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1 Description of task 

The aim of D2.10 is to establish standard operating procedures for the quantitative size and shape 

analysis of manufactured nanomaterials. Examined methods include transmission electron 

microscopy, nanoparticle tracking analysis and single particle ICP-MS. 

The developed methodologies will be validated on reference and representative nanomaterials for 

application for regulatory use.  

 

2 Description of work & main achievements 

2.1 Summary 

This deliverable presents the final standard operation procedures (SOPs) developed for the 

quantitative size and shape analysis of manufactured nanomaterials using TEM.  

It focusses on the implementation of the EC definition of nanomaterials. The deliverable is a result of 

work produced in Task 2.2a, which was to develop SOPs for quantification of number-based size-

distribution 

The SOPs comprise:  

 A protocol for sample preparation of EM samples bringing the nanomaterial in dispersion, 
which is a modification of “The generic NANOGENOTOX batch dispersion protocol for in vitro 
studies” 

 A protocol for specimen preparation bringing a representative fraction of the material on an 
EM-grid. 

 A protocol for TEM imaging recording representative and selected EM images. 

 Guidelines for qualitative characterization of nanomaterials in dispersion in a regulatory 
framework based on representative and selected EM-micrographs  

 A protocol for image analysis of colloidal nanomaterials which includes detection, classification 
and measurement of primary particles. 

 A protocol for image analysis of aggregated, fractal-like nanomaterials which includes 
detection, classification and measurement of primary particles in aggregates. 

Data analysis and representation of measurement results is performed according to relevant ISO-
norms. All protocols are performance tested and validated using intra- and inter-laboratory validation 
approaches.  
 
The EM-based results were related to and interpreted with the results obtained with alternative 
methods. These include ensemble techniques based on light scattering, such as dynamic light 
scattering (DLS), particle tracking analysis (PTA) and single particle inductively coupled plasma-mass 
spectrometry (SP-ICP-MS) [1].  
 

Near-spherical airborne primary nanoparticles were generated from colloidal suspensions for fve 

aerosols of gold-aggregates with CMD in the range of 28 to 78 nm . Measurement procedures for on-

line characterisation of spherical or near-spherical airborne nanoparticles were developed and 

measurement uncertainties were determined. This on-line technique is based on Scanning Mobility 

Particle Sizer with a global uncertainty budget. The approach used a combination of a differential 

mobility analyser (DMA), an aerosol particle mass analyzer (APM) and diffusion limited cluster 

aggregation theory (later called DMA-APM-DLCA). For comparison, a TEM based primary particle 

analysis was also performed. Measurements with SMPS (instrument with the best diameter resolution) 

and other on-line techniques like DMS 500, (ELPI), FMPS were compared.  

2.2 Background of the task  

TEM analyses can play an important role in the implementation of the newly established regulatory 

framework of the European Commission (EC) regulating the use of nanomaterials in consumer 

products [2-8].  

TEM is one of the few techniques that can identify nanoparticles according to the current definitions. If 

particles can be brought on an electron microscopy (EM) grid and if their distribution is homogeneous 

and representative for the sample, the combination of transmission electron microscopy (TEM) 
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imaging with image analysis is one of the few methods that allow obtaining number-based distributions 

of the particle size and shape, describing the sample quantitatively [9-11]. EM further is a well suited 

technique because of its resolution covering the size range from 1 nm to 100 nm specified in various 

definitions of NM [12], and its ability to visualize colloidal nanomaterials as well as primary particles in 

aggregates in two dimensions. 

Disadvantages of EM analysis of nanomaterials include the bias from suboptimal sampling and 

sample preparation, the estimation of properties of 3D objects from 2D projections, the interpretation 

of the size of primary particles in aggregates or agglomerates, the relatively high number of particles 

required for measurement, and the need to develop algorithms for automated image analysis for each 

separate type of nanomaterial. In many cases, technical solutions that can overcome these 

disadvantages are available or under development, e.g. more advanced EM techniques such as 

electron tomography and cryo-EM can be used to obtain information about the 3rd dimension of the 

particles and to avoid artefacts [13-17].  

A review discussing the different steps required for the physical characterization of nanomaterials in 

dispersion by transmission electron microscopy in a regulatory framework is given by Mast et al. [18]. 

The implementation of the EC-definition of a nanomaterial [4] across various regulatory fields requires 

a detailed detection and characterization of manufactured nanomaterials by appropriate, validated 

testing methods [19, 20]. In this deliverable, SOPs for quantitative TEM analysis in the context of the 

EC definition are proposed and applied and validated on a series of nanomaterials, by intra-laboratory 

and inter-laboratory validation based on the estimation of the measurement uncertainties and by 

interpretation of the obtained results with alternative methods. These include ensemble techniques 

based on light scattering, such as dynamic light scattering (DLS) and particle tracking analysis (PTA), 

and single particle inductively coupled plasma-mass spectrometry (SP-ICP-MS) [1].  
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2.3 Description of the work carried out 

2.3.1 Development of an approach for TEM-based size and shape analysis 

In this deliverable a TEM based approach is developed and validated to measure the size and shape 

of MNM. A strong focus lies on the implementation of the EC-definition of a nanomaterial [4] across 

various regulatory fields. 

Typically, a complete TEM analysis to measure the size and shape of the particles of a MNM definition 

includes following steps:  

i. Sample preparation bringing the nanomaterial in dispersion, 

ii. Specimen preparation bringing a representative fraction of the material on an EM-grid, 

iii. TEM imaging recording representative and selected EM images,  

iv. Descriptive TEM performing a descriptive, qualitative analysis,  

v. Image analysis performing a quantitative analysis which includes detection, classification and 

measurement of primary particles, 

vi. Data analysis and representation of the measurement results.  

