, and are well recognized, for conventional (“non-nano”) 

substances (which also need to be considered when testing MNs). These include, but 

are not limited to, variation in exposure caused by the presence of test organisms, 

presence or absence of ligands such as natural organic matter or the use or 

interpretation of endpoints other than those that reflect population-level responses to 

exposure (e.g., physiological, genomics).  This GD does, however, consider the 

potential effects of undissolved particles and dynamic (i.e., changing) exposure 

conditions, including but not limited to release kinetics of MN dissolution (i.e., ion 

release from the particles) throughout the duration of the test.  While these factors 

are not traditionally directly considered in standard hazard testing, they are inherent 

issues requiring consideration that increase the variability in MN hazard testing.  

Thus, the goal of the guidance is to improve the reliability and consistency of MN 

toxicity data used for assessing environmental risk.  This GD is focused specifically 

on measurements of hazard using traditional population level endpoints including 

survival, growth, reproduction, etc., and does not provide guidance on making 

formal risk assessments.  

  

                                                      
2
 “variation in the values of measurements obtained when one operator uses the same gage for 

measuring identical characteristics of the same parts” ASTM F1469-11 

3
 variation in the average of measurements made by different operators using the same parts” 

ASTM F1469-11 
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7. This document is divided into the following five sections: 

1) Guidance for conducting preliminary assessments of MN stability in water; 

2) Development of test suspension preparation and exposure methods; 

3) General considerations on selection of exposure regimes; 

4) Characterization methods and sampling frequency of MNs in test suspensions 

for exposure quantification; and 

5) Calculating and reporting test results (specific to MNs
4
). 

8. Development of separate but interrelated MN-specific TGs and GDs was 

underway during the drafting of this GD. These GDs and TGs focus on testing to 

determine MN characteristics and behaviours and should be consulted for additional 

guidance on fate and toxicity testing of MNs. The flowchart in  Figure 1 provides 

context for how these other documents may be used in aquatic hazard testing of 

MNs.   

● Test Guideline on Dispersion Stability of Nanomaterials in Simulated 

Environmental Media (TG on dispersion stability); OECD TG No.318 

● Test Guideline on Dissolution Rate of MNs in Aquatic Environment (TG: 

Dissolution); currently undergoing ring testing 

● Guidance Document on Dispersion and Dissolution Behaviour of MNs in 

aquatic media (GD: Dispersion and Dissolution); currently in preparation 

  

                                                      
4
 Includes only additions to existing TGs needed for MNs.   

 Specific Limitations on Scope 

This GD reflects broadly-accepted ecotoxicological principles that have been 

applied to historically tested substances.  It is important to recognize, however, that 

MNs present novel scientific and technical issues that were not foreseen. MNs 

continue to be developed at a rapid rate and their use, either directly or in nano-

enabled products, is difficult to predict. In addition, MN analytical and 

characterization techniques and their availability continue to expand. For these reasons 

many aspects of the guidance provided here cannot be prescriptive and literature 

review, consideration of published standard methods, and consultation with analytical 

experts and regulatory authorities (where possible), on a case-by-case basis. Specific 

areas where the level of prescription is limited include selection of specific analytical 

approaches, frequency of sampling, numbers of samples and analytical replicates, or 

for imaging techniques, the number of images and measurements to be made. The GD 

describes approaches to developing media test suspension preparation methods.  

However, due to the diversity of MNs that may require testing, this GD offers 

flexibility, with allowance for case-specific final decisions on methodology.   
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Table 1. Relevant OECD Ecotoxicity Test Guidelines (TG) for which this Guidance Document applies
5
. 

Exposure 
type 

Organism 
Type 

Duration Species 
TG 
No. 

Title Comment 

Water Invertebrate Acute Daphnia spp. 202 Daphnia sp. Acute Immobilisation 

Test 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

Invertebrate Acute Chironomus spp. 235 Chironomus sp., Acute 

Immobilisation Test 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

Fish Acute Cyprinus carpio, Danio rerio, 

Lepomis macrochirus, Oncorhynchus 

mykiss, Oryzias latipes, Pimephales 

promelas, Poecilia reticulata 

203 Fish, Acute Toxicity Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

Fish Acute Danio rerio 236 Fish Embryo Acute Toxicity (FET) 

Test 
 Generally covered 

by this GD 

 Exposure 

monitoring 

                                                      
5
 Note that TGs may have been published subsequent to finalization of this GD. 
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(Section 5.2) 

Algae Chronic Anabaena flos-aquae, Desmodesmus 

subspicatus, Navicula pelliculosa, 

Pseudokirchneriella subcapitata, 

Synechococcus leopoliensis 

201 Freshwater Alga and Cyanobacteria, 

Growth Inhibition Test 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 TG specific 

considerations 

(Section 6.4) 
Plant Chronic Lemna sp. 221 Lemna sp. Growth Inhibition Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 TG specific 

considerations 

(Section 6.4) 
Plant Chronic Myriophyllum spicatum 238 Free Myriophyllum spicatum Toxicity 

Test 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

Invertebrate Chronic Daphnia magna 211 Daphnia magna Reproduction Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 
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consideration 

(Section 6.3.3) 

Fish Chronic D. rerio, O. mykiss, O. latipes, P. 

promelas, Danio, Oncorhynchus, 

Oryzias, Pimephales 

210 Fish, Early-life Stage Toxicity Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic C. carpio, D. rerio, O. mykiss, O. 

latipes, P. promelas, Cyprinus, Danio, 

Oncorhynchus, Oryzias, Pimephales 

212 Fish, Short-term Toxicity Test on 

Embryo and Sac-Fry Stages 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic D. rerio, O. mykiss, O. latipes, Danio, 

Oncorhynchus, Oryzias 
215 Fish, Juvenile Growth Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic Pimephales promelas 229 Fish Short Term Reproduction Assay  Generally covered 

by this GD 
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 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic O. latipes, D. rerio, P. promelas 230 21-day Fish Assay  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic O. latipes, D. rerio, Gasterosteus 

aculeatus, P. promelas 
234 Fish Sexual Development Test  Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Fish Chronic O. latipes 240 Medaka Extended One Generation 

Reproduction Test (MEOGRT) 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 
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(Section 6.3.3) 

Amphibian Chronic Xenopus laevis 231 Amphibian Metamorphosis Assay   Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

 Amphibian Chronic Xenopus laevis 241 The Larval Amphibian Growth and 

Development Assay (LAGDA) 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Invertebrate Chronic Potamopyrgus antipodarum & 

Lymnaea stagnalis 
242 
& 

243 

Potamopyrgus antipodarum 

Reproduction Test & Lymnaea 

stagnalis Reproduction Test 

 Feeding 

consideration 

(Section 6.3.3) 

 Agglomeration & 

settling effect 

exposure levels 

 TG specific 

considerations 

(Section 6.4) 

Sediment Plant Chronic Myriophyllum spicatum 239 Water-Sediment Myriophyllum 

spicatum Toxicity Test 
 Generally covered 

by this GD 
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 Exposure 

monitoring 

(Section 5.2) 

Invertebrate Chronic Lumbriculus variegatus 225 Sediment-Water Lumbriculus 

Toxicity Test Using Spiked Sediment 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Invertebrate Chronic Chironomus riparius, C. yoshimatsui, 

C. tentans 
218 Sediment-Water Chironomid Toxicity 

Using Spiked Sediment 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Invertebrate Chronic Chironomus riparius, C. yoshimatsui, 

C. tentans 
219 Sediment-Water Chironomid Toxicity 

Using Spiked Water 
 Generally covered 

by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Invertebrate Chronic Chironomus sp. 233 Sediment-Water Chironomid Life-

Cycle Toxicity Test Using Spiked 

 Generally covered 
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Water or Spiked Sediment by this GD 

 Exposure 

monitoring 

(Section 5.2) 

 Feeding 

consideration 

(Section 6.3.3) 

Note: The table indicates whether the method is for water-only or sediment testing, acute or chronic duration, and identifies the applicable test species. 
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Table 2. Characteristics and properties of MNs that contribute to testing difficulties 

Property Nature of Testing Difficulty 

Particle, fiber, or colloidal form 

(including 

agglomeration/sedimentation) 

● MN characterization (as-received and under test 

conditions) 

● Achieving, maintaining and measuring exposure 

conditions 

● Light attenuation/scatter 

● Chemical versus physical effects 

● Interaction with other particles (homo/hetero-

agglomeration) 

● Interaction with food particles 
Solubility (potential) of particles 
Dissolution (rate) of particles 

● Quantifying and characterizing dissolved and 

particulate MN exposure 

● Potential for multiple modes of action (i.e., from 

MNs and ions) 

Multi-component materials* (coating, 

functionalization) 

● Variation in MN characteristics and properties 

● Achieving, maintaining and measuring exposure 

conditions 

Toxic below MN analytical detection 

limits (e.g. particle size 

characterization) 

● Quantifying and characterizing exposure 

Oxidizable ● Toxicity of modified structures or breakdown 

products 

Subject to oxidation/transformation ● Achieving, maintaining and measuring exposure 

conditions 

● Toxicity of modified structures or transformation 

products 

● Changes may occur during storage of the MNs 

MN-specific transformation/bio-

degradability  

● Maintaining exposure conditions 

● Toxicity (decrease/increase) of breakdown 

products 

● Stability of pristine vs. transformed nano-scale 

particles 

Adsorption to container walls* ● Maintaining exposure concentrations 

● Test vessels (material type, shape, etc.) 

● Quantifying and characterizing exposure 

Complexation ● Distinguishing complexed and non-complexed 

fractions in test suspension 

● Depletion of nutrients in test suspension 

Light-absorbing/reflecting* ● Reduction of available photon energy (e.g. for 

plant growth) 

● Light attenuation 

Hydrophobic ● Maintaining exposure conditions 
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Ionised ● Distinguishing ionised and non-ionised fractions 

in media 

● Defining exact exposure concentrations 

Engineered/Natural ● Distinguishing naturally occurring nanomaterials 

from MNs added to complex environmental 

samples when determining the experimental 

exposure 

Photoactivated /toxicity ● Photon source, photon dosimetry, exposure 

metrics 

Note: The table focuses on issues specific to testing of MNs and does not cover all general issues to toxicity 

testing of traditional substances which are beyond the scope of this document. 
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Figure 1. Flowchart describing connection to other Manufactured Nanomaterial (MN) 

specific documents (Test Guidelines (TGs) and Guidance Documents (GDs)) 

 

Note: The black process boxes and solid black arrows describe the basic steps during testing.  The coloured 

rounded rectangles and dashed arrows indicate the MN-specific GD or TG that may inform each process. 

Determination of test type, species selection and testing duration decisions are beyond the scope of this GD 

and may be determined based on regional. 
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3.  Background 

9. Currently available OECD TGs for aquatic ecotoxicity testing address safety 

testing of chemicals in its broadest sense with respect to physical-chemical 

properties, effects on biotic systems (ecotoxicity), environmental fate (e.g., 

degradation and bioaccumulation), health effects (toxicity), and other areas such as 

pesticide residue chemistry and efficacy testing of biocides. These TGs are 

internationally accepted as standard methods for safety testing and provide the 

common basis for the mutual acceptance of test data. These TGs provide guidance 

for professionals working in industry, academia and government on the testing and 

assessment of chemical substances. The subset of TGs that address ecotoxicology 

testing are the OECD Guidelines for the Testing of Chemicals, Section 2: Effects on 

Biotic Systems.  OECD aquatic and sediment TGs are intended to be applicable to 

different types of chemicals (e.g., mono-constituent or multi-constituent substances, 

mixtures of chemicals, pesticide formulations, cosmetic products, etc.) but their 

applicability is designed primarily for soluble organic substances.  

10. The GD No. 23 (OECD, 2000) provides additional guidance for testing 

difficult-to-test substances and mixtures (defined in Table 2 of GD number 23) but 

does not specifically address MN-specific test difficulties and may exclude testing of 

particulate matter that is not soluble in the test medium. It has become clear over the 

last decade that MNs present significant challenges in ecotoxicity testing, 

particularly in regulatory testing where the accuracy and repeatability of test results 

are essential and the removal of the undissolved, particulate phase of the MN is 

counterintuitive. The WPMN, as part of its ongoing MN work (Rasmussen et al., 

2016), has addressed this issue by reviewing OECD TGs for their adequacy in 

testing MNs (OECD, 2009), generating interim guidance on test suspension and 

sample preparation for its Sponsorship Program (OECD, 2012), and sanctioning a 

workshop focused on development of guidance on aquatic and sediment testing 

(Petersen et al. 2015a).  The role of this document is to provide guidance for 

modifying existing OECD TG methods (Table 1) necessary to assure accurate, 

repeatable, and reproducible results when testing MNs (and possibly other 

particulate substances).   

3.1. Rationale for document 

11. Reviews of OECD harmonized (and other) guidelines have consistently 

concluded that those TGs are generally applicable to testing MNs if several 

inadequacies are addressed (Handy et al., 2012a,b, Kühnel and Nickel, 2014, 

Diamond et al., 2009, OECD, 2014a, 2009, Hansen et al., 2017, Brinch et al., 2016, 

Khan et al., 2017). These conclusions have been confirmed in technical, laboratory-

based tests and evaluations of specific TGs; e.g. OECD TG 210 (Shaw et al., 2016), 

OECD TG 201 (Bondarenko et al., 2016; includes several non-OECD tests), and 

OECD TG 201, 202, 210, 225 (Hund-Rinke et al., 2016, Cupi et al., 2015).  
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12. The inadequacies identified generally relate to the particulate (colloidal) 

and dynamic nature of MNs and the absence of guidance for consistently producing 

and sufficiently characterizing test suspensions. Requirements for measuring and 

providing MN-specific information including primary particle characteristics, 

agglomeration and settling behaviour, and transformation (e.g., dissolution of 

particles) are currently absent in TGs. In addition, the frequency of these 

measurements, their use in quantifying exposure-response relationships (e.g. 

EC/LC50 values, NOEC values, etc.) or use of other, particle-specific response 

metrics such as surface area or particle number (Hull et al., 2012) are unaddressed. 

Providing such guidance is complicated by the limited availability of protocols or 

methods that are applicable to a broad range of MNs and various test organisms, 

including different endpoints.  