To implement these steps in practice, the following combination of guidelines and SOPs is developed 

and applied: 

i. Modified “Final protocol for producing suitable manufactured nanomaterial exposure media” 

[21] (3.1) 

ii. “Preparation of EM-specimens containing a representative sample of the particles in 

dispersion” (3.2) 

iii. “Transmission electron microscopic imaging of nanomaterials” (3.3) 

iv. Guidelines for qualitative characterization of nanomaterials in dispersion in a regulatory 

framework (3.4) 

v. For colloidal nanomaterials: “Electron microscopic image analysis of colloidal 

nanomaterials”(3.5) 

For aggregates materials: “Electron microscopic image analysis of primary particles in 

aggregated nanomaterials”(3.6) 

vii. Data analysis and representation of measurement results according to relevant ISO-norms 

(3.7) 

 

To precisely and accurately measure the size and shape of (nano)materials in the context of the EC 

definition [22] using TEM, it is efficient to modify the generic dispersion protocol (3.1). For the 

examined materials and conditions, a minor modification omitting the pre-wetting step with ethanol and 

the treatment with 0.05% w/v BSA-kept the particles in a highly dispersed state, allowed 

representative transfer to an EM-grid, and it improved the separation of the particles from the 

background based on mass-density contrast and the identification of the primary particles in 

aggregates.  

 

2.3.2 Examined MNM: 

2.3.2.1 Colloidal NM 

 A selection of the (certified) reference materials and representative near-spherical test 

materials, with varying amplitude contrast and ranging from 10 to 200 nm in size: ERM-FD304 

(nanosilica), ERM-FD100 (nanosilica), RM8012 (colloidal gold NIST), RM8013 (colloidal gold 

NIST), RM8011 (colloidal gold NIST), NM-300K (nanosilver) and tailor-made spherical and 

monodisperse SiO2NPs@IIT and AgNPs@IIT. 

 Non-spherical colloidal NM with a rod-shaped morphology (Au nanorods) 

 Tailor made mixtures composed of NM populations of spherical amorphous silica 

nanoparticles of different sizes and concentration (provided by IIT from HiQNano, 

http://www.hiq-nano.com). They will be tested using the initial proposed SOPs. Following a 

hypothesis driven research approach, a mixture of different sizes (e.g., nominal 25, 50 and 

115 nm) will be produced to test the reliability of the previous mentioned SOPs.  
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2.3.2.2 Aggregated, fractal-like representative test materials, selected from the NANoREG 

core materials 

 Powdered, fractal-like aggregated NM: synthetic amorphous silica (JRCNM02000) 

 Powdered, fractal-like aggregated NM: titanium dioxide (JRCNM01000 and JRCNM01003) 

 Powdered, fractal-like aggregated NM: cerium oxide (JRCNM02102) 

2.3.3 Intra-laboratory and inter-laboratory validation and method comparison 

This methodology is validated on a series of nanomaterials for application for regulatory use, focusing 

on the EC recommended definition of nanomaterials. This validation includes intra-laboratory and 

inter-laboratory validation based on the estimation of the measurement uncertainties. Further, the 

obtained measurements are related with the results of alternative or complementary methods. These 

include ensemble techniques based on light scattering, such as dynamic light scattering (DLS) and 

particle tracking analysis (PTA), and single particle inductively coupled plasma-mass spectrometry 

(SP-ICP-MS) [1]. 

In CODA-CERVA, the SOPs were intra-laboratory validated for a series of 8 near-spherical, near-

monomodal colloidal materials ranging from 10 to 200 nm in diameter, on three colloidal rod-like MNM, 

and on 4 fractal-like aggregated MNM. These validation dossiers consider the homogeneity and 

stability of the test samples, they specify the working range and the selectivity and precision of the 

methods as well as the calibration uncertainty. For (certified) reference materials trueness uncertainty 

is determined. Uncertainties are determined in a top-down validation study and combined in an 

expanded measurement uncertainty. Figure 1 illustrates the design of the top-down validation study. 
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Figure 1 Schematic overview of the top-down validation study design  

The SOPs are further validated in inter-laboratory comparisons (ILC), to which in total 9 partners 

contributed (Error! Reference source not found.). The definitive version of the SOPs are distributed, 

mplemented and validated by investigating 2 near-spherical and 4 agglomerated and aggregated 

materials. A graphical representation of these inter-laboratory validation studies (ILC) is provided in 

Figure 2 indicating the material types, the materials, the tested particles and the measurands.  

In total 9 partners contributed to the ILC. For the colloidal MNM all partners provided datasets (Error! 

eference source not found.) such that a reliable evaluation can be made. Only few laboratories 

provided experimental data for the fractal-like materials. To draw definitive conclusions further 

experimental work is advisable. Although the SOPs were conceived to be platform-independent. To 

efficiently introduce the methods in each partner’s laboratory and to minimize the inter-laboratory 

variance, specific guidelines were provided taken in account the specific microscope and software 

configurations. Despite this guidance and support, it appeared not easy for the participants of the ILC 

to select the imaging conditions and the settings and measurands in their software. A major 

compilation was that quantitative EM analyses had to be introduced in the laboratories of several 

partners, and/or that partners were dependent on the infrastructure of other laboratories. Continued 

efforts for standardization remain important. 
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Figure 2 Graphical table of content of the between-laboratory validation (ILC) indicating the material 
types, materials and particles tested and measurands measured. The result of measurands presented in 
this report are indicated in black. The result of measurands indicated in white are available for further 
analysis. 

The participating laboratories accurately and precisely measured the size of the near-monodisperse 

near-spherical synthetic amorphous silica certified reference materials (ERM-FD100), demonstrating 

their technical competence.  

 

Application of the SOPs in the labs participating further allowed to precisely measure the minimal 

external size and the shape of the primary particles of a metallic, colloidal, near-sperical, near-

monomodal representative test material NM-300K), and resulted in a second ILC in a precise median 

Feret min measurements, and of the primary particles of aggregated and agglomerated synthetic 

amorphous silica JRCNM02000, titanium dioxide JRCNM01000 and JRCNM01003 and cerium oxide 

JRCNM02102. For comparison, the aggregate properties were measured also.  

Results of TEM analysis were related to the results obtained using complementary techniques 

including SEM, SP-ICP-MS, DLS and PTA. 

2.3.4 Size characterisation with on-line technique of spherical or near-spherical airborne 

nanoparticles generated form colloidal suspension  

Near-spherical airborne primary nanoparticles were generated from colloidal suspensions. Five 

aerosols of gold-aggregates with CMD in the range of 28 to 78 nm were examined with regards to 

primary particle size and specific surface area (SSA). Measurement procedures for spherical or near-

spherical airborne nanoparticles characterization were developed for on-line techniques. The size of 

the particles was characterised with the on-line technique based on Scanning Mobility Particle Sizer 

with a global uncertainty budget. The approach used a combination of a differential mobility analyzer 

(DMA), an aerosol particle mass analyzer (APM) and diffusion limited cluster aggregation theory (later 

called DMA-APM-DLCA). For comparison, a TEM based primary particle analysis was also performed. 

Measurements with SMPS (instrument with the best diameter resolution) and other on-line techniques 

like DMS 500, (ELPI) , FMPS were compared. Three different types of nanoparticle sizing instruments 

(Fast Mobility Particle Sizer (FMPS), Electrical Low Pressure Impactor (ELPI) and Scanning Mobility 

Particle Sizer (SMPS)) and one only measuring number concentration Condensation Particle Counter 

(CPC) were compared in terms of size distributions and number concentration. The particle size range 

studied was 50 to 800 nm. The comparison was done using spherical oil droplets for 39 different sizes, 

with geometric mean diameter (GMD) ranging from 50 to 820 nm. 

2.3.5 Context of the peer-reviewed, NANoREG approved publications resulting from D2.10 

The results of D2.10 were published in several peer-reviewed, NANoREG approved publications. 

Their context is given below. 

In the publication of Mast et al. [18] detailed background information regarding the Physical 

characterization of nanomaterials in dispersion by transmission electron microscopy in a regulatory 

framework is reviewed. It is shown that TEM is one of the few techniques that can identify 

nanoparticles according to the current definitions of nanomaterials. The different steps required to 

analyse dispersed nanomaterials by TEM are described in detail and related to existing literature. 
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Methodologies to obtain homogeneous and stable dispersions of colloidal nanomaterials and powders 

are presented. The preparation of TEM specimens to obtain a representative distribution of particles 

on the grid is discussed. The application of TEM imaging methods, electron diffraction and analytical 

TEM to obtain complementary information on the size, morphology, crystallographic structure, 

electronic structure and composition of nanomaterials is reviewed. In a qualitative TEM analysis the 

key properties of the physical form of the nanomaterial under which it is exposed to in vitro and in vivo 

test systems are described based on TEM micrographs. Subsequently, a quantitative analysis which 

includes detection, classification and measurement of primary particle properties and validation of the 

measurement results can be performed. The possibility to extract 3D information by fractal analysis of 

electron micrographs of aggregated nanomaterials with a fractal-like structure is explored. 

In the publication of De Temmerman et al. [23] detailed background information is given regarding the 

calculation of measurement uncertainties of size, shape, and surface measurements using 

transmission electron microscopy of near-monodisperse, near-spherical nanoparticles. The different 

steps required to determine the measurement uncertainties of dispersed nanomaterials by TEM are 

described in detail and related to existing literature. In this publication Transmission electron 

microscopy (TEM) is combined with a systematic selection procedure for unbiased random image 

collection, semi-automatic image analysis and data processing and validated for size, shape and 

surface topology measurements of silica nanoparticles. This method relies on a high level of 

automation of calibration, image acquisition, image analysis and data analysis and gives robust results 

for the modal ECD. The largest contribution to the expanded uncertainty stems from the uncertainty 

associated to the trueness of the TEM method. 

In the publication De Temmerman et al. [24] detailed background information is given regarding the 

semi-automatic size measurement of primary particles in aggregated nanomaterials by transmission 

electron microscopy. The different steps required to measure the size of primary particles in 

aggregated nanomaterials by TEM are described in detail and related to existing literature. In this 

publication transmission electron microscopic imaging and semi-automatic image analysis are 

combined for detecting and measuring the primary particles of aggregated nanomaterials (NMs). A 

high level of automation allows efficiently measuring the diameter of the maximal inscribed circle (Dp), 

a measure for the minimal primary particle size in on dimension. This maximal diameter of the 

inscribed circle is shown to be commutable with Feret min measurements. The method to determine 

the fractal properties and the volume specific surface area of fractal-like aggregates is refined 

supporting on the Dp and the overlap coefficient measurements for each individual primary particle. 

In the publication De Temmerman et al. [25] detailed background information is given regarding the 

size measurement uncertainties of near-monodisperse, near-spherical nanoparticles using 

transmission electron microscopy and particle tracking analysis. The different steps required assess 

the precision and accuracy of the TEM and PTA methods are described in detail and related to 

existing literature. By obtaining a high level of automation, PTA proves to give precise and non-biased 

results for the modal hydrodynamic diameter in size range between 30 and 200 nm, and TEM proves 

to give precise and non-biased results for the mean area-equivalent circular diameter in the size range 

between 8 and 200 nm of the investigated near-monomodal near-spherical materials. 