13. For these reasons, adapting current TGs for a specific MN necessitates a 

step-wise approach beginning with assessment of existing knowledge followed by 

varying levels of developmental work; this process will be dependent on the specific 

MN to be tested and the TG used. These needs are addressed in this GD and may be 

applied to OECD aquatic and sediment TGs.  
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4.  Analytical and measurement techniques 

14. There are numerous techniques for measuring and quantifying the 

physical, chemical, and behavioural characteristics and properties of MNs. While 

some of these techniques are well-established and, in some cases, published as 

standardized methods with varying degrees of resolution and applicability (e.g. 

dynamic light scattering techniques: ISO 22412:2017; surface charge: ASTM 2018; 

particle size distribution: ASTM 2012), many remain experimental, needing further 

development, or are unattainable to many toxicity testing laboratories (Baalousha 

and Lead 2012, Baalousha et al. 2014). It should be recognized that the development 

and standardization of methods for MN quantification and characterization, as well 

as any consideration to reporting requirements (ENV/JM/MONO(2016)7), are 

proceeding rapidly, thus attempts to provide detailed descriptions of current methods 

would quickly become outdated.  In general, analytical methods must suit the tested 

MN and biological test system and therefore should be selected by the user on a 

case-specific basis.   

15. Analysis and measurement of test materials have two basic phases: 

1 Characterization of the material as produced (or received) prior to dispersion 

in water or mixing in sediment.  

2 Characterization of the test material after it is added to (A) ultrapure water 

used to make a stock; and/or (B) biological test media, including monitoring 

test material characteristics and behaviours periodically over the duration of 

the test.  

16. As with historically-tested substances, quantifying mass concentration of 

MNs in test suspensions over the duration of the test should be given priority over 

other exposure metrics (e.g. particle number, surface area, etc.), partially out of 

convention and convenience. While mass concentration has its limitations for 

understanding the state of the MNs, it is currently the most logistically feasible 

measurement for MNs during bioassay testing, is the only metric used in regulatory 

eco hazard assessment and is also the exposure metric most commonly included in 

literature reports.  However, other exposure metrics and calculation of exposure-

response values should be considered where feasible (e.g., agglomeration that would 

change nanomaterials into agglomerates larger than the nano-scale) to prevent 

testing and thereby minimise animal use; these supplemental metrics might prove 

informative where concentration-based metrics do not correlate well with test 

organism responses. Frequent sampling of test suspensions may be required due to 

MN agglomeration and settling from the water column resulting in significant 

variations of exposure levels (regardless of the metric used). This issue is discussed 

in depth in Section 5. .  In general, sampling frequency for characterization must be 

sufficiently robust to determine the actual exposure that the test organism 

experiences over the duration of the test to assure that exposure-response 

calculations accurately reflect toxicity endpoints. 
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4.1. Characterization of as-produced or as-received test material  

17. The as-produced or as-received test material may be a dry powder or a wet 

preparation.  Prior to addition of the test material to a working stock or biological 

test media, the test material should be analysed to measure (and to confirm 

information provided by the supplier) the elemental composition, purity, speciation 

(e.g., crystallinity), primary particle size and size distribution, morphology, 

agglomerate or aggregate size distribution, and other feasible surface properties, 

such as specific surface area, coating, functional groups, etc. For as-received, wet 

preparations, it is logical to determine the form of the main ingredient element (e.g., 

particulate versus dissolved for metals), and assess presence of stabilizing agents 

and other additives or impurities (Hull et al 2012) that may confound or alter the 

exposure, prior to testing.  All of this information is critical for identifying batch to 

batch variation and will provide the basis for comparative and predictive 

ecotoxicology of MNs. Robust characterization prior to toxicity testing is 

particularly important if the tested MN is to be spiked into complex biological test 

media, such as sediment, where characterization during the assay may not be 

feasible.  A minimal list of characteristics to be measured and methods for doing so 

are listed in Table 3; the recommended physicochemical characteristics in OECD 

TG 318 may be consulted. It must be recognized that additional characteristics and 

methods may be required in regulatory testing (ECHA, 2017) and that these will 

necessarily be identified and on a case-by-case basis.  

18. More detailed background information on characterization of MNs for 

biological testing is available in the OECD document “Physical-chemical properties 

of nanomaterials: Evaluation of methods applied in the OECD-WPMN testing 

programme” [ENV/JM/MONO(2016)7].   

4.2. Characterization of test material in stock and test suspensions  

19. Material dispersions (in either stock suspension or test media) should be 

monitored to confirm that they can be consistently prepared, including whether 

exposure vessels can be repeatably spiked to target concentrations (or other metrics). 

It is critical that the stability of test suspensions (other than stock suspensions) be 

evaluated in the test media and vessels that are to be used in ecotoxicology testing.  

While there is evidence that presence of test organisms alters particle behaviours in 

these assays, including the organisms in particle fate pre-tests is optional.  Excluding 

organisms in pre-tests accommodates acquisition of basic MN fate information and 

supports a reduction of animal use in testing (consideration may be given to 

minimizing the number of animals in pre-tests by also reduced replication).  

Obtaining an understanding of organism impacts on MN behaviours can be achieved 

later in bioassay testing through the monitoring procedures described below.   While 

total measurable concentration is the typical parameter used to determine “stability” 

for traditional (or soluble) substances, other kinetic processes (e.g., agglomeration, 

dissolution, etc.) should also be considered, characterized and reported to the extent 

practicable in MN hazard testing.  A deviation from ± 20% of the initial value 

should be evaluated with respect to the uncertainty of the analytical method used to 

evaluate the stability. Where variability exceeds measurement uncertainty, these 

levels of dispersions should be determined at frequencies sufficient for quantifying 

exposure using averaging, time-weighted averaging, or geometric mean approaches 

(Simpson et al., 2003; Kennedy et al., 2017). To allow more expeditious and 
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economical testing, primary focus should be given to measuring and monitoring 

mass concentration (total, and dissolved where applicable), with secondary focus 

given to monitoring agglomerate size. For example, the amount of characterization 

in complex biological test media such as sediments may be limited to mass 

concentration (or nominal only if the MN is carbonaceous); thus, it is critical to 

robustly characterize the as-received material as described in Section 4.1. The 

frequency of sampling, number of replicates per sampling point and the particular 

measurements (of both the stock suspension and test suspension) will be determined 

from preliminary stability studies described in Section 5.2. A minimal list of 

characteristics and material behaviours to be measured, including methodologies, are 

provided in Table 3.  

20. Additional measurements will be required where dissolution of the test 

material results in exposure of test organisms to both particle and dissolved forms of 

the material. This outcome has been well-documented for several metal and metal 

oxide MNs, e.g. nano-scale silver, copper oxide, and zinc oxide (Navarro et al, 2008; 

Felix et al., 2013; Ma et al., 2013, O’Rourke et al., 2015, Kalman et al., 2015, Khan 

et al., 2015), and requires separation of released ions and undissolved MNs by 

centrifugation, filtration, or dialysis followed by analysis of concentrations of both 

components and determination of particle size (Liu and Hurt, 2010, Kennedy et al., 

2014, Kennedy et al., 2015). Further, an OECD TG (Guideline for Determining the 

Dissolution Rate of Metal Nanomaterials in Aquatic Media) is under development 

(Section 2; Figure 1).  In addition to metals, the dissolution of organics may be 

considered, where applicable. As with other characterization needs, the frequency of 

sampling, separation, and analyses of dissolved and particulate forms will be based 

on results of preliminary stability studies described in Section 5.2. 
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Table 3. Generalized MN characterization considerations and methods for (A) as-produced or as received test material and (B) test 

material in stock suspensions and test suspensions. 

Table A. As-produced or As-received Test Material 

Characteristic or 

Property 

Applicable Analytical 

Method(s) 

Guidance for Use 

Elemental composition and 

concentration 

Applicable method is material 

dependent. Relevant methods include the 

following: 
Mass spectrometry 

Atomic absorption spectroscopy 

Absorbance/fluorescence spectroscopy 

Electron microscopy (with EDS for 

elemental identification) 

  

Collect and analyse a sufficient number of samples to determine the presence and concentration 

(where appropriate) of test material, confirm values provided by material supplier, and confirm 

consistency among different batches of test material.  
Selection of preparation techniques, numbers of samples and replicates, numbers of images to 

collect (for microscopic analysis techniques) and analysis will be determined on a test material 

case-by-case basis. In general, more heterogeneous or complex materials will require a greater 

number of samples, images, and analyses. Size should be determined using at least two different 

analytical methods. References that provide guidance on making sample size and analysis 

decisions are listed below. Additional guidance should be sought from analytical experts, 

regulatory authorities, and standards organizations, and the scientific literature.   

Particle morphology Electron microscopy 
Atomic force microscopy 

Same as for Elemental composition and concentration row 

Particle size  
(including primary particles, 

agglomerates, and size 

distributions) 

Differential mobility analysis 
Particle tracking 

Dynamic light scattering 

Electron microscopy 

Atomic force microscopy 

Centrifugal liquid sedimentation  

Single particle inductively coupled 

plasma-mass spectrometry3 

Asymmetric flow field flow 

fractionation 

Same as for Elemental composition and concentration row 

Particle specific surface area Gas absorption (dry samples) 
Dye absorption (wet samples)  

Surface area may be directly measured for primary particles or agglomerates, or calculated from 

primary particle characteristics (Hull et al., 2012, Mottier et al., 2016), contingent on feasibility. 

Note: It is not practical to provide greater specificity since MN characterization methods and reporting requirements are developing rapidly and this table would 

quickly become outdated. 
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Table B. Test Material in Stock Suspension and Test Suspension   

 

Characteristic or 

Property 

Applicable Analytical Method(s) Guidance for Use 

Mass concentration of test 

material (may include particle 

and dissolved forms) 

Mass spectrometry 
Atomic absorption spectroscopy 

Absorbance/fluorescence spectroscopy 

Inductively-coupled plasma-mass 

spectrometry 

Collect and analyse samples sufficient for quantifying mass concentration of test 

material. Frequency and number of samples will be based on preliminary stability and 

dissolution studies (see Section 5.2).  

Separation techniques where 

particles and dissolved forms 

are present 

Dialysis 
Ultra-centrifugation*

6
 

Filtration / ultra-filtration 

Same as for Mass concentration of test material row 

Particle size  
(including primary particles, 

agglomerates, and size 

distributions) 

  

Differential mobility analysis 
Particle tracking 

Dynamic light scattering 

Electron microscopy 

Atomic force microscopy 

Centrifugal liquid sedimentation 

Single-particle inductively-coupled 

plasma-mass spectrometry
3
 

Electron microscopy 

Atomic force microscopy 

Selection of a specific method will be dependent on the material to be tested. The 

number of samples processed will be based on analytical needs.  The accuracy and 

precision of the measurements should be determined from lab and/or matrix spiking 

utilizing well-characterized reference materials and the values reported. 
May be required where material interaction with biological test media results in 

alteration of as-delivered morphology and where particle morphology suggests a 

specific mode of action. 

At least two complementary methods should be used to determine size. A Standard 

Reference Material (SRM) or other traceable, well characterized reference standard 

should be used to evaluate the method accuracy and precision.   

Note: It is not practical to provide greater specificity since MN characterization methods and reporting requirements are developing rapidly and this table would 

quickly become outdated. 

    

                                                      
6
  Method employed by OECD Test Guideline under development (Guideline for Determining the Dissolution Rate of Metal Nanomaterials in 

Aquatic Media). 
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5.  Test suspension preparation 

21. Modifications to test media preparation and/or monitoring described in 

TGs may be required where exposure concentrations vary during the testing period. 

OECD TGs indicate that modification of test design should be considered where a 

test substance concentration varies by 20% or more, relative to the initial 

concentration, during the test or suspension renewal period (Petersen et al., 2015a). 

While mass concentration is the primary exposure metric for MNs (due, in part, to 

limitations in characterization methods or logistical considerations), variability in 

other exposure metrics (e.g., surface area concentration, particle number, particle or 

agglomerate size, etc.) may be important in testing MNs and should be reported 

whenever possible. It should be noted that some changes to the test substance mass 

concentration are MN or particle specific (e.g., dissolution or a decrease in the 

aqueous-phase concentration from agglomeration and settling), while other 

mechanisms that may decrease the concentration (e.g., adsorption to tubing or the 

sidewalls of containers) are not MN specific. Modifications to address exposure 

variability include increasing the frequency of test suspension renewal, introducing 

stabilizing substances, or measuring substance concentrations (or other 

characteristics) at intervals sufficient to fully quantify exposure (e.g. using 

geometric means or time-weighted averaging) for use in estimating exposure-

response values. An improved understanding of the stability of the test substance 

and consistency of exposure under the test conditions should therefore be obtained 

before commencing the test. A preliminary assessment of substance stability in the 

test system will provide the basis for consistent testing, reduce the probability of 

failed or inconclusive tests, and inform the necessary frequency of MN 

characterization monitoring and thus reduce costs and the number of animals used. 

Information on needed modifications to test suspension preparation can be obtained 

from 1) review of existing data on the physical and chemical properties and 

behaviours of the MN and; 2) results from preliminary stability studies performed 

under the anticipated assay conditions (e.g., using test suspensions, exposure 

vessels, and renewal strategies relevant to the specific TG).  

22. The approaches for preparing test suspensions described here are intended 

as general guidance. The specific testing and regulatory goals should be considered 

as some of the methods may be unacceptable to the pertinent authorities.  

Frameworks are described for evaluating MNs with different dispersion and 

dissolution behaviours (Kennedy et al., 2017) and for evaluating the validity of 

aquatic nanotoxicology data for regulatory use (Hartmann et al., 2017). A large 

emphasis on meeting data acceptability criteria for regulatory use should be integral 

to future MN ecotoxicology efforts.   
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5.1. Review of existing information on the test material  

23. Information relating to physical/chemical properties, fate, transport and 

environmental toxicity of a test substance will be informative in selecting a test 

media, preparation method and test system that will minimize exposure variation or 

provide for adequate exposure monitoring. However, given the broad and expanding 

range of MNs being developed, it is unlikely that detailed fate, transport, or test 

suspension preparation (or other test methods) specific to the MN to be tested will 

be available (Petersen et al., 2015a, Callaghan and MacCormack, 2017). Where such 

information is available (e.g. Tantra et al., 2015, Martin et al., 2017), its direct 

applicability to the material to be tested should be carefully evaluated; minor 

differences in MN production method, use of stabilizing agents, coatings, and 

functionalization, and storage and handling can significantly alter material behaviour 

in test systems (Kittler et al., 2010, Kennedy et al., 2012, Gorham et al., 2014, 

Afshinnia et al., 2017, Ortelli et al., 2017). It is also likely that the available 

information and data were acquired under test conditions (test media, dispersion 

method, physical conditions, etc.) significantly different than those to be used with 

the selected TG. For these reasons, the applicability of existing methods should be 

confirmed, and preliminary testing should be commensurate with the apparent 

comparability of the materials to be tested and the specific TGs to be used. It is 

suggested that dispersion methods described in OECD TG No. 318 be investigated 

as a starting point for test suspension preparation (with the recognition that the 

methods described therein are not specific to hazard testing).  