In the publication of Levin et al. [26] detailed background information is given regarding the limitations 

in the Use of Unipolar Charging for Electrical Mobility Sizing Instruments: A Study of the Fast Mobility 

Particle Sizer. The Limitations in the Use of Unipolar Charging for Electrical Mobility Sizing 

Instruments are described in detail and related to existing literature. The study concludes that particle 

distributions with a true GMD above 200 nm cannot be measured reliably with the FMPS.  

In the publication of Svensson et al. [27] detailed background information is given regarding the 

characteristics of airborne gold aggregates generated by spark discharge and high temperature 

evaporation furnace: Mass–mobility relationship and surface area. The characteristics of gold 

aggregates from three generators (one commercial and one custom built spark discharge generator 

and one high-temperature furnace) have been characterized. The aggregate surface areas were 

determined using five approaches – based on aggregation theory and/or measured aggregate 

properties. The characterization included mass-mobility relationships, effective densities (assessed by 

an Aerosol Particles Mass analyzer), primary particle analysis (based on Transmission Electron 

Microscopy), as well as total mass and number concentration outputs. The aggregate effective 

densities differed considerably between generators. 

http://www.sciencedirect.com/science/article/pii/S0032591014003489
http://www.sciencedirect.com/science/article/pii/S0032591014003489
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3 Development and implementation of SOPs for TEM size 
and shape analysis of the primary particles of 
nanomaterials 

To measure the size and shape of a MNM using TEM, the following combination of guidelines and 

SOPs is developed and applied: 

i. Modified “Final protocol for producing suitable manufactured nanomaterial exposure media” 

[21] (3.1) 

ii. “Preparation of EM-specimens containing a representative sample of the particles in 

dispersion” (3.2) 

iii. “Transmission electron microscopic imaging of nanomaterials” (3.3) 

iv. Guidelines for qualitative characterization of nanomaterials in dispersion in a regulatory 

framework (3.4) 

v. For colloidal nanomaterials: “Electron microscopic image analysis of colloidal 

nanomaterials”(3.5) 

For aggregates materials: “Electron microscopic image analysis of primary particles in 

aggregated nanomaterials”(3.6) 

viii. Data analysis and representation of measurement results according to relevant ISO-norms 

(3.7) 

For each of these SOPs, specific background information, the principle and scope, application 

instructions and applications in the context of this project are presented below. 

 

3.1 Modified “Final protocol for producing suitable manufactured nanomaterial exposure 

media”  

3.1.1 Background information 

To be able to interpret the results of in vivo and in vitro tests, a physico-chemical characterisation of 

the nanomaterial samples in the stock dispersion and in the administration medium prior to and during 

administration is considered indispensable [28-30]. These guidelines consider quantitative and 

qualitative TEM analyses instrumental to determine the properties of as-produced, nanoparticle 

powders and nanoparticles in dispersion. It is required that the examined dispersions are stable 

enough such that a representative specimen can be prepared. To achieve an EM-specimen fit for 

quantitative analysis, a homogeneous distribution of particles on an EM-grid is required. 

Nanomaterials that are already dispersed in liquid, as well as powdered nanomaterials may need to 

undergo specific treatments, such as dispersion, dilution and drying [20]. The “Final protocol for 

producing suitable manufactured nanomaterial exposure media” is modified to prepare samples 

suitable for preparation of EM specimens for quantitative EM analysis in the context of the EC 

definition of NM. 

For colloidal solutions, sample preparation does not tend to introduce a significant bias in the size 

measurement of the particles [31]: the solutions are stable and their particles do not sediment 

permanently when kept in bottles under ordinary laboratory conditions. For colloidal gold and silica 

reference materials, NIST [32-34] and IRMM [35, 36] instruct to gently invert the sample vial several 

times to assure homogeneity and re-suspension of any settled particles. Other producers like Thermo 

Scientific suggest to prepare their 3000 series Nanosphere size standards with a vortex mixer [37].  

In case of powdered nanomaterials, finely dispersed and stable dispersions are more difficult to 

prepare [38]. Specific protocols proposed by Guiot and Spalla [38], De Temmerman et al. [11] and 

Bihari et al. [39] systematically analyse the importance of sonication, the selection of dispersion 

medium, and the addition of stabilization agents to determine an optimized nanoparticle dispersion 

method specific for each type of nanomaterial. These protocols aim to prepare samples in their most 

disperse state, facilitating characterization of these materials. For toxicity testing in a regulatory 

framework, a generic dispersion protocol is suggested to disperse particles eliminating some of the 

variation associated with different material-specific dispersion protocols [40-42]. These protocols 

combine pre-wetting of the material with electro-steric stabilization resulting in comparable, stabilized 

dispersions of various types of (powdered) nanomaterials. A compromise needs to be found between 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_06_DR_Validated_protocols_for_test_item_preparation_for_key_in_vitro_and_ecotoxicity_studies%3AH4_DBDTQQXifzvX2F3PnQA.org
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obtaining the material in its most disperse form and the applicability of the protocols on different types 

of nanomaterials. Furthermore, it has to be considered that dispersion of particles may lead to partial 

dissolution of particles or to swelling [20]. The generic Nanogenotox [40], Prospect [41] and NIST [42, 

43] protocols are tested on a variety of nanomaterials to optimise the protocol for dispersing a range of 

nanomaterials using stabilizing components such as serum and bovine serum albumin that are 

compatible with the medium and performance of the test. These protocols focus on bringing the 

material in a stable dispersion in water or buffer. The advantage is that the dispersion of various types 

of nanomaterials are prepared in the same way, reducing sample preparation bias when comparing 

test results of these nanomaterials. However, dispersing materials in complex media such as buffers, 

cell or bacteria culture media and biological fluids, can induce strong agglomeration and reduce the 

stability of the material. Verleysen et al. [10] and Guiot and Spalla [38] showed that among others the 

pH of the dispersion medium can be modified to improve the stability of dispersions of titanium oxide 

nanomaterials. Alternatively, surfactant stabilized preparations such as oligonucleotides and 

polyethylene glycols are proposed to stabilize materials under higher salt concentrations [44]. In the 

context of measuring the size and shape of (nano)materials according to the EC definition [22] using 

TEM a minimal modification of the original Nanogenotox  dispersion protocol was envisaged. 