5.2. Preliminary suspension stability assessments 

24. The overall objectives in preparing test suspensions are to achieve 

exposures that can be accurately quantified over the duration of the test, to minimize 

changes in the suspended concentration during the assay, and to improve test 

reproducibility.  A series of interrelated flowcharts and diagrams is included to 

provide overarching guidance on selection of methods and approaches for preparing 

and monitoring stock and exposure vessel suspensions. These interrelated figures 

include: 

o Figure 2: An overarching flowchart that outlines potential test method 

decisions based on dispersion stability 

o Figure 3: An overview flowchart outlining approaches to dosing exposure 

vessels 

o Figure 4: A detailed diagram of the spiking approaches in Figure 3. 

o Figure 5: A flowchart outlining stock suspension preparation and assessment 

of its stability for repeated use 

o Figure 6: A  flowchart outlining approaches for assessing stability of 

exposure vessel suspensions 

25. The text to follow describes the general concepts and application of the 

decisions in the flowcharts. 
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Figure.2. Overarching flowchart for selecting methods for preparing suspensions of MNs to 

be tested. 

A stability assessment is recommended for each individual exposure concentration.  

 

Note: The content is not intended to be prescriptive and is provided as general guidance.  Additional method 

selection information can be found in Kennedy et al (2017).  
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Figure.3. Flowchart to inform decisions on how to prepare MN stock suspensions and spike 

MNs into test media 

The content is not intended to be prescriptive and is provided as an example of a method selection process.  

See also Figure 4. 
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Figure.4. Examples of methods for spiking Manufactured Nanomaterials into test exposure vessels.

 

Note: The content is not intended to be prescriptive and is provided as an example of a method selection process.  The need for equilibration time prior to test 

organism addition should be determined on a case-by-case basis. 
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Figure 5. Flow chart to inform development and testing of stock suspensions to be used in 

preparing test suspensions 
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Figure 6. Flow chart for determining test suspension stability 

 

Note: Also refer to Kennedy et al. (2017). 
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26. The preliminary assessment of stability, as it is defined in the glossary, 

may have four different outcomes:  

1) sufficient MN stability in test suspension: e.g., MN is dispersible and is 

sufficiently stable (as defined below) after addition to the test media;  

2) test suspension preparation methods can be developed to achieve 

acceptable stability (see Figure 3, Figure 4, Figure 5, Figure 6);  

3) MNs are not stable in suspension but exposure can be adequately 

quantified by measurement and monitoring at different time points during 

the bioassay to calculate exposure-response relationships using time-

weighted or other averaging techniques (see Figure 2, Figure 5, Figure 6);  

4) Settling rates of MNs are sufficiently high to make water-column 

exposures and sampling impractical. The relevance of water-column 

versus sediment testing should be evaluated based on the needs and goals 

of the assessment (see Figure 2).  

27. Where settling rates are high (Scenario 3 above), it will be necessary 

employ an exposure monitoring schedule sufficient to quantify changing exposure 

concentrations (Figure 6). Generation of such data may be used to more robustly 

characterize and describe the exposure, using time-weighted averaging or other 

techniques (Simpson et al. 2003, Petersen et al., 2015a; Kennedy et al., 2017). Some 

MNs may not be dispersible or may immediately settle from suspension (Scenario 4 

described above) despite intervention (e.g., sonication, test media adjustments, 

turbulence, etc.).  In such cases, the appropriateness and feasibility of water column 

testing versus sediment testing may be considered. It is important to note that limited 

stability as a result of rapid agglomeration or an inability to disperse the NM in the 

test media cannot be equated with “no exposure” because exposure to sediment 

organisms can still occur. Figure 2 provides a conceptual (non-binding) flow 

diagram of a possible decision-making process. It should be recognized that 

dispersion stability may refer to material characteristics, properties, or behaviours 

other than, or in addition to, mass concentration; these include agglomeration and/or 

dissolution. For MNs that can dissolve, the kinetics of dissolution (ion desorption or 

release from particles in suspension) should be considered to account for organism 

exposures to released MN constituents.  An OECD TG on dissolution kinetics is 

under development may be used for such measurement (Figure 1). Selection of 

specific target characteristics will depend on the MN to be tested, the TGs to be 

used, and specific testing objectives.  

5.3. Dispersion methods (for both stock and exposure-vessel suspensions) 

28. Where possible, methods for preparing dispersions described in MN-

specific TGs (Figure 1), for example those in Sections 1.  and 3. , should be used in 

toxicity testing. In addition, several recent efforts have been made to harmonize 

dispersion protocols for biological testing of MNs (Taurozzi et al. 2011, 2013); 

Hartmann et al., 2015; DeLoid et al., 2017). If stock suspensions are to be used 

repeatedly, sufficient characterization is needed to identify acceptable ranges for 

particle size, stock suspension concentration, etc., to assure consistency among 

spiking events (Coleman et al., 2015).  Key considerations specific to test media 

preparation for tests are as follows: 
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29. Preparation water: the water used to prepare test suspensions may be 

ultrapure water (18 Ohms resistivity), reverse osmosis water, or deionized water 

(filtration to remove particle impurities may or may not be necessary depending on 

source).  Such water should be used rather than test media to optimize dispersion 

potential while decreasing ROS generation (Deloid et al., 2017).  In cases where it is 

most feasible to disperse MNs directly into the test media (see Figure 3 and Figure 

4), the potential for ROS generation and persistence should be considered.  The 

method selected for dispersing and spiking MN into test media should be robustly 

described and reported.  

30. The method for introducing MNs to water will be case-specific but may 

include the following: 

a) pre-wetting prior to adding to stock or exposure vessel media 

b) as powder, paste, drop-wise, monitoring the rate of pouring or addition 

c) with continuous stirring or agitation  

d) mixing period prior to introducing higher dispersion energy (if needed) 

31. The method used to disperse MNs should be optimized to use the lowest 

energy that achieves the smallest possible agglomerate size, narrowest distribution 

and acceptable stability.  Methods that do not directly involve probe contact with the 

sample (e.g., bath sonication, cup-horn sonication, agitation, stirring, rolling, 

vortexing) are desirable as they may use lower energy and reduce cross 

contamination potential.  Cup-horn methods allow dispersion at higher energy 

relative to bath sonication but still do not directly contact the sample.  Specific 

guidance on sonication methods is beyond the scope of this GD and is described 

elsewhere (e.g., cited references below).  The amount of energy applied should be 

reported to allow for replication and comparison (Taurozzi et al., 2011; Deloid et al., 

2017).  It is helpful to perform both size analysis and measure the dissolved fraction 

before and after sonication since this process can accelerate dissolution rate.  The 

use of sonication should not alter the test material or medium. Further guidance 

should be consulted, such as references listed below. 

a) Bath sonication (Taurozzi et al., 2011, Wu et al., 2014, Crane et al., 2008, 

Hartmann et al., 2015) 

b) Cup-horn sonication (IUTA, 2014) 

c) Probe sonication; may yield more reproducible dispersion for some 

particles (Taurozzi et al., 2011, Wu et al., 2014, Crane et al., 2008, Handy 

et al., 2012a, Hartmann et al., 2015) 

d) The following conditions during dispersion should also be considered: 

i. The use of an ice bath to cool test media which can decrease the 

rate of NM transformation/degradation by sonication processes 

ii. Temporal monitoring for temperature, pH, dissolution, energy 

application, dispersion properties 

iii. Determination of necessary energy allocation and dispersion time 

requirements to acquire minimum agglomerate size or particle 

size distribution stability (see Figure 7 for an example of an 

assessment of required sonication time and energy). 
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Figure 7. Example of the determination of sonication duration and energy to achieve 

maximal dispersion of MNs in test media. 

 
 

Note: “The average hydrodynamic diameter of TiO2 (H) in 0.005 M Na4P2O7 as a function of probe 

sonication time. Inset shows particle size distributions of TiO2 (H) in 0.005 M Na4P2O7 after 5-min bath 

sonication and 10-min probe sonication” (Jiang et al., 2009). 

Source: Jiang, J., Oberdörster, G. & Biswas, P. J Nanopart Res (2009) 11: 77. https://doi.org/10.1007/s11051-

008-9446-4.  

32. Media manipulation, addition of stabilizing substances – It is well 

known that manipulating aqueous media (e.g., pH-modifications, ionic strength 

manipulations) can influence the stability of MNs.  Since the ecotoxicity TGs use 

standard test media, modification of those media may not be desirable when 

comparing to historical toxicity databases.  When test media properties are to be 

manipulated to enhance MN stability, it is recommended that pH modification be 

given preference over ionic strength adjustments (Petersen et al., 2015a; Kennedy et 

al., 2017).  The pH may be adjusted at least 2.0 units from the isoelectric point of the 

test material, providing that pH remains within the biologically acceptable range 

(e.g., 6.5 – 9.0), using an acid (HCl) or base (NaOH).  Ionic strength reductions can 

be achieved by dilution with ultrapure water or prepared with alternative salts to 

increase dispersion stability (divalent ions reduce the stability of electrostatically 

stabilized MNs more than monovalent ions at the same molarity; Huynh and Chen, 

2011). The literature should be reviewed to determine pH and ionic strength 

tolerance ranges for the selected test species. It is also recommended that control and 

reference toxicant tests be performed to determine if test organism health or stressor 

response is compromised by media modifications.  It is desirable to use a reference 

toxicant with a comparable mechanism of toxicity to the focus MN (e.g., use AgNO3 

as the reference toxicant when testing silver nanoparticles). Manipulation of test 

method and determining acceptability based on organism sensitivity was previously 

demonstrated (Kennedy et al., 2017). 

33. It is preferred that the addition of stabilizing substances be avoided since 

they may substantially alter the organism exposure to and hazard from the 

unmodified MNs (Kennedy et al., 2012; Jung et al., 2015; Gao et al., 2012). It may 

be acceptable on a case-by-case basis to use natural organic matter (NOM), 
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specifically dissolved organic matter (DOM), as a stabilizing substance in test media 

where site-specific environmental relevance is sought, or when there is a strong 

desire to stabilize the test material (Tejamaya et al., 2012). However, this should be 

discussed with stakeholders and clearly disclosed in reporting.  The minimum 

concentration of DOM that will achieve the desired stability should be determined 

during test suspension development. If DOM is used to test MNs that can dissolve, it 

is important to consider ligand and other interactions that might affect the toxicity of 

dissolved species. For example, when the Ag+ ion released from nano-scale silver 

interacts with DOM, its bioavailability and toxicity are altered (Kennedy et al., 

2012, Fabrega et al., 2009).  If DOM is used to stabilize a MN, an additional test 

without DOM should be conducted to address potential for reduction of ion toxicity 

and the more conservative hazard value from the two tests should be reported.  

Selection of necessary controls (e.g., DOM-only; absence of MN) should also be 

conducted to understand the impacts of the stabilizing agent on the test organism 

(Table 4). The usage of DOM may also increase the variability in the test results 

among laboratories if different types of DOM are used.  This is discussed in more 

detail in Section 6.  Conduct of the test. 

34. A note on additives in as-delivered test materials - The presence of 

additives in the as-delivered MN formulation may impact the toxicity of the MN.  

When the testing objective is to determine the hazard of the whole formulation it 

may be most relevant to simply test a dilution series of the whole formulation in 

toxicity bioassays.  Alternatively, when the objective is to understand the hazard of 

the MN alone it may be desirable to standardize the concentration of secondary 

substances in all target treatment levels, when this information is known. This may 

require addition of these substances in proportion to the test dilution series.  When 

these secondary substances are present in assays, it is recommended that their 

potential effects on test organisms be confirmed (discussed in detail in Section 6.  

Conduct of the test). It is necessary to test the secondary substances alone and the 

ingredient MN alone to determine their individual hazard.   

5.4. Preparation of exposure vessel suspensions 

35. Exposure vessel suspensions may be prepared by direct addition and 

dispersion of MN in exposure-vessel media, or by dosing exposure vessels using a 

stock suspension. The approach to be used is largely dependent on the stability of 

the test MN suspensions determined in pre-tests. Possible options for test suspension 

preparation are described below and in Figure 3.  

1) Option 1: If a MN is relatively stable in water, a stock suspension of test MN 

in ultrapure water (or test media if more practical) may be prepared and used 

via Option 1 scenarios. When test suspension renewals are needed, the 

feasibility of storing and reusing stock suspension should be considered.  If 

the stock suspension characteristics vary more than desired during storage: 

A. Option 1A: A stock suspension may be generated and used to 

spike the highest exposure concentration followed by a serial dilution (to 

create subsequent concentrations) if the MN is stable enough in test 

media for consistent mixing while diluting and dosing exposure vessels.  

This methodology is illustrated in Figure 4. 
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B. Option 1B: A stock suspension may be generated and used to 

spike each individual concentration if the MN is not stable enough for 

consistent mixing during vessel dosing.  This methodology is illustrated 

in Figure 4. 

The stability of the stock suspension should be evaluated if it is to be used for 

media renewal during the test. 

i) The original stock suspension may be reused if the MN dispersion 

can be successfully restored (e.g. based on concentration, agglomerate 

size, dissolved content, or other measured characteristics) through 

application of energy (e.g. stirring, agitation, sonication, etc.).   The 

bounds of acceptability for restoring the stock suspension are to be 

defined on a case-specific basis. 

ii) The original stock suspension may not be reused if there is 

potential for irreversible MN transformation (e.g., coating disruption, 

altered agglomeration, dissolution, etc.) during storage and / or from 

application of additional energy. In these cases, new stock suspensions 

should be generated for each renewal (and characterized and reported to 

confirm consistency with previous stock suspensions). 

2) Option 2: If a MN cannot be dispersed in a stock suspension (either in 

ultrapure water or test media), it may be practical to add the as-received MN 

(e.g., powder) directly to the exposure media for each test concentration or 

test vessel.  This approach may be needed when simple volumetric addition or 

dilution of the stock suspension into the test media causes significant changes 

in MN characteristics or where serial dilution yields non-homogeneous 

dispersions (e.g. for lower-stability materials).   This methodology is 

illustrated in Figure 4. 