3.1.2 Principle and scope 

The original SOP “Final protocol for producing suitable manufactured nanomaterial exposure media” 

was developed as a generic approach for the preparation of batch dispersions for in vitro and in vivo 

toxicity testing in the NANOGENOTOX project [21]. The method aims to produce a highly dispersed 

state of any MN by ethanol (EtOH) pre-wetting to handle hydrophobic materials followed by dispersion 

in sterile-filtered 0.05% w/v BSA-water at a fixed concentration of 2.56 mg/ml using probe sonication. 

The protocol may not produce the smallest possible particle size in the dispersion, but is a generically 

applicable procedure that ensures reasonable dispersion of the test materials selected for the 

NANOGENOTOX project, with the aim to use or characterize the dispersion immediately after its 

production [21]. 

To precisely and accurately measure the size and shape of (nano)materials in the context of the EC 

definition [22] using TEM, it is efficient to modify the generic dispersion protocol. For the examined 

materials and conditions, a minor modification omitting the pre-wetting step with EtOH and the 

treatment with 0.05% w/v BSA-kept the particles in a highly dispersed state, allowed representative 

transfer to an EM-grid, and it improved the separation of the particles from the background based on 

mass-density contrast and the identification of the primary particles in aggregates.  

3.1.3 Instructions 

The modified version of the “Final protocol for producing suitable manufactured nanomaterial 

exposure media” [22] brings the powdered, fractal like materials in a stable dispersion. Modifications 

are limited and include the omission of the pre-wetting step with EtOH and the dispersion in sterile-

filtered water instead of dispersion in presence of sterile-filtered 0.05% w/v BSA. 

3.1.4 Applications 

In WP2 of the NANoREG project, this modified SOP was shown efficient for the preparation of 

dispersions of titanium dioxide JRCNM01000 and JRCNM01003, synthetic amorphous silica 

JRCNM02000 and cerium oxide JRCNM02102 for the preparation of EM specimens (3.2) in the 

context of measuring the size and shape properties of (nano)materials using TEM. 

For other (nano-)materials and conditions, alternative modifications can be required. 

3.2 “Preparation of EM-specimens containing a representative sample of the particles in 

dispersion”  

3.2.1 Background information 

As opposed to ’on-line’ sizing methods like PTA and DLS, the specimen preparation for conventional 

TEM analysis requires recovering particles from the dispersion, coating them on an appropriate 

support and drying them [20]. Recovering nanoparticles from suspension is generally done by floating 

the grid on a droplet of suspension (grid on drop) [10, 11] or placing a droplet of suspension on the 

grid (drop on grid) [32-34], followed by washing the grid and passively drying at room temperature. 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_10_SOP_01_Preparation_of_EM_grids_containing_a_representative_sample_of_a_dispersed_NM.org
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Using these approaches, a representative and homogeneous distribution of the particles on the grid 

can be obtained relatively easily and cheaply for many materials.  

Alternatively, ultracentrifugation allows to quantitatively recover nanoparticles from the liquid medium 

[45]. This has the advantage that the nanoparticles are actively concentrated and quantitatively 

centrifuged on the TEM grid. However, the amount of salts and debris that attach to the grid, and 

concomitant background, increases proportionally with the concentration of the particles. Dilution of 

the sample avoids such increased background but can influence the properties of agglomerates. 

The above-described preparation methods profit from the use of a stable film on the EM-grids. This 

stability can be assured by using TEM grids with a small mesh size (e.g. 400 mesh) combining a 

Formvar or Pioloform film with the depositing of carbon to reinforce the surface. To assure adhesion of 

a representative fraction of the particles to the grid, it is essential that the charge of the particles is 

compatible with the charge of the grid surface. The carbon layer is, for example, hydrophobic, 

reducing the recovery of charged particles from suspension [46]. Rendering the grids hydrophilic by 

pre-treatment of the grids with BSA, bacitracin, Alcian blue or glow discharge allows adapting the 

charge of the grids to the charge of the particles and generally increases the recovery of particles [46]. 

Alcian blue pretreatment of the EM-grids results in positively charged grids while glow discharging is 

mostly applied to charge grids negatively. After glow discharging, positive charges can be introduced 

by performing an additional treatment with bivalent ions like Ca
2+

 and Mg
2+

. Alternatively, 

functionalized “smart” hydrophobic, hydrophilic, positively and negatively charged grids are 

commercially available [47]. It has to be considered that the background can be reduced by avoiding 

multiple layers on the TEM grids (formvar/pioloform, carbon, Alcian blue, etc.). Another possibility is 

high vacuum baking, which has the extra benefit of reducing carbon contamination during acquisition. 

Most samples for TEM must be "supported" by a thin electron transparent film, to hold the particles in 

place. Certain specific particles, such as carbon nanotubes, are "self- supporting" and have a length 

that can span the holes in holey grids. For these types of nanomaterials, using holey grids can be 

beneficial because there is no background from the film on the images. Disadvantages of using holey 

grids are that only a small amount of particles remains attached to the grid, that the specimen drift 

might be higher  and that the interaction of particles with the borders of the holes in the film selects 

subpopulations of nanoparticles [48].  

3.2.2 Principle and scope 

The proposed method for preparation of EM specimens brings particles in dispersion in contact with 

an EM-grid and allows them to interact with the grid surface. When excess fluid is drained of and grids 

are air-dried, a fraction of the particles remains attached to the grid by different types of interactions 

(electrostatic, apolar, van der Waals).  

This procedure aims to prepare a TEM specimen from dispersed particles. The concentrations of 

particles, and the type and charge of the grid are chosen such that the fraction of nanoparticles 

attached to the grids optimally represents the dispersed particles, and that the particles of interest can 

be detected individually. Transfer of the particles to the grid is not complete such that absolute counts 

cannot be realized. 

The SOP is useful for particles that can be metallic, metal oxides or other. The particles can be 

monodisperse or polydisperse, aggregated or not. The medium can be polar (water, phosphate 

buffered saline,...) or apolar (hexane, acetone,…).  

The prepared EM specimens are useful for descriptive TEM analyses or quantitative TEM analyses. 

To be suitable for quantitative TEM analysis, the particles should be evenly distributed over the grids, 

while the fraction of the attached NPs represents the dispersed particles optimally. 

3.2.3 Instructions 

The SOP “Preparation of EM-specimens containing a representative sample of the particles in 

dispersion” is applied to prepare an EM specimen by coating particles in a stable dispersion to an EM 

grid.  
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3.2.4 Applications 

In WP2 of the NANoREG project, this SOP was shown efficient for the preparation of EM specimens 

from colloidal samples and from dispersions of powdered, fractal-like, aggregated nanomaterials.  

EM specimens prepared from colloidal samples include the silica, near-spherical, monomodal, 

certified reference materials ERM-FD100, ERM-FD102 and ERM-FD304, a multimodal mixture of 

near-spherical, silica materials of nominal diameters of 25, 50 and 115 nm , the colloidal silver 

representative test material NM-300K, polystyrene latex beads P and H, colloidal gold spherical NIST 

reference materials RM8011, RM8012 and RM8013 and three colloidal gold rod shaped 

nanomaterials with nominal diameters ranging from 12-22 nm and nominal lengths ranging from 54-68 

nm. 

These colloidal samples were applied as-received (without filtration, centrifugation or sonication prior 

25 °C), which has undergone an additional filtratio

recommended. Aliquots shall be taken from the recipient by using a pipette and disposable plastic tips 

avoiding to touch the edges of the recipient. Each aliquot should be taken using one new plastic tip.  

Examined dispersions of powdered, fractal-like, aggregated nanomaterials include titanium dioxide 

JRCNM01000 and JRCNM01003, synthetic amorphous silica JRCNM02000 and cerium oxide 

JRCNM02102. 

 

3.3 “Transmission electron microscopic imaging of nanomaterials”  

3.3.1 Background information 

When a representative EM-specimen of particles in dispersion can be prepared, different TEM 

imaging techniques can be applied and combined with image analysis to obtain information on the 

size, morphology, crystallographic structure and composition of the nanomaterial. Detailed information 

about TEM imaging and analysis can be found in textbooks, for example by M. De Graef [49] and by 

D. B. Williams and C. B. Carter [50].  

To characterize nanomaterials and to implement the EC nanomaterial definition on a larger scale, 

conventional bright field TEM has the advantage over other, more advanced imaging modes that it is 

cheap, widely available and easy to use. In the bright field imaging mode, contrast originates from the 

absorption and scattering of electrons in the specimen, due to the thickness and composition of the 

material so that one can refer to it as ’ mass-thickness contrast’. In addition, in crystalline materials, 

the crystallite orientation introduces diffraction contrast.  

EM imaging tends be different for descriptive and quantitative TEM analyses. To perform a 

descriptive, qualitative analysis, all relevant features of the nanomaterial, including size and shape of 

the particles, surface structure, crystallinity and distribution of particles on the grid are visualized. 

Representative images are typically recorded at high (approximately 400000x), medium 

(approximately 40000x) and low magnifications (approximately 1000x) to illustrate several particle 

properties and to provide an overview of the specimen. To perform a quantitative analysis, multiple 

images of different regions on the grid are usually recorded at one magnification only. To assure 

unbiased random image collection a systematic micrograph selection procedure can be used. De 

Temmerman et al. [11] avoid for example subjectivity in the selection of particles by the microscopist, 

by recording micrographs randomly and systematically, at positions pre-defined by the microscope 

stage and evenly distributed over the entire grid area. When the field of view is obscured, e.g. by a 

grid bar or an artifact, the stage can be moved sideways to the nearest suitable field of view. The 

selected magnification has to allow measuring particle features with high enough accuracy and 

measuring enough particles to obtain sufficient precision and to limit the time needed for analysis. 

Therefore, a medium magnification is usually selected, depending on the size of the primary particles 

of the nanomaterial.  

A disadvantage of characterizing nanomaterials by TEM can be that a statistically relevant number of 

particles cannot be analysed in a time and labor efficient manner. Because generally applied 

guidelines are still missing, particle numbers vary from a few particles to several thousand in reports 

characterizing nanomaterials. An objective approach to estimate of the number of particles required 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_10_SOP_02_Transmission_electron_microscopic_imaging_of_nanomaterials.org
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for the estimation of a quantitative parameter with a certain confidence level, was proposed by De 

Temmerman et al. [9, 51]. Expression of the measurement uncertainties of the size as a function of 

the number of measured particles demonstrated that no more than 200 particles have to be measured 

to obtain a relative laboratory uncertainty of 5% for sizing colloidal silica reference nanomaterials [51]. 

This number is in agreement with the calculations proposed by Matsuda and Gotoh [52], but requires 

adjustment for nanomaterials with a more polydisperse size distribution. 