3) Option 3: For MN that are unstable (or perhaps not dispersible) in stocks, the 

relevance and validity of water-only toxicity testing should be examined.  If 

required, a supplemental approach may be applicable where a relatively small 

portion of the added MN (potentially including dissolved ions) remains in 

suspension, relative to a larger fraction that settles from the test media. In this 

case, it may be desirable to determine the toxicity of the fraction that remains 

suspended by generating suspensions followed by a settling period and 

collection of the water-column suspension (excluding settled material). The 

particle size distribution and concentration of the MN that remain in the water 

must be re-characterized using methods in Section 4.  as concentrations of this 

new exposure or stock solution.  

If water-only toxicity testing of poorly dispersible MN is required, to best 

understand the hazard of lower stability MN, the following conditions can be 

tested: 

i. hazard testing of whole MN sample (suspended particles, settled 

particles, and dissolved fraction): this is accomplished by spiking MN 

into each individual biological test media concentration (since serial 

dilution would be inconsistent) and testing the hazard with thorough 

monitoring of suspended particle and dissolved concentrations. 
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ii. hazard testing of suspended sample (suspended particles, dissolved 

fraction): this is accomplished by testing the supernatant of the 

particles after a prescribed settling period determined from pre-tests, 

after which point the supernatant is removed and tested and the settled 

material is discarded. 

iii. hazard testing of the dissolved fraction only: this is accomplished by 

removing any undissolved particulate material using appropriate 

ultracentrifugation or ultrafiltration techniques and testing the hazard 

of the supernatant (or filtrate).   

It is also important to recognize that sediment toxicity testing is relevant for 

rapidly settling MNs (see Section 6.1).    

36. It is expected that suspension method development will begin with 

evaluation of material stability in ultra-pure water for the purpose of generating a 

stock suspension that can be used throughout the duration of the test (Figure 5). 

Ultra-pure water is used to maximize the potential for relatively stable stock 

suspensions. The tested stock suspension is then diluted in test media at target 

concentrations, followed by monitoring of test suspension characteristics at each 

exposure concentration over the duration of the test or at renewal periods within the 

exposure vessels. It may be determined for some MNs that a relatively unstable 

stock suspension can be used to spike exposure vessels if dosing proceeds rapidly or 

with continuous energy (e.g., sonication, stirring) applied to the stock suspension to 

maintain it; this scenario might occur where dilution of an unstable suspension 

results in satisfactory levels of stability at assay concentrations and/or when 

individual concentrations are low and it is not feasible to accurately weigh powder. 

This outcome will be more likely at lower MN concentrations since lower MN 

concentrations agglomerate more slowly. Given the well-documented variability in 

behaviour of MNs in aquatic media, and the diversity of test media used, it is not 

possible to define specific methods for generating a dispersion of all MNs in all test 

media at all exposure concentrations (Callaghan and MacCormack, 2017). And 

while general methods for optimizing MN dispersion for ecotoxicological tests have 

been discussed by Hartmann et al. (2015), there remains a need for preliminary 

stability studies; these are outlined in Figure 5 . It must be recognized that rapid MN 

settling may result in test periods where there is no exposure, resulting in the 

potential for significantly underestimating toxicity of the tested MN. Overall, it is 

critical to quantify the exposure concentration because reporting only the nominal 

concentration limits the validity of this data for use in a regulatory context. 

5.5. Monitoring test suspension stability 

5.5.1. Stability of stock suspension 

37. Prior to toxicity testing, the stability of the stock suspension should be 

tested over a period of time equivalent to its expected use in tests to determine its 

shelf life (Figure 5).  Stability determination should include suspended 

concentration, agglomerate size, and dissolution (fraction of total concentration in 

the dissolved form). Other stability considerations may include coating 

stability/integrity and modifications to surface chemistry, where possible; however, 

methods and capabilities for making these measurements may be limited or 

unavailable. At a minimum, stability should be sufficient to allow for dosing of all 
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test vessels without a significant change in stock suspension concentration, 

agglomeration and dissolved fraction (and possibly other characteristics). Stability 

testing should demonstrate that this objective can be met under test conditions for 

preparation of all test concentrations. If the stock suspension will be used for several 

renewals over the duration of the test, its stability (or potential for resuspension) 

should be confirmed at each renewal time. If exposure suspension renewals are 

required, the stock suspension should also be characterized at the time of each use.  

If these stock suspension characteristics cannot be restored, a fresh stock suspension 

should be prepared prior to spiking exposure vessels; the characteristics of the fresh 

stock suspension characteristic must be comparable to any previous stock 

suspension used in the test.  Characterization of each stock suspension used 

(whether resuspended or freshly prepared) should be clearly reported. 

5.5.2. Stability of exposure vessel suspensions  

38. A major objective of this GD is to improve quantification of MN 

exposures during tests; this may require more frequent sampling and analysis 

depending on settling rates determined at each exposure concentration during 

preliminary dispersion stability studies (Figure 6).  General guidance on 

summarizing exposure information over the course of the toxicity test is as follows:  

 Where suspended concentration (or other metrics) vary < 20%, it may be 

sufficient to use initial values, or preferably arithmetic averages of initial and 

final values.  

 Where variability in suspended concentration (or other metrics) is in excess of 

20%, exposure should be quantified using geometric or time-weighted averages 

of frequent exposure measurement (Petersen et al., 2015a; Kennedy et al., 2017). 

The frequency of these measurements can be determined by plotting MN 

concentration over time.  It is also important to recognize that MN will be 

affected by the presence of test organisms. Thus, testing to determine sampling 

and analysis intervals may be performed with test organisms present in the 

exposure media. However, consideration should be given to minimizing the 

number organisms required for this testing, potentially by reducing the number of 

replicates or concentration tested. All of the considerations discussed here may 

also apply to exposure metrics other than mass concentration (e.g. agglomerate 

size, dissolution, surface area), although it is not practical to stipulate when these 

metrics should be used as a threshold, other than to recommend that they be 

reported. Methods for measurement of MN suspension characteristics are listed in 

Table 3.  

5.5.3. Frequency of sampling exposure suspensions  

39. Sampling frequency will depend on multiple factors, such as particle 

concentration, the rate of change determined in pre-tests, analytical budget, logistics 

associated with sampling and measurement, the purpose of testing, and regulatory 

considerations. However, insufficiently robust sampling over time may result in 

rejection of the test results.  Examples of sampling time intervals for different types 

of testing durations are provided below, with considerations to the logistics of the 

work day: 

 For 48 hour acute tests with no renewal: 0, 1, 2, 6, 24, 48 hours 
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 For 96 hour tests with no renewal: 0, 1, 6, 24, 48, 96 hours 

 For acute or chronic tests with daily renewal: 0, 1, 6, 24 hours 

5.6. Methods for spiking sediment with MNs 

40. It is reasonable to expect that the fate of many MNs with low 

dispersibility or stability in most environmentally relevant media (in absence of 

stabilizing agents) will be the sediment.  Exceptions may include very low ionic 

strength waters and very low concentrations of MN where homoagglomeration is 

unimportant.  Sediment testing should be considered if, for example, a MN is non 

dispersible in water or if its water suspension stability varies more than 20% over 

the prescribed bioassay renewal period, implying substantial settling of MNs (Figure 

2).  Many of the complications associated with accommodating consistent testing 

with different phases of MNs in water are less likely to confound ecotoxicity testing 

results in the sediment matrix. For example, there is less need to remove or account 

for the different exposures to suspended versus settled MNs since all MNs in these 

assays are associated with the sediment matrix and once in equilibrium with the 

system there is greater exposure consistency (and less need for repeated sampling to 

characterize the extent of the exposure); the sediment matrix itself is likely to 

dramatically alter bioavailability of the applied MN and therefore organism 

exposure (Petersen et al., 2015a, OECD No. 218, 2004, OECD No. 225, 2007).   

Quantifying homogeneity, bioavailability, exposure and synergisms of traditional 

substances in the sediment matrix is complex and often poorly understood 

(Baalousha and Lead, 2015); dealing with such uncertainties in sediment 

ecotoxicological tests is commonplace in standardized guidance, making these tests 

perhaps more amenable (in practice) in their current form for testing of MNs than 

water-column ecotoxicological tests.  As with water-column ecotoxicological tests, 

the general toxicological endpoints assessed in standard sediment ecotoxicological 

tests are expected to apply to MN hazard testing (Diamond et al., 2009).  While 

current analytical techniques for robust characterization of MNs are limited in the 

sediment matrix (Petersen et al., 2015a, 2016, Goodwin, 2018), there are relatively 

straightforward approaches for preparing, dispersing, spiking and aging MNs in 

sediments for improving homogeneity and the consistency of sediment 

ecotoxicological testing (Coleman et al 2018). General considerations for test 

selection were provided in Figure 2 and additional demonstration provided in 

Kennedy et al. (2017).  

5.6.1. Use of a standardized sediment 

41. It is well known that sediment characteristics (e.g., grain size, organic 

matter content, etc.) will dramatically influence substance interaction, equilibrium 

partitioning to the pore water, and bioavailability.  Therefore, if different 

laboratories use different sediments, whether field-collected or laboratory 

formulated, the results of sediment toxicity tests for the same substance are expected 

to differ.  Testing a substance or MN in field-collected sediment may have site-

specific relevance but may produce results that have limited applicability to other 

sediment sites due to incomparable characteristics (grain size, organic carbon 

content, percent solids, etc.).  Consequently, when the goal is to improve the 

consistency of sediment toxicity test results between tests (within a single 

laboratory) or between testing laboratories, there are advantages to performing MN 
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spiking studies using a standardized formulated sediment (prepared with peat, kaolin 

clay and sand), that can satisfy specific test organism requirements. Such 

standardized sediments are described in current OECD TGs (No. 218, 225 and 239).  

Different sediments may be used when necessary (e.g., formulated sediment is 

unsuitable to meet test organism requirements, site-specific relevance, etc.).  In such 

cases, the characteristics of the selected sediment should be rationalized in clearly 

written documentation.   

5.6.2. Material preparation 

42. A MN generally is obtained in one of two forms; a dry powder or an 

aqueous suspension.  Handling of dry powders is discussed in the next paragraph.  

For an aqueous suspension, methodological considerations are less involved as 

simple dilution and spiking into test media are relatively straightforward.  However, 

aqueous suspensions may not be practical for spiking sediments as greater material 

masses are often needed for sediment testing (limit tests for sediment and water are 

1000 mg/kg and 100 mg/L, respectively; OECD No. 218, Baumann et al., 2014, 

Henry et al., 2007, Griffitt et al., 2009, OECD, 2000) and would not be stable in 

aqueous suspension.  Limit tests (further described in Section 6.2.2) are referenced 

here to illustrate that a relatively greater mass of material is typically required to 

observe effects in sediment testing.   

5.6.3. Methods for spiking sediment 

43. Different techniques have been considered for spiking MNs into solid 

phase environmental media such as soils and sediments.  While spiking a dry 

powder may have applicability for soils (Handy et al., 2012a, Miglietta et al., 2015), 

current scientific opinion suggests powder MNs should be first dispersed into water 

to achieve optimum homogeneity in sediment (Handy et al., 2012a, OECD, 2012).  

A powder added directly to a wet sediment may clump and generally be 

heterogeneously distributed in the sediment matrix (OECD, 2014b), leading to 

inconsistent exposure between animals and experimental replicates within a 

treatment.  Therefore, the recommendation is to first disperse the MN as a liquid 

stock suspension prior to spiking into the sediment medium.  Previous guidance for 

preparing MN stock suspensions for water-column testing (Section 5.2) is also 

relevant for sediments.   

44. Two approaches for spiking MNs into environmental media for sediment 

ecotoxicological testing are discussed in the literature (Handy et al., 2012a, Petersen 

et al., 2015a, Handy et al., 2012b, Waissi-Leinonen et al., 2012, Stanley et al., 2010, 

Miglietta et al., 2015); (1) direct addition to the test sediment and (2) indirect 

addition to the overlying water.  The selection of the spiking method may be 

contingent on objectives of the test and the functional feeding ecology of the test 

organisms.   

45. The direct addition of test substance is more conventional to aquatic 

sediment toxicity studies, but indirect addition of test substance to the sediment via 

the water column is not unprecedented, as discussed in sediment toxicity test with 

midges (OECD No. 219).  One rationale for the indirect method is that settled MNs 

on the surface of the sediment may provide a more relevant and conservative 

exposure for epibenthic organisms, since such surface dwelling organisms would be 

less exposed to substances that are fully homogenized into sediment. Recent studies 
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(Stanley et al., 2010; Waissi-Leinonen et al., 2012) have indicated greater sensitivity 

to MNs delivered to sediment via the water column relative to the traditional direct 

sediment approach.   

46. The indirect addition method may be most applicable to low energy 

depositional areas, exposure of epibenthic and surface deposit feeding organisms.  

However, the indirect spiking approach has several issues, including less common 

use and possible inherent heterogeneity of material mixing and settling which may 

lead to inconsistent, unreliable, and irreproducible exposure.  This approach also 

introduces difficulty in characterizing and expressing exposure. It may be 

challenging to prepare exposure vessels with the MNs homogeneously distributed on 

the surface unless very high concentrations are used, which may be less 

environmentally relevant (Waissi et al., 2016). Care is needed during overlying 

water exchanges to avoid alteration (or loss) of the surficial sediment MNs.   

47. Therefore, only the direct method for spiking MN into sediment can be 

recommended to optimize simple guidance for consistent and repeatable tests at this 

time.  Directly spiking sediment with the test substance is a common method in the 

literature and regulatory testing for sediment toxicity ecotoxicological testing.  

Direct addition involves preparing and homogenizing sediment, dispersing and 

spiking the substance into the sediment while mixing and continuing to mix for a set 

duration of time to achieve homogeneity.  The direct addition method may be most 

representative where sediments are well mixed or in dynamic systems, and when the 

desire is to generate toxicity information for infaunal, burrowing, sub-surface, and 

deposit feeding organisms.  Addition background is provided in Coleman et al 

(2018). 

5.6.4. Homogenization of spiked sediments 

Techniques 

48. There are techniques available in standard OECD, ASTM and USEPA 

guidance for directly spiking substances to sediment that can be applied to MNs.  

Briefly, the test substance (dispersed in the case of MNs) is added to the previously 

homogenized test sediment gradually while the sediment is mixed via overhead 

impeller.  The material continues to be mixed for a set period of time (e.g., 4 hours) 

to further homogenization. Very hydrophobic substances can be added to a carrier 

such as sand, which is subsequently homogenized into the sediment (OECD No. 

218, 2004b), though it is not clear if this is applicable to MNs.  Specific methods for 

spiking and homogenizing MNs into solid phase environmental media are being 

investigated and disseminated (Miglietta et al., 2015, Coleman et al., 2018; Handy et 

al., 2012a,b), but have yet to be standardized.  

49. Techniques for indirectly spiking MNs via the overlying water are only 

available in the literature (Stanley et al., 2010, Waissi-Leinonen et al., 2012) and 

require further development to promote repeatability.  Briefly, MNs should be pre-

wetted and dispersed in either ultrapure water (where the added volume will not 

impact the overlying water quality parameters) or the overlying water itself; a 

procedure for MN pre-wetting is described in OECD TG 318.  Guidance for wetting 

MNs into a paste for addition into aquatic test media were previously provided (ISO 

14887; Taurozzi et al., 2013). 



DOCUMENT CODE │ 45 
 

  
  

Analytical confirmation 

50. Analyzing and characterizing MNs in sediments is challenging and 

methods for doing so remain limited. Thus, reportable information may be limited to 

measured total metal concentrations per unit sediment volume (e.g., mg/kg).  

However, information regarding particle/ion partitioning and bioavailability may be 

derived from sampling of sediment interstitial (pore) water, with the recognition that 

methods used to isolate pore water may inadvertently alter or remove MNs.  For 

metal and metal oxide MNs in sediment, the minimum characterization information 

should be collected and determined from the entire sediment matrix, and overlying 

water at test initiation and termination (and between water exchanges, where 

applicable).  For the sediment, the minimum characterization information is total 

metal concentration and porewater concentration sampled from at least 3 locations in 

the homogenized sediment.  However, for carbon MN, nominal concentrations may 

be the only feasible approach (which further emphasizes the importance of robust 

characterization information for the neat (or stock) material discussed in Section 4. ).  

Such a data set would provide valuable information regarding the nature and 

stability/consistency of the exposure, including whether the exposure to MNs is 

being impacted by dispersion, re-suspension, and subsequent loss to the water 

column during overlying water exchanges. Alternatively, extra (surrogate) replicates 

which are meant to be sacrificed each sample day could be prepared. 

51. For the direct sediment addition method, homogenization should be 

confirmed immediately following the spiking and mixing event.  Spiking, 

homogenization and equilibration methods in the literature may vary.  For example, 

organic compounds (Rosen and Lotufo, 2005) and MNs (Stanley et al., 2010; 

Coleman et al., 2013; Coleman et al., 2018) have been homogenized into sediment 

for 1 to 4 hours using overhead mixers.  Regardless of the methods used, the 

consistency of the homogenization should be confirmed by no less than consistent 

texture (i.e., visually looks the same throughout). Following sufficient 

homogenization, sediment aliquots (3+ replicates) should be collected from different 

locations from the sediment (e.g., center surface, center mid-depth, center bottom, 

edge-mid-depth) and analyzed to determine mean (bulk) concentrations and standard 

deviations to determine the coefficient of variation.  Clearly such an assessment is 

expedient for only certain MNs (e.g., metal nanoparticles) for which well established 

and practical techniques such as ICP-MS are available.  The acceptable variability 

should be determined on a project specific basis, although low variability (e.g., CV ≤ 

20%) is desirable.  For the indirect method, confirmation of homogeneity is more 

problematic.  A logical metric is mass standardized to sediment surface area (e.g., 

square meters); however, the repeatability of such spiking techniques and usability 

in hazard and risk assessments is to this point unclear.  The analytical and reporting 

methods should be clearly described in reporting, including limitations and 

interpretation of what state of the MN the analysis may be representing (e.g., total 

concentration, particular concentration, dissolved concentration). 

5.6.5. Storage, aging, equilibration 

52. It is well known that equilibrium between test substances and sediment is 

not immediate.  Multiple studies have shown that bioavailability of substances 

decreases with increasing storage and equilibration time after being spiked into 

sediment.  For example, hydrophobic substances may take weeks to months to come 

into a state of pseudo-equilibrium with the sediment and sediment porewater 
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(Kukkonen and Landrum, 1998).  Consequently, some standard guidance for spiking 

sediments suggest two to four weeks storage time (ASTM, 2000, USEPA, 2001).  

Equilibrium or mixing times for traditional substances in OECD TGs are typically 

48 hours.  While a shorter duration is convenient for completing assays more 

quickly, such durations may not approach a full equilibrium-reaction (Simpson et 

al., 2004) and thus may not be representative of real-world conditions where 

equilibrium partitioning is quasi-stable. However, in some situations a shorter 

equilibrium duration may be considered worst-case since generally the spiked 

substance should be more bioavailable, though there may be cases for MN where 

toxicity is unchanged or even increases with increased storage time. While no 

recommended equilibrium periods for MNs exist, knowledge of dissolution kinetics 

of the particular metal or composite MN will be helpful in determining an 

appropriate equilibrium period (Xiao et al., 2016), since it is well known that 

substances may become less available after aging in sediment (Kühnel and Nickel, 

2014).  Data reporting should clearly indicate equilibration time and fully discuss 

the implications on data interpretation for risk assessment. 
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6.  Conduct of the test 

6.1. Test Guideline selection 

53. Prescriptive guidance on specifically which TG to select is beyond the 

scope of this GD.  However, since MN dispersion potential and stability in test 

media are a major emphasis in both testing relevance and exposure monitoring 

frequency throughout this GD, some brief discussion of test type (water versus 

sediment) and is warranted (Figure 2).   Testing of MNs may fall within one of the 

following three scenarios: (1) acute and chronic water column ecotoxicological 

testing for stable (≤ 20% change) MN suspensions; (2) water column testing for 

MN suspensions that are partially stable where the level of stability may assist in 

determining the need for acute and/or chronic tests on a case-specific basis; and (3) 

sediment toxicity tests for MNs that are not dispersible, or are not stable in the test 

suspension. In Scenario 3, water-column testing may be of lower applicability.  

Note, however, that foregoing water-column testing may not be an option in some 

regulatory testing. Selection of TGs will be made on a case-by-case basis and will be 

informed by results of the stability pre-tests described above (Section 5.2) and 

possibly from literature information, e.g. Kennedy et al. (2017); in such cases, 

previously discussed  methods (Section 5.4) may be executed.   

6.2. Procedural Modifications 

6.2.1. Modification of test procedures based on particle stability 

54. The stability pre-tests described above (Section 5.2) may also be used to 

determine if water changes are necessary and feasible to maintain the MN exposure. 

Depending on particle stability, stakeholder input, and available resources, water 

exchanges may be conducted by static non-renewal, static renewal, semi-static 

replacement, intermittent flow, or continuous flow methods, with test suspension 

exchanges performed at frequencies that are practicable.  Thus, it may be desirable 

to increase the frequency of volume replacements per test day (prior to considering 

test media pH or ionic strength manipulations) to increase the consistency of 

exposure for partially stable or slow settling MNs; however, the logistics of more 

frequent water exchanges needs to be weighed against the realized benefit for more 

rapidly-settling MNs.   

6.2.2. Use of limit tests 

55. There are two apparent issues with the use of limit tests for hazard testing 

of MNs; (1) potential for lower exposure in the suspended-water phase at higher 

concentrations, since MN may agglomerate and settle at faster rates relative to lower 

concentrations; and (2) unclear effect mechanisms, since greater agglomeration at 

higher concentrations may reduce exposure to the nano-scale.  The intended purpose 

of limit testing for conventional substances (100 mg/L in water, 1000 mg/kg in 
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sediment) is to assess the potential toxicity of a compound at a high concentration to 

determine if there is any potential for toxicity that needs further investigation.  Thus, 

the applicability of limit testing for MNs is unclear mainly because some processes 

such as agglomeration (and settling), MN transformations, ionic release and 

resorption to high concentrations of suspended particles are concentration-

dependent, resulting in the potential for lower concentrations to produce a relatively 

greater exposure (whereas higher, limit test concentrations might elicit lower effect 

due to lower exposure (Petersen et al., 2015a)).  Therefore, limit tests are generally 

not recommended if there is no information regarding whether there is a monotonic 

(or linear) dose response for a given MNs and a range-finding test involving a 

concentration gradient (e.g., 100, 10, 1 mg/L) may be more informative.  If there is 

substantial evidence (from previous documented testing, pre-testing of MN stability 

in terms of concentration, agglomeration, dissolution), limit testing might be 

considered to reduce testing on animals. 

6.3. Modifications of test procedures and systems 

56. The purpose of this section is to recommend modifications including 

selection of test vessel material, dimensions and volume, water renewal frequency, 

and use of interpretative controls; this section supplements previous sections 

outlining general recommendations, such as MN-specific characterization (Section 

4. ), stock suspension, test suspension preparation and monitoring frequency 

(Section 5. ).    

6.3.1. Test vessel type and material considerations 

57. Test vessel material is known to affect hazard testing results (e.g. Sakka et 

al., 2016, Sekine et al., 2015). While some of these effects may not be unique to 

testing of MNs, they may be exacerbated by MN-unique behaviours in test systems 

(agglomeration and surface adsorption rates). Specialized exposure vessels have 

been designed to maintain more consistent MN exposures during the duration of 

ecotoxicological tests (e.g., Boyle et al., 2015) and to eliminate organism contact 

with settled particles (e.g., Skjolding et al., 2016). Other specialized exposure 

vessels were designed to distinguish between shading effects and contact with MNs 

for algal toxicity testing (Verneuil et al., 2014). While specialized exposure 

containers such as those with meshes to prevent organism interactions with settled 

particles may be valuable for research and to better understand the nature of MN 

exposure, their use may add logistical complications in standard regulatory testing 

and should only be used on a case-by-case basis. Thus, only general guidance is 

provided here and it is suggested that test vessel selection be consistent among 

testing facilities, with the default being vessels used according to the organism-

specific TG.  Common options for test container materials include glass, plastic, 

polycarbonate, and polypropylene.  Some plastics may not be ideal materials due to 

charge interactions and loss of MNs to the surface.  Polycarbonate vessels may 

provide an improvement but are expensive.  Glass is a relatively inert material but 

can still result in loss of test material during the ecotoxicological test.  Silanization 

of the glass is an option to reduce attraction of MNs, but such coating must be 

applied with caution as silanol is toxic to many test organisms if it leaches into the 

water.  Thus, glass and polycarbonate are recommended materials for testing and 

pre-tests can be performed to determine which surface has lessor affinity to adsorb 

MNs.   
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6.3.2. Water renewal and delivery 

58. The frequency of test suspension renewal required to maintain consistent 

exposure and water quality are specific to type and duration (acute/chronic) of the 

test and the stability of the MN in the test media. As described in Section 5. , pre-

testing should be conducted to characterize MN stability in the specific test media to 

be used, and to determine renewal frequency. Generally, there are three different 

options for conducting water exchanges to maintain MN stability and water quality. 

1) Static non-renewal: for stable MNs, acute (short term) testing durations, or for 

unstable particles when MN characteristics are more frequently monitored.  

For example, 0, 1, 2, 6, 24, 48 hours as shown in Figure 6. 

2) Static renewal (e.g., daily): for slightly stable MNs, chronic (longer term) 

testing durations, or for unstable particles when MN characteristics are more 

frequently monitored (e.g., 0, 1, 2, 6, 24 hours) 

3) Flow-through: for slightly stable or unstable MNs.  Caution should be applied 

as MN may be lost to tubing used for water delivery (Petersen et al., 2015a). 

Alternatively, static/static renewal testing according to Option 3 (Section 5.4) 

may be conducted for unstable MNs. 

6.3.3. Feeding considerations 

59. OECD chronic TGs range in duration from 14 to over 100 days and 

stipulate feeding of test organisms during exposures. The suggested feeding 

frequencies vary from two to three times per day to three times per week. Depending 

on the guideline and species being tested, food may include live algae, brine shrimp, 

and dried commercial fish food. OECD TG No. 225 (Sediment-Water Lumbriculus 

Toxicity Test Using Spiked Sediment) stipulates the addition of ground leaves (a 

food source) to sediment at test initiation, with no additional food added over the 28-

day test duration. The addition of food during toxicity testing has implications for 

both traditionally-tested chemicals and MNs, including alteration of test substance 

concentration, substance uptake via food, and variable bioavailability (Naddy et al., 

2011; Kolts et al., 2006).  Feeding has additional implications for MN toxicity 

testing, including potentially influencing dispersion stability (via coating of particles 

by food-related substances), changing agglomeration and settling behaviour, and 

modifying particle surface properties; all can alter test organism exposure to the MN 

(Allen et al., 2010; Hoheisel et al., 2012; Conine and Frost, 2017, Stevenson et al., 

2017). When feeding is required, it is recommended that the behaviour and 

characteristics of the test suspension be evaluated in the presence of the specific 

food to be used in the test, and at the expected feeding frequency. It may also be 

possible, depending on the specific TG and species to be tested, to feed test 

organisms shortly before test suspension renewal (Hoheisel et al., 2012), allowing 

sufficient time for consumption. While this approach can minimize the period of 

time that food can interact with the tested MN, it may not be feasible for all tests and 

test species (e.g., lower reproductive output in cladocerans; Harmon et al 2017). 

Preliminary testing should be done to confirm that feeding time is sufficient to 

maintain organism health and the effects on sublethal endpoints (e.g., reproduction, 

growth).  
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6.3.4. Lighting considerations 

60. In general, the laboratory lighting used in standardized ecotoxicological 

tests should be acceptable for testing MN. However, some MNs have been shown to 

be phototoxic under ultraviolet (UV; 280-400 nm) radiation, e.g. nano-TiO2 and 

nano-ZnO2 (Ma et al., 2013, Li et al., 2015). Standard laboratory lighting typically 

provides no UV and very little shorter visible range radiation. Nanomaterials known 

to be photoactive under visible light should be tested for this effect. Description of 

specific methods for such testing are outside the scope of this TG but general 

guidance can be found in Ma et al (2013) and Li et al. (2015). Also see TG-specific 

discussion of this issue in Sections 6.4.1 and 6.4.2. 