The pixel size and the field of view determine the useful range, which is defined by the lower and 

upper size of the detection limit. Applying the criterion of Merkus [53] for the lower particle size 

detection limit, large systematic size deviations can be avoided if the smallest particle area is at least 

hundred pixels. The field of view restricts the upper size detection limit to one tenth of the image size 

[54].  

3.3.2 Principle and scope 

The proposed method for TEM imaging of nanomaterials aims to record a set of calibrated 

transmission electron micrographs showing particles that are representative for the NM on the EM grid 

starting from EM specimens containing particles that optimally represent the particles in the original 

sample, and that contain particles of interest that can be detected individually. The TEM specimen 

preparation can be performed based on the grid-on-drop or drop-on-grid methods described in 3.2 , or 

on other specimen preparation methods including cryo-EM, aerosol sampling and on grid 

ultracentrifugation centrifugation. 

To assure unbiased random image collection the systematic micrograph selection procedure of De 

Temmerman et al. [11] is applied. The magnification of the micrographs and the number of particles 

(micrographs) are determined such that the images are suitable for subsequent descriptive and 

quantitative image analyses. The pixel size and the associated magnification is determined based on 

the criterion of Merkus [53]. The upper size detection limit is limited to one tenth of the image size 

supporting on ISO 13322-1, 2014 [54]. The number of particles required to estimate a quantitative 

parameter with a certain confidence level is determined based on the method proposed by De 

Temmerman et al. [9, 51]. 

3.3.3 Instructions 

The SOP “Transmission electron microscopic imaging of nanomaterials” is applied to obtain 

representative EM micrographs of nanomaterials coated on TEM grids suitable for quantitative TEM 

analysis.  

To assure a maximum traceability of information, storage of micrographs in a dedicated database with 

their administrative and sample preparation information as well as the information related to their 

imaging conditions is recommended [29]. Both commercial [55, 56] and freely accessible software 

solutions [57-59] that integrate the database in the image analysis software are available. 

Modifications of the imaging and database software are applied in CODA-CERVA to transfer the 

micrographs and their associated microscope data efficiently into the database while simultaneously 

calibrating the images [11]. 

3.3.4 Applications 

In WP2 of the NANoREG project, this SOP was shown efficient to make micrographs of colloidal 

samples and of dispersion of powdered, fractal-like, aggregated nanomaterials suitable for quantitative 

analyses.  

Examined colloidal samples include the silica, near-spherical, monomodal, certified reference 

materials ERM-FD100, ERM-FD102 and ERM-FD304, a multimodal mixture of near-spherical, silica 

materials of nominal diameters of 25, 50 and 115 nm , the colloidal silver representative test material 

NM-300K, polystyrene latex beads P and H, colloidal gold spherical NIST reference materials 

RM8011, RM8012 and RM8013 and three colloidal gold rod shaped nanomaterials with nominal 

diameters ranging from 12-22 nm and nominal lengths ranging from 54-68 nm. 

Examined dispersions of powdered, fractal-like, aggregated nanomaterials include titanium dioxide 

JRCNM01000 and JRCNM01003, synthetic amorphous silica JRCNM02000 and cerium oxide 

JRCNM02102. 
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3.4 Guidelines for qualitative characterization of nanomaterials in dispersion in a regulatory 

framework  

3.4.1 Background information 

An increasing number of publications demonstrate that the physico-chemical properties of a 

nanomaterial like its particle size and shape, can strongly influence its toxicological properties [60-62] 

and its dosimetric fate in the entire organism, including the organ of uptake, circulation and secondary 

organs of accumulation [29]. Overviews of the physico-chemical properties of a nanomaterial require 

to assess its safety and toxicological potential are given in [28, 29, 63, 64]. 

The characterization of nanomaterials, describing and measuring these properties is not a trivial task. 

Among others because nanomaterials often show distributions of sizes and shapes making this 

measurement challenging, especially in dispersion [60, 61, 65-69].  

A descriptive or qualitative TEM analysis allows describing key properties of the physical form of a 

nanomaterial under which it is exposed to in vitro and in vivo test systems based on TEM 

micrographs. It is further instrumental to judge the relevance and suitability of a quantitative TEM 

analysis and to avoid/evaluate possible measurement artefacts or bias in in vitro and in vivo systems 

[64]. A qualitative analysis contains representative images that give an overview of the sample and 

show all typical features. In addition, selected micrographs can highlight abnormal or rare features, 

such as impurities, large agglomerates, crystal defects, etc.  

Even though there is a general need for harmonization of the methodologies used for the 

characterization of nanomaterials, currently, no formal guidelines for the unambiguous and detailed 

description of a nanomaterial are available. Description of following parameters is considered 

important. The primary particle size tends to be a relatively robust parameter as compared to the 

aggregate/agglomerate size, since it is less influenced by environmental conditions (pH, solvent, 

sonication, presence of proteins etc) [54, 70]. It is correlated with nano-specific properties such as the 

volume specific surface area (VSSA) ([9, 38] and [71]). Broad application of sizing methods in particle 

characterization shows that particle size is often an important factor, but is not sufficient to allow 

particle phenomena such as powder flow, mixing, abrasion or biological response to be understood. 

Particle shape and morphology play an important role in particle systems as well [70, 71].  

Particle morphology represents the extension of a simple shape description to more complex 

descriptions including characteristics such as porosity, roughness and texture [70]. Various glossaries 

of terms giving descriptions, in words, of particle shape and morphology already exist [72-78]. These 

descriptions may be useful for the classification and identification of particles but, at the moment, there 

is insufficient consensus on the definition of particle shape and morphology in the quantitative terms 

necessary for them to be implemented in software routines. A future revision of this part of ISO 9276 

may cover this [70]. ISO/TS 27687 defines specific nanoparticles based on their shape, such as 

nanofibers and nanoplatelets [79]. In addition to particle size, shape and morphology, the 

crystallographic phase, texture, and crystallographic defects can be examined and reported. 