6.3.5. Comparative control requirements 

61. A non-exhaustive list of comparative controls that should be considered in toxicity 

testing of MN is provided in Table 4. Since these MN-specific controls are not 

addressed in current TGs and GDs, their implementation will be based on specific 

testing needs and at the discretion of testing laboratories. Thus, this section is 

informational and brief; an in-depth discussion of these controls and their use is 

provided in Petersen et al. (2015a,b). Also see OECD GD23, Section 3, for discussion 

of related control requirements for non-NM testing.    
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Table 4. Consideration of controls specific to MN testing 

Type of 

control 
Considerations 

Indirect effects The potential for MNs to alter the chemistry of test media should be evaluated. 

Examples might include changes in pH, adsorption of ions, nutrients, or other media 

constituents, etc. 

Dispersants The potential biological effects of dispersants used to stabilize test media suspension 

should be assessed. These effects may include toxicity, stimulation, nutrition (both 

supplementary or depletion), alteration of media chemistry or other aspects of the 

assay environment, etc. Dispersants may also confound chemical analyses of the 

target MN. This control is only needed when the dispersants are not in the initial 

ENM formulation but are selected instead to achieve dispersion. 

Coating While coating may be part of the as-delivered MN for testing, its impacts on test 

organisms may be determined in a coating-only exposure (e.g., at the highest 

exposure concentration). 

Measurement or 

analytical 

interference 

The potential analytical or measurement interference of the tested MN (including 

coatings) or dispersants in the test suspension on the toxicity endpoint to be measured 

should be evaluated. For example, the accuracy of absorbance or fluorescence 

analyses may be affected by the presence of particulate MNs which may reflect, 

absorb, or emit radiation at measurement wavelengths. 

Operational This control includes all manipulations performed on the test media including 

sonication, shaking, addition of dispersants, surfactants and any other substances or 

manipulations added to or performed to enhance dispersion or stability. 

Soluble material The potential effect of ions or other substances that dissolve from the tested MN 

should be assessed. Implementation of this control will require an understanding of 

rates of dissolution so that dissolved species can be tested at representative levels. The 

amount of dissolved ion in the test suspension could be measured and compared to 

results from this assay with the dissolved ion (e.g., from dissolving a metal salt) if this 

information is available. 

6.4. Test Guideline-specific modifications 

62. The considerations discussed above are generally applicable to the 

majority of existing OECD TGs for assessing the aquatic (and sediment) ecotoxicity 

of MN in water and sediment. General recommendations on modifications to 

individual TGs for testing of MNs are available in Hund-Rinke et al. (2016), Shaw 

et al. (2016), OECD 2014a and Kühnel and Nickel et al (2014) but these suggestions 

have not necessarily been accepted for regulatory use.  In addition, certain TG 

require additional unique considerations not previously discussed. These are 

discussed below.   

6.4.1. TG No. 201 - Freshwater Alga and Cyanobacteria, Growth Inhibition 

Test  

63. The testing of suspensions of photosynthetic plant or bacterial cells in a 

dispersion of MNs presents several unique challenges not discussed elsewhere in 

this GD. Many of these challenges derive from the particulate nature of both the test 
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organism and the tested MN, and limitations on renewing media over the exposure 

period. These challenges and possible modifications are discussed below (also see 

Hjorth et al., 2016 and Hund-Rinke et al., 2016). 

64. Agitation of test suspension: This TG stipulates that the test suspension 

be agitated during cell incubation to keep algae in suspension. Agitation may also 

keep MNs in suspension; however, this energy may fail to keep some MNs in 

suspension or may actually increase agglomeration due to increased frequency of 

particle collisions both between MNs but also between MNs and cells. Further, 

agitation may result in deposition zones or spatially separate MNs from algal cells 

due to differences in density.  Pre-test experimentation specific to the test MN may 

be required to develop mixing methods that maintain cell suspensions (Manier et al., 

2015), minimize MN agglomeration, or make agglomeration consistent among 

replicates and MN concentration; these processes will likely be dependent on MN 

concentration. Precise details on agitation during the test: e.g., orbital shaking, 

stirring, or mixing should be reported. 

65. Shading effects: MNs may limit penetration of photosynthetic radiation 

through the test suspension, and thus reduce growth indirectly, rather than 

toxicologically. This is especially true for MNs where effects are observed only at 

concentrations that result in turbid suspensions. Efforts should be made to reduce or 

quantify these effects. This may include using smaller and/or thinner test vessels to 

maximize light transmission (e.g. glass scintillation vials or 24 well plates) or 

applying overlying shading external to the test suspension to produce identical light 

levels among the tested MN concentrations (note that precise details of shading 

regimes should be reported). The functionality of test vessels other than those 

typically employed (particularly microplates) should be validated prior to use in 

tests; literature reports suggest their use results in altered results (Manier et al., 

2015). An additional alternative is use of OECD 221 (testing Lemna spp.) rather 

than algae testing; note that this is a specific recommendation contained in OECD 

GD23.  

66. Quantification of biomass: Methods such as flow cytometry, absorbance, 

and fluorescence detection are confounded by the presence of particles that can 

reflect, absorb, and/or emit photons. These and other measurement techniques may 

also be confounded by adherence of MNs to cells, altering their behavior within the 

analytical system and also making the differentiation between cells and MN 

problematic. Possible solutions to these problems include: (1) testing to determine if 

these effects are present; and (2) the use of methods that are not influenced by 

presence of particles, e.g. extraction and measurement of chlorophyll A (Hund-

Rinke et al. 2016), or where such influences can be corrected. Possible 

methodology, including use of optical or electron microscopy and hemocytometers 

are discussed by Hartmann et al. (2012), Handy et al. (2012a,b), and Kalman et al. 

(2015).  

67. Testing of photocatalytic nanomaterials: Some MNs have been shown to 

be phototoxic under ultraviolet (UV; 280-400 nm) radiation (Jovanovic, 2015, 

Hund-Rinke and Simon 2006).  In some cases, this effect may extend into the visible 

range (400-700 nm). If it is suspected that the tested MN may be phototoxic (e.g. 

short band-gap semiconductors like nano-TiO2 or nano-ZnO2) this effect should be 

investigated. Where phototoxicity is suggested, consideration should be given to the 

lamps used, most importantly when the addition of UV radiation (to simulate natural 
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sunlight) is required, and to the methods used to measure photon exposure. 

Description of specific methods for such testing are outside the scope of this GD but 

general guidance can be found in Ma et al. (2013) and Li et al. (2015). 

68. MN dissolution: The issues associated with toxicity testing of MNs (i.e. 

metals and metal oxides) that partly dissolve are discussed in preceding sections of 

the GD. These issues are complicated in testing of cell suspensions due to the large 

total surface area of the suspended cells and the concomitant increased uptake of 

dissolved substances, resulting in dissolution kinetics that may differ substantially 

from estimates made from the test suspension in the absence of cells. An additional 

concern is the presence of chelating substances used in the test media, most notably 

EDTA. These issues might be addressed by measuring dissolution in the test 

suspension with cells present and altering the test media composition to limit 

chelation or allow for quantification of chelation effects on bioavailability. Chelation 

can be reduced by using a reduced (e.g. halved) EDTA-concentration or by 

consideration of the recommendation described in Hund-Rinke et al. (2016). 

Dissolution may also impact pH requiring that measurements be made frequently 

during assays. Other issues associated with dissolution discussed previously in this 

GD should be considered. All alterations of test media and information on 

dissolution in the presence of cells should be reported.  

6.4.2. TG No. 221 - Lemna spp. Growth Inhibition Test 

69. The testing of Lemna, a floating aquatic plant, presents several unique 

considerations for the testing of MNs that are not discussed elsewhere in this GD. 

These TG-specific issues arise because of the location of the plants on the surface 

and upper portions of the water column, the need for illumination sufficient for plant 

growth coupled with the potential for some MNs to be phototoxic, and the 

possibility for test endpoints (plant mass and productivity) to be confounded by 

attached MNs. Possible modifications to address these issues are discussed below, 

organized by the specific section of the TG to which they apply.  

70. Test apparatus: Test vessels should be deep enough to prevent root 

contact with the bottom of the vessel, or with settled material at or near the bottom 

of the vessel. Agglomeration and settling is typically higher (as a percentage of 

added material) for higher concentrations of MNs. Root contact with this settled 

material could result in undocumented and un-quantified variation in exposure. 

When this outcome is observed it should be reported, and depending on the 

consistency of exposure-response may require use of test vessels deep enough so 

that root tips get no closer than 1 cm from the bottom of the vessels   

71. Test solutions: Lemna spp. float on the surface and may be exposed to 

MNs that collect at the water-air interface (e.g. poorly water-soluble, dispersible, 

hydrophobic, or surface-active substances). Under such circumstances exposure will 

involve material that is not in suspension (or solution, for soluble MNs), resulting in 

undocumented and un-quantified exposure levels. It may be necessary to experiment 

with application of solvents, surfactants, or test-specific dispersion approaches to 

avoid these exposure conditions. 

72. Measurements and analytical determinations: Where attachment of MN 

to plant roots is apparent, an effort should be made to determine the proportion of 

total plant mass contributed by the attached MN. Efforts to do so are likely to be 

experimental as there are no currently accepted methods for doing so. Approaches 
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might involve rinsing or washing materials from roots or digesting plant material 

followed by filtration or centrifugation to separate MN from the matrix. 

6.4.3. TG No. 236 – Fish Embryo Acute Toxicity (FET) Test 

73. Note that this test is currently used in regulatory testing under REACH as 

part of a weight-of-evidence assessment. TG No. 236 describes an acute (96-hour) 

test using Zebrafish embryos exposed in 24-well plates. Most of the issues 

associated with testing MNs described previously apply to this test. However, an 

additional concern is uncertainty and inconsistency in exposure levels due to test 

materials settling to the bottom of exposure wells, where embryos are located, 

resulting in exposure levels higher than those represented by initial test suspension 

measurements. Since the extent of settling is likely to vary with exposure 

concentration, this effect may not be consistent across treatment levels. Preliminary 

testing described in Section 5.2 should include measurements made in the 24-well 

plates to be used in the assay, with sampling and analyses of both the overlying test 

suspension and settled material. It is also suggested that preliminary testing be done 

in the presence of embryos. The results of such testing will indicate whether test 

suspension renewals, or MN measurement intervals should be modified to account 

the settling effects on exposure.  

6.4.4. TG No. 238 Sediment-Free Myriophyllum spicatum Toxicity Test and TG 

No. 239 Water-Sediment Myriophyllum spicatum Toxicity Test 

74. The guidelines 238 and 239 are intended as high-tier toxicity tests of 

substance effects on aquatic plant growth, using the submersed aquatic milfoil, 

Myriophyllum spicatum, maintained under sterile assay conditions. The test can be 

done with or without sediments (238 and 239, respectively), and when sediments are 

included, the test substance can be either added directly to the water phase or mixed 

in sediments. Specific issues with these tests are described below.  

75. Requirement for Sterile Conditions - The need to maintain sterility in the 

test system might be a problem given the likely absence of any guidance on 

sterilizing MNs and concerns with how sterilization might alter characteristics or 

properties of the nascent material. The need for sterility also complicates test 

suspension renewals, which are discussed in TGs 238 and 239 for test substances 

that cannot be maintained in non-renewal conditions at 80% or more of initial 

concentrations. The effects of sterilization on the test MN should be fully evaluated 

on a case-by-case prior to initiating either of these tests.    

76. Specific test medium (Andrews) - While not a unique concern relative to 

other OECD aquatic TGs, modified Andrews media stipulated here contains 3% 

sucrose; an additive that is likely to be untested for its effect on MN dispersion 

stability. This issue should be addressed by preliminary testing and evaluation of 

material stability in this test medium. However, the TG does not accommodate test 

media modifications that might increase test material stability. Preliminary testing 

should be done to confirm that test media modifications fully support plant growth.  

77. Test System Lighting - The requirement for specific lighting intensity 

could lead to activation of any photoreactive MNs (e.g. zinc or titanium oxides, or 

fullerenes) and phototoxicity. This might not be a concern relative to the endpoints 

used in this test, however consideration should be given to how lighting variability 

among treatments might attenuate this response. In addition, the particulate nature of 



DOCUMENT CODE │ 55 
 

  
  

many tested MNs could lead to variations in transmission or reflection of light 

among treatment levels, for example, TiO2 and ZnO are used in sunscreens 

specifically to block transmission of ultraviolet radiation; a function that could affect 

the amount of light reaching test plants. These issues should be addressed by 

thoroughly quantifying the intensity of light delivered to plants in all replicates and 

treatment levels.    

78. Use of weight in estimating growth - Many MNs are likely to strongly 

adsorb to plant surfaces and could confound mass measurements. This effect might 

not be a major concern among treatment replicates but could vary across treatment 

concentrations. Some consideration should be given to whether the tested mass of 

MNs is sufficient to effect weight comparisons.    

79. When Sediments are Tested - The sediment/water TG (239) provides for 

addition of test substances to either the water phase or mixed into test sediment. Key 

consideration in the latter case are covered in previous discussions of other sediment 

TGs. However, when the tested MN is to be added to the water phase some 

consideration should be given to dispersion stability, and the potential for MNs to 

agglomerate and settle on sediment surfaces. TG 239 is intended to be used in higher 

tier testing (e.g. in pesticide risk assessment) and provides for consideration of the 

environmental fate of the test substance, including possible rapid partitioning of test 

substances to sediments. However, the particulate nature of MNs and their tendency 

to attach to sediment particles may limit their diffusion to lower sediment layers, 

resulting in limited exposure of the M. spicatum root system. As with soluble test 

substances, it may be decided that settling of the tested MNs, and sediment surface-

only exposures represent acceptable environmentally-realistic fate and exposure. In 

other cases, it may be preferred to mix the test MN directly in sediments. These 

decisions that will necessarily be made on a case by case basis and may require 

some determination of MN fate and behavior in test sediments. 

6.4.5. TG No. 242 & 243 Potamopyrgus antipodarum Reproduction Test & 

Lymnaea stagnalis Reproduction Test, respectively 

80.  Test guidelines No. 242 and No. 243 are chronic (28-d), aquatic, 

reproductive toxicity tests using snail species. Both test species are surface grazers 

and feed using a scraping radula. TG No. 242 recommends feeding (fish flakes) once 

per day but no less than three times per week; TG No. 243 stipulates feeding 

(lettuce) once per day. The test suspension is renewed two times per week in TG No. 

242 and three times per week in TG No. 243. The surface feeding behavior of these 

test species and the required frequent addition of food introduces test-specific issues 

including agglomeration, settling, routes of material uptake and unquantified 

variability in exposure level.  

81. Effects of food: MNs typically attach to surfaces, in particular organic (or 

food) surfaces. This suggests that a primary pathway for uptake will be MNs 

ingested with food. The extent of this effect will vary with the specific MN tested 

and possibly with treatment concentration. Both of these TGs describe exposure 

level in terms of concentration in water and do not address substance concentration 

in ingested food. The relationship between water concentration and amount of MN 

attachment to food is likely to be inconsistent or unpredictable, resulting in 

significant uncertainty or error in exposure estimation, and over or underestimation 

of toxicity.  These issues might also complicate comparison of different MNs, or 
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forms of the same MN due to differences in attachment behaviors. These issues 

apply as to soluble chemicals but are exacerbated by the particulate form and settling 

behavior of MNs.  

82. Effects of agglomeration and settling: Variation in exposure due to 

agglomeration and settling of particles has been discussed previously in the GD, 

however, the issue in TG No. 242 and 243 is related to increased exposure of test 

organisms to settled material rather than or in addition to decreased exposure to 

suspended particles. This material behavior has implications for either exposure 

estimation or measurement and varying modes of uptake and is exacerbated by the 

effect of food substances on particle stability and the surface feeding behavior of the 

test organisms. It is also important to add that TG No. 242 recommends the addition 

of sea salt at a concentration of 0.3 g/L, increasing ionic strength and instability for 

many MNs.  

83. These are MN-specific issues that have been identified as research 

problems in the scientific community. Thus, there is little prescriptive guidance that 

can be recommended. However, it is recommended that material behavior should be 

assessed under conditions very similar to those actually used in organism exposure, 

including frequency of feeding and test suspension renewal.         

6.4.6. Alternative Hazard Testing 

84. High-throughput and other alternative testing procedures have yet to be 

formalized in TGs or GDs for MN ecotoxicity testing. They are discussed here 

because it is likely they will be formalized in the future and will require novel 

considerations for hazard testing of MNs. In addition, certain regulatory 

requirements such as Registration, Evaluation, Authorisation and Restriction of 

Chemicals (REACH) regulation, Article 4 on the 3Rs principle of Directive 2010/63 

and the newly revised Toxic Substances Control Act (TSCA) in the United States 

prioritize a reduction in animal usage during testing. 

85. There is significant interest in development of new toxicity testing 

approaches that reduce use of vertebrate animals in testing and may also provide for 

rapid assessment of potential adverse impacts based on testing for responses in 

specific biological processes, including gene expression, cell growth, etc. (Hjorth et 

al. 2017, Shatkin et al. 2016, Thomas et al. 2011). Many of these alternative tests 

involve using high throughput screening (HTS) techniques (Hjorth et al. 2017a; 

Wang et al. 2013) that employ bacterial and cell culture-based assays (described by 

Tanneberger et al. 2010, 2012), gene microchip arrays, etc., and target endpoints 

including cytotoxicity, alteration of cell growth, activation of transcription factors, 

gene expression levels, and many others. HTS screening assays, in particular, have 

been touted as one approach to expedite the hazard assessment of the ever-

increasing number and complexity of MNs (Hjorth et al. 2017a, Shatkin et al. 2016, 

Damoiseaux et al. 2011).  

86. However, to date, alterative hazard testing approaches for MN ecotoxicity 

testing remain largely experimental, have yet to be standardized, and often require 

use of complex test media comprised of salts, proteins (bovine serum albumin; BSA, 

and fetal bovine serum; FBS), and other biological substances that can dramatically 

alter the characteristics and behavior of MNs such as through a protein corona on the 

NPs and thereby impact the toxicity observed; it is relevant to note that animals are 

used in the production of the BSA and FBS and therefore assays which use these 
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constituents do not entirely replace animal usage during the test method. These 

effects may also be exacerbated by the use of very small exposure volumes, for 

example in 96 or 328-well plates used in some alternative assays (Damoiseaux et al. 

2011). Alternative tests also often require use of exposure approaches and systems 

(e.g. gene arrays, single layer cell cultures, etc.) that differ from those currently used 

in ecotoxicity TGs. In addition, these assays often require measurement and 

analytical methods that might be confounded by the presence of MNs; for example, 

plate reader-based systems that measure luminescence, fluorescence, absorption, etc. 

However, interlaboratory studies with MNs have been successfully performed on 

some cellular assays (Xia et al. 2013, Elliott et al., 2017, Piret et al. 2017).  In these 

studies, approaches to minimize or correct for MN interferences were developed and 

utilized.  Nevertheless, it remains to be determined if alternative testing methods 

will be accepted by regulators as stand-alone hazard tests in lieu of whole-organism 

ecotoxicity tests (Hjorth et al. 2017a, 2017b), which are relatively inexpensive 

compared to tests for some human health endpoints, such as long-term inhalation 

toxicity. Currently, alternative testing methods are most effective when used to 

elucidate fundamental knowledge (e.g., mechanism of toxicity, mode of action) that 

could be used in overall risk interpretation. However, their further development may 

lead to their more robust use in direct regulatory testing. 

87. Given the current state of development of alternative tests for ecotoxicity 

endpoints, no assay-specific guidance can be offered here. However, the need for 

characterization of test MNs and development of methods for producing repeatable 

and quantifiable exposures discussed for current TGs apply equally for alternative 

tests. In addition, the small test volumes and high volume to surface area ratios 

present in many alternative tests will present challenges for monitoring and 

maintaining exposures (Wang et al. 2013). If alternative tests are standardized as 

formal TGs, it will be necessary to evaluate their applicability to testing of MNs, and 

potentially draft MN-specific guidance for their use.  
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7.  Data analysis and reporting (Nanomaterial-specific) 

88. These reporting elements are supplemental for MN-specific testing to 

general reporting requirements already prescribed in each toxicity test TG (Table 1). 

Thus, it is not the intention to list reporting requirements already covered by existing 

toxicity test TGs (e.g., date, water quality, food, etc.) in this section.   

7.1. Test Report  

89. The following parameters should be reported for each test conducted.  It is 

critical that the basic properties of the MNs, details regarding preparation and testing 

and a robust exposure characterization be reported. A general checklist of critical 

information to report for MN testing is provided in Table 5.   

Table 5. Test reporting checklist 

Category Details 
Additional Reporting 

Considerations 

Test 

substance 

o Test material composition, 

as produced 

o Shape 

o Appearance 

o Surface chemistry (coating, 

functionalization) 

o Known unique7 properties 

o Known enhanced8 

properties 

o Impurities 

o Primary size 

o Size distribution  

o Degree of agglomerate / 

aggregate size 

o Surface area 

o Crystallinity 

o Age storage and handling  

o MN identifiers (e.g., CAS, batch, 

lot number, creation date) 

o Appearance (color, aqueous, 

powder, etc.) 

o Purity and chemical composition 

(principle elements, stabilizing 

agents, dopants, matrix 

composition) 

o Primary particle mean diameter, 

degree of size distribution, 

particle size range, number of 

particles included in analysis 

o BET surface area or geometric 

estimate (or other surface area 

technique) 

o Specific density 

o Storage and handling conditions 

o MN stability characteristics 

                                                      
7
 Unique, or novel, properties are properties that are not observed in the bulk material and arise as 

a result of smaller size. 

8
 Enhanced properties are properties that are present in the bulk form but are enhanced as a result 

of smaller size. 
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(dispersion stability OECD No. 

318, agglomeration rate, 

dissolution rate, etc.) 

o Expiration date 
Preparation o Dispersion method 

o Dispersion energy 

o Stock suspension 

preparation and 

concentration 

o Stock stability 

(concentration, 

agglomeration, dissolution) 

o Stock suspension age, 

storage, equilibration time 

prior to organism testing 

o Addition or spiking method 

(direct, indirect) 

o Test medium used 

o Analytical methods used 

o Description of how test substance 

was added to test system 

o Description of any employed 

stabilizing agents 

o Description of toxicity control 

experiments of stabilizing agents 

if conducted 

o Description of any procedures 

used to evaluate the suitability of 

the test system (i.e. visual 

observations, exposure 

verification, size distribution 

confirmation, etc.) 

o Description of any stability test 

or other control studies done 

prior to addition of organism 

Test 

conduct 

o Test Guideline used 

o Test media 

o Test vessel 

o Duration 

o Water change frequency 

o MN characterization, 

monitoring frequency 

(concentration, 

agglomeration, ratio total 

vs. dissolved)  

o Analytical methods used  

o Nominal and measured 

concentrations of test substance 

in test suspensions  and controls, 

total vs. dissolved fractions 

o Duration, test type (i.e., static), 

test vessel description, medium, 

number of organisms per 

concentration, loading of 

organisms, light periodicity, 

aeration and method used for 

organism introduction 

o Observations, interaction 

potential with food, vessels, 

organisms 

o Full description of test medium 

source, characteristics and 

composition (water/soil/sediment 

as appropriate) 

o Description and justification of 

dosing levels used in limit or 

range-finding tests 

o Any control conditions that are 

tested (e.g., stabilizing agent) 

Test 

acceptability 

criteria 

o TG specific control criteria 

(e.g., survival) 

o TG specific water quality  

o Stability criterion (e.g., 

±20%) during tests (e.g., 

concentration, 

agglomeration, dissolution) 

o Sampling and characterization 

frequency 

o Characterization methods 

o Volume of sample removed 

o Sample storage  

o Description of test method(s) 

used for analysis of test 
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for summarizing exposure 

concentration (e.g., 

arithmetic mean, geometric 

mean, time weighted 

averaging) 

o Summary method used in 

dosimetry (e.g., 

nominal/measured, 

arithmetic mean, geometric 

mean, time weighted 

average)  

o Dose metric used (e.g., 

mass, surface area) 

o MN stability monitoring 

(i.e., was it sufficient?) 

o Sufficient exposure 

characterization during test 

o General observations 

(organisms, MN behavior) 

substance in test suspensions 

Test 

material 

stability 

o Agglomeration (initial, 

intermediate, and final 

mean MN diameter and 

geometric standard 

deviation, agglomeration 

rates) 

o Settling (change in 

suspended MN 

number/mass concentration, 

observations of MN settling 

and MN morphology 

changes) 

o Transformation/degradation 

(dissolution, change in 

dissolved ion concentration 

and/or MN mean diameter) 

o Compared to strictly soluble, 

single chemicals, MNs 

suspended in test media have 

additional potential 

transformations that need to be 

evaluated in the stock 

suspensions, test suspensions and 

test systems. Additional case-by-

case considerations may exist 

beyond what is listed at left, and 

the potential influence on 

toxicological endpoints should be 

discussed 

7.2. Exposure dosimetry   

90. Adequate characterization must be performed to suitably express 

exposure, as recommended throughout this GD.  Exposure quantification and its 

relationship to endpoint response should be expressed at a minimum on a mass 

concentration basis. When possible, it is best practice to include other metrics such 

as particle number concentration, mean particle diameter and geometric standard 

deviation, surface area concentration, mass concentration of dissolved materials (e.g. 

Ag+ from nano-scale silver particles), or other metrics that may be available should 

be considered. OECD (2012) recommends measurement of particle counts, surface 

area, and mass when feasible to allow calculation of alternative metrics.  In addition, 

the accuracy and precision of these exposure measurements as determined from the 

analysis of Standard Reference Materials (SRMs), lab control and/or matrix spike 

control samples should be included and evaluated.  The accuracy and precision of 
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the analytical test methods should be considered during the interpretation of the test 

results and evaluation of toxicological endpoints.  

7.2.1. Mass concentration 

91. Exposure quantification is most often expressed as mass concentration: 

the mass of MNs suspended in a given volume of aqueous test suspension.  This can 

be expressed as follows: 

o The gravimetric mass of MNs added to given volume of a test system. 

o The mass concentration that results from the dilution of a known volume 

of a stock suspension having a traceable mass concentration. 

o The mass concentration of suspended MNs as measured using some 

gravimetric measurement of suspended MNs in the test system.  

o The mass concentration of a given element (i.e., Zn, Ag) as measured 

using an analytical method such as ICP-AES or ICP-MS.  MN dissolution 

must be considered in such measurements.   

o In cases where the mass concentration of only one element of a MN that 

is comprised of multiple elements or chemical compounds is measured, 

the mass concentration could be related to total MN mass using molecular 

formula or chemical composition of the MN.  For example, for a test 

system containing CeO2, where Ce is measured by ICP-MS, the mass of 

CeO2 in the test system could be determined using the formula weight of 

CeO2 and the measured mass of Ce.  MN dissolution must also be 

considered in such measurements. 

7.2.2. Metrics other than mass concentration  

92. Standardized approaches for expressing exposure-response relationships 

based on metrics other than mass concentration are not available and research 

demonstrating the concept are somewhat limited (Hull et al., 2012; Hoheisel et al., 

2012; Kennedy et al., 2015, Mottier et al., 2016).  Therefore, mass concentration 

remains (for now) the most expedient standard dosimetry, but efforts should be 

made to improve this in future toxicity tests.  For example, the methods in Table 3 

may enable an incremental improvement in measurement (or calculation) of 

alternative metrics to express exposure and relate it to organism response in the 

various test systems and controls.  Other suggested metrics include: 

o Particle or agglomerate number concentration or surface area 

concentration. 

o In the case that particle size distribution data is available, the data could 

be used as follows: 

 combined with specific density and assuming a geometry of the 

MN to estimate mass concentration and surface area 

concentration. 

 should the resolution of the particle size distribution 

measurement be sufficient, the data can be parsed and the 

number concentration and possibly mass concentration reported 
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over a given size range.  For example, the number concentration 

of MNs having diameters between 1 to 100 nm.  

7.2.3. Expression of exposure-response relationships 

93. Exposure-response for all metrics (e.g. material mass, particle number, 

surface area) should be expressed as concentration (e.g. LC/EC50, LC/EC10, LOEC, 

NOEC, etc.). When reporting effect levels, the metric must always be identified; e.g. 

mg/L or mg/kg, PN
9
 /L or PN/kg, SA

10
 /L or SA/kg. Designating a specific 

nomenclature for expressing MN effect-levels is outside the scope of this GD, 

however, one approach might be to subscript the applicable metric, e.g. L PN 50, E SA 

20, etc.     

7.2.4. Calculation of exposure-response relationships when exposure variability 

exceeds ± 20%  

94. When exposure concentrations are within 20% of initial values, simple 

arithmetic averaging of exposure data may be used to summarize each exposure 

concentration for toxicological endpoint generation. For tests where exposure does 

not remain within 20% of nominal, or preferably initial measured values, exposure 

may be calculated using geometric mean or time-weighted averaging methods. The 

specific method to be used will be determined, in part, by the kinetics of exposure 

variation and on available data as described below: 

‒ Exposure variation is linear: e.g., a linear decay in concentration.  Exposure 

levels at the start and end of the test or renewal period are sufficient and 

exposure can be expressed using the geometric mean of the starting and 

ending values.  

‒ Exposure variation is non-linear: e.g., a non-linear decay in concentration.  

Exposure level should be measured, at a minimum at the start, midpoint, and 

end of the test or renewal period, and preferably at three time points between 

the start and end of the test or renewal period. These values should then be 

used to calculate the time-weighted average exposure (Simpson, 2003).  

‒ Exposure data are limited to initial and final values: When concentration data 

are limited to initial and final values, exposure can only be quantified using 

the geometric mean of those values. However, there may be cases where the 

kinetics of varying exposure are well-defined and have been demonstrated to 

be consistent across tests. In those cases, the kinetic information may be used 

to calculate time-weighted average exposure.  

‒ For tests with MNs that cannot be quantified by analytical methods at the 

exposure levels causing effects, in complex matrices, or due to other 

limitations, exposure can be expressed based on the nominal concentrations. 

In these cases, it must be reported that the actual exposure concentrations are 

unknown. 

 

                                                      
9
 PN = particle number 

10
 SA = surface area 



DOCUMENT CODE │ 63 
 

  
  

8.  References 

Afshinnia, K., Sikder, M., Cai, B., and Baalousha, M. (2017), “Effect of nanomaterial and 

media physicochemical properties on Ag NM aggregation kinetics”, Journal of Colloid 

and Interface Science 487, pp.192–200.  

Allen, H.J., Impellitteri, C.A., Macke, D.A., Heckman, J.L., Poynton, H.C., Lazorchak, 

J.M., Govindaswamy, S., Roose, D.L., Nadagouda, M.N. (2010), “Effects from filtration, 

capping agents, and presence/absence of food on the toxicity of silver nanoparticles to 

Daphnia magna”, Environ Toxicol Chem 29, pp.2742–2750. 

ASTM E139-94 (2000): Standard guide for collection, storage, characterization, and 

manipulation of sediments for toxicological testing. In ASTM Standards on 

Environmental Sampling, Vol. 11.05; American Society for Testing and Materials: 

Conshohocken, PA, 2000. 

ASTM E1706-00, Test Method for Measuring the Toxicity of Sediment-Associated 

Contaminants with Fresh Water Invertebrates, ASTM International, West Conshohocken, 

PA, 2000. 

ASTM E2834-12 (2012): Standard Guide for Measurement of Particle Size Distribution 

of Nanomaterials in suspension by Nanoparticles Tracking Analysis (NTA).  In ASTM 

Standards, Vol. 11.05; American Society for Testing and Materials: Conshohocken, PA, 

2012. 

ASTM E2865-12 (2018), Standard Guide for Measurement of Electrophoretic Mobility 

and Zeta Potential of Nanosized Biological Materials, ASTM International, West 

Conshohocken, PA, 2018. 

ASTM F1469-11 (2011): Standard Guide for Conducting a Repeatability and 

Reproducibility Study on Test Equipment for Nondestructive Testing.  In ASTM 

Standards on Environmental Sampling, Vol. 01.08; American Society for Testing and 

Materials: Conshohocken, PA, 2011. 

Baalousha, M., Manciulea, A., Cumberland, S., Kendall, K., Lead, J.R. (2008), 

“Aggregation and surface properties of iron oxide nanoparticles: influence of pH and 

natural organic matter”, Environmental toxicology and chemistry, 27, pp.1875-1882. 

Baalousha, M., Lead, J.R. Eds. (2015), “Characterization of Nanomaterials in Complex 

Environmental and Biological Media”, Frontiers of Nanoscience, 8, pp. 3-304   

Baalousha,  M.,   Lead,  J.R. (2012), “Rationalizing nanomaterial sizes measured by 

atomic force microscopy, flow field-flow fractionation, and dynamic light scattering: 

sample preparation, polydispersity, and particle structure”, Environ Sci Technol. 46(11), 

pp.6134– 6142.     

Baalousha, M.,   Prasad, A.,   Lead, J.R., (2014), “Quantitative measurement of the 

nanoparticle size and number concentration from liquid suspensions by atomic force 

microscopy”, Environ Sci Proc Impacts 16(6), pp.1338– 1347.     



64 │ DOCUMENT CODE 
 

  

  

Baer, D.R., Engelhard,  M.H., Johnson, G.E., Laskin, J., Lai, J.F., Mueller, K., et al. 

(2013), “Surface characterization of nanomaterials and nanoparticles: important needs 

and challenging opportunities”, J Vac Sci Technol A. 31(5):  050820 

Baumann, J., Sakka, Y., Bertrand, C., Koser, J., Filser, J. (2014), “Adaptation of the 

Daphnia sp. acute toxicity test: miniaturization and prolongation for the testing of 

nanomaterials”, Environ. Sci. Pollut. Res. 21 (3), pp.2201−2213. 

Bondarenko, O.M., Heinlaan, M., Sihtmäe, M., Ivask, A., Kurvet, I., Joonas, E., Jemec, 

A., Mannerström, M., Heinonen, T., Rekulapelly, R., Singh, S. (2016), “Multilaboratory 

evaluation of 15 bioassays for (eco) toxicity screening and hazard ranking of engineered 

nanomaterials: FP7 project NANOVALID”, Nanotoxicology 10(9), pp.1229-1242. 

Boyle, D., Boran, H., Atfield, A., Henry, T.B. (2015), “Use of an exposure chamber to 

maintain aqueous-phase nanoparticle dispersions for improved toxicity testing in fish” 

Environ Toxicol Chem 34(3), pp.583-588. 

Brinch, A., Hansen, S.F., Hartmann, N.B., Baun, A. (2016), “EU regulation of 

nanobiocides: Challenges in implementing the Biocidal Product Regulation (BPR)” 

Nanomaterials 6(2), pp.33. 

Callaghan, N.I., and MacCormack, T.J. (2017), “Ecophysiological perspectives on 

engineered nanomaterial toxicity in fish and crustaceans”, Comparative Biochemistry and 

Physiology Part C: Toxicology & Pharmacology 193, pp.30–41. 

Coleman, J.G., Kennedy, A.J., Harmon, A.R. (2015), Environmental Consequences of 

Nanotechnologies: Nanoparticle Dispersion in Aqueous Media: SOP-T-1 (No. ERDC/EL 

SR-15-2). ENGINEER RESEARCH AND DEVELOPMENT CENTER VICKSBURG 

MS ENVIRONMENTAL LAB. 

Coleman, J.G., Kennedy, A.J., Stanley, J.K., Rabalais, L. (2018), “Environmental 

Consequences of Nanotechnologies Scientific Operating Procedure SOP-T-3: Sediment 

spiking methodologies for nanomaterial powders and aqueous suspensions for aquatic 

toxicity bioassays: Scientific Operating Procedure Series: SOP-T-3.  "  ERDC/EL SR-18-

3. ENGINEER RESEARCH AND DEVELOPMENT CENTER VICKSBURG MS 

ENVIRONMENTAL LAB.  http://www.dtic.mil/docs/citations/AD1055740 

Coleman, J.G., Kennedy, A.J., Bednar, A.J., Ranville, J.F., Laird, J.G., Harmon, A.R., 

Hayes, C.A., Gray, E.P., Higgins, C.P., Lotufo, G. and Steevens, J.A., (2013), 

“Comparing the effects of nanosilver size and coating variations on bioavailability, 

internalization, and elimination, using Lumbriculus variegatus”, Environmental 

Toxicology and Chemistry 32(9), pp.2069-2077. 

Coleman, J.G., Butler, A., Kennedy, A.J. (in draft, 2018), “Environmental Consequences 

of Nanotechnologies Scientific Operating Procedure SOP-T-4: Soil spiking 

methodologies for nanomaterial powders”, No. ERDC/EL SR ENGINEER RESEARCH 

AND DEVELOPMENT CENTER VICKSBURG MS ENVIRONMENTAL LAB. 

Conine, A.L., Frost, P.C. (2017), “Variable toxicity of silver nanoparticles to Daphnia 

magna: effects of algal particles and animal nutrition”, Ecotoxicology. doi: 

10.1007/s10646-016-1747-2  

Crane, M., Handy, R.D., Garrod, J., Owen, R (2008), “Ecotoxicity test methods and 

environmental hazard assessment for engineered nanoparticles”, Ecotoxicology 17(5), 

pp.421-437. 



DOCUMENT CODE │ 65 
 

  
  

Cupi, D., Hartmann, N.B., Baun, A. (2015), “The influence of natural organic matter and 

aging on suspension stability in guideline toxicity testing of silver, zinc oxide, and 

titanium dioxide nanoparticles with Daphnia magna”, Environmental Toxicology and 

Chemistry 34(3), pp.497-506. 

Damoiseaux, R., George, S., Li, M., Pokhrel, S., Ji, Z., France, B., Xia, T., Suarez, E., 

Rallo, R., Mädler, L., Cohen, Y. (2011), No time to lose—high throughput screening to 

assess nanomaterial safety. Nanoscale 3(4), pp.1345-1360. 

Degueldre, C., Favarger, P.Y., (2003), “Colloid analysis by single particle inductively 

coupled plasma mass spectroscopy: a feasibility study”, Coll. Surf. A 217, pp.137-142. 

Degueldre, C., Favarger, P.Y., Wold, S. (2006) “Gold colloid analysis by inductively 

coupled plasma-mass spectrometry in a single particle mode”, Analytical Chimica Acta 

555, pp.263-268 

DeLoid, G.M., Cohen, J.M., Pyrgiotakis, G., Demokritou, P. (2017), “Preparation, 

characterization, and in vitro dosimetry of dispersed, engineered nanomaterials”, Nature 

Protocols 12, pp.355-371. 

Diamond, S., Utterback, D., Andersen, C., Burgess, R.., Hirano, S., Ho, K., Ingersoll, C.; 

Johnson, M., Kennedy, A., Mount, D., Nichols, J., Pandard, P., Rygiewicz, P., Scott-

Fordsmand, J., Stewart, K. (2009), Review of OECD/OPPTS Harmonized and OECD 

Ecotoxicity Test Guidelines for Their Applicability to Manufactured Nanomaterials; U.S. 

Environmental Protection Agency: Washington, DC. 

ECHA, (2017a), Guidance on information requirements and chemical safety assessment. 

Appendix R7-1 for nanomaterials applicable to Chapter R7a Endpoint specific guidance. 

Version 2.0. Accessed online 13 June 2017: 

https://echa.europa.eu/documents/10162/13632/appendix_r7a_nanomaterials_en.pdf/1bef

8a8a-6ffa-406a-88cd-fd800ab163ae 

ECHA, (2017b), Guidance on information requirements and chemical safety assessment.  

Appendix R7-2 for nanomaterials applicable to Chapter R7c Endpoint specific guidance 

Version 2.0. Accessed online 13 June 2017: 

https://echa.europa.eu/documents/10162/13632/appendix_r7c_nanomaterials_en.pdf/c2d8

e0ce-2ab4-4035-a05f-e2dec924d87a 

ECETOC, (1996), “Aquatic Toxicity Testing of Sparingly Soluble, Volatile and Unstable 

Substances”, Monograph N. 26. Available online: https://www.ecetoc.org/wp-

content/uploads/2014/08/MON-026.pdf (Accessed 13 June 2017). 

Elliott, J. T., Rosslein, M., Song, N. W. et al. (2017). Toward Achieving Harmonization 

in a Nanocytotoxicity Assay Measurement Through an Interlaboratory Comparison 

Study. Altex-Alternatives to Animal Experimentation 34, 201-218. 

Fabrega, J., Fawcett, S.R.., Renshaw, J.C., Lead, J.R. (2009), “Silver nanoparticle impact 

on bacterial growth: effect of pH, concentration, and organic matter”, Environmental 

science and technology 43, pp.7285-7290. 

Felix, L.C., Ortega, V.A., Ede, J.D., and Goss, G.G. (2013), “Physicochemical 

characteristics of polymer-coated metal- oxide nanoparticles and their toxicological 

effects on zebrafish (Danio rerio) development”, Environ Sci Technol 47(12), 

pp.6589-6596. 



66 │ DOCUMENT CODE 
 

  

  

Filipe, V., Hawe, A., Jiskoot, W., (2010), “Critical Evaluation of nanoparticle Tracking 

analysis (NTA) by NanoSight for the Measurement of Nanoparticles and Protein 

Aggregates”, Pharmaceutical Research 27(5), pp.796-810. 

Gao, J., Llaneza, V., Youn, S., Silvera‐Batista, C.A., Ziegler, K.J., & Bonzongo, J.C.J. 

(2012), “Aqueous suspension methods of carbon‐based nanomaterials and biological 

effects on model aquatic organisms”, Environmental Toxicology and Chemistry 31(1), 

pp.210-214. 

García-Alonso, J., et al. (2014), "Toxicity and accumulation of silver nanoparticles during 

development of the marine polychaete Platynereis dumerilii", Science of the Total 

Environment 476–477, pp.688-695. 

Goodwin DG, Adeleye AS, Sung L, Ho KT, Burgess RM, Petersen EJ (2018), “Detection 

and Quantification of Graphene-Family Nanomaterials in the Environment”, Environ Sci 

Technol 52(8), pp. 4491-4513. 

Gorham, J.M., Rohlfing, A.B., Lippa, K.A., et al.  (2014), “Storage Wars: how citrate-

capped silver nanoparticle suspensions are affected by not-so-trivial decisions”, Journal 

of Nanoparticle Research   16(4), pp.2339.    

Griffitt, R.J., Hyndman, K., Denslow, N.D., Barber, D.S. (2009), “Comparison of 

molecular and histological changes in zebrafish gills exposed to metallic nanoparticles”, 

Toxicol. Sci. 107 (2), pp.404−415. 

Handy, R.D., Cornelis, G., Fernandes, T., Tsyusko, O., Decho, A., Sabo-Attwood, T., 

Metcalfe, C., Steevens, J.A., Klaine, S.J., Koelmans, A.A., Horne, N. (2012a), 

“Ecotoxicity test methods for engineered nanomaterials: Practical experiences and 

recommendations from the bench”, Environ. Toxicol. Chem. 31(1), pp.15−31. 

Handy, R., van den Brink, N., Chappell, M., Mühling, M., Behra, R., Dušinská, M., 
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