An important characteristic of materials consisting of a collection (or ‘population’) of particles is their 

polydispersity [20]. A monodisperse material consists only of particles of the same size and shape. A 

material consisting of particles is to a certain degree always polydisperse: it contains particles of 

various sizes and/or shapes. How the sizes and shapes of the individual particles vary is described by 

the particle size and shape distributions, which can be monomodal, bimodal, trimodal or polymodal. 

3.4.2 Principle and scope 

A descriptive or qualitative EM analysis aims to provide a description of specific physical properties of 

a nanomaterial that determine, among others, its interaction with biological and environmental 

systems based on calibrated, bright-field TEM or SEM micrographs taken at low to intermediate 

magnification. It allows evaluating under which physical form the NM is exposed to in vivo and in vitro 

test systems, and whether a subsequent quantitative TEM analysis of the NM is feasible. The 

procedure is based on guidelines described in literature [70, 78-82]. In principle this method allows to 

describe the characteristics of any kind of nanoparticles.  

A descriptive EM analysis includes (i) an estimate of the size (distribution) of the primary and 

aggregated/agglomerated particles: (ii) representative and calibrated micrographs; (iii) the 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_10_SOP_03_Qualitative_description_of_a_NM_based_on_TEM_micrographs.org
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agglomeration- and aggregation status; (iv) the general morphology; (v) the surface topology; (vi) the 

structure (crystalline, amorphous, …); (vii) and the presence of contaminants and aberrant particles. In 

addition, such qualitative analysis evaluates the relevance and suitability of a quantitative TEM 

analysis based on the amount of particles on the EM grid and the homogeneity of their distribution.  

The proposed methodology complies with the EFSA Guidance document that foresees application of 

electron microscopy (TEM) such that the generated data is in line with the current Guidance 

document. It describes several key parameters important to assess the nanoparticle safety as 

specified in [28, 29, 63, 64]. 

3.4.3 Guidelines to describe the physical properties of a nanomaterial in dispersion based on EM 

micrographs  

A descriptive EM analysis of a nanomaterial in dispersion includes a description of possible visible 

impurities, a description of the aggregation/agglomeration state, the size and shape of the 

aggregates/agglomerates, a description of the polydispersity, size, shape, surface topology and crystal 

structure of primary particles and an evaluation whether a quantitative TEM-analysis is feasible. 

3.4.3.1 Description of possible visible impurities 

Examples of descriptions of observed impurities on the TEM grid are : the sample is pure, no 

impurities are found, occasionally an impurity is observed, nanoparticles are embedded in a matrix or 

connected to each other, the grid is covered with impurities, between the impurities the NP are visible, 

micrographs only contain impurities, no nanoparticles are observed 

3.4.3.2 Description of the aggregation/agglomeration state 

Possible descriptions of the aggregation status of the sample include: the particles are individual 

particles, the particles are agglomerated and agglomerates contain X to Y particles per agglomerate 

and on average x particles), the particles are aggregated and aggregates contain X to Y particles per 

agglomerate and on average x particles. 

3.4.3.3 Characterisation of the aggregates/agglomerates 

To characterize the aggregates/agglomerates  

 The size of the aggregates/agglomerates is estimated (approximately XX nm, smaller than XX 

nm, ranging from XX nm to XX nm, or XX ± XX nm for N = XX). 

 The shape of the aggregates/agglomerates is described according to López-de-Uralde [83]. 

Spheroidal, ellipsoidal, linear and branched/dendritic aggregates/agglomerates are 

distinguished (Figure 3). 

3.4.3.4 Characterisation of the primary particles 

To characterize the primary particles 

 The polydispersity of the primary particles of the NM is indicated. Monomodal, bimodal, 

trimodal and polymodal distributions are distinguished. 

 The size of the primary particles is estimated (approximately XX nm, smaller than XX nm, 

ranging from XX nm to XX nm, or XX ± XX nm for N = XX). 

 The crystal structure of the primary particles is described based on the presence (diffraction 

contrast) or absence (amorphous). This can be illustrated based on the TEM electron 

diffractogram. 

 The shape and surface topology of the primary particles is described according to Barrett [77] 

(Figure 4) and Krumbein and Sloss [78] Figure 5. 

 The 3D structure of the primary particles is described. Spherical, rod-shaped, tubular, 

pyramidal, cubic, orthorhombic, polyhedral, star shaped 3 D morphologies are distinguished. 
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3.4.3.5 Evaluation whether a quantitative TEM-analysis is feasible 

A quantitative TEM analysis is feasible if: 

 The EM specimen is representative for the sample 

 The particles are evenly distributed over the grid 

 The particles can be distinguished from the background and matrix 

 

 

Figure 3 Description of the size, shape and surface topology of primary particles [83] 

 

 

Figure 4 Description of the diferent structures of primary particles and aggregates/agglomerates [77] 

 
Figure 1 Barret (2009) Sedimentology 
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Figure 5 Description of the surface topology of primary particles and aggregates/agglomerates [78] 

3.4.4 Applications 

In WP2 of the NANoREG project, guidelines described in 3.4 are applied to describe the EM 

specimens of colloidal samples and of dispersion of powdered, fractal-like, aggregated nanomaterials 

suitable for quantitative analyses.  

Examined colloidal samples include the silica, near-spherical, monomodal, certified reference 

materials ERM-FD100, ERM-FD102 and ERM-FD304, a multimodal mixture of near-spherical, silica 

materials of nominal diameters of 25, 50 and 115 nm , the colloidal silver representative test material 

NM-300K, polystyrene latex beads P and H, colloidal gold spherical NIST reference materials 

RM8011, RM8012 and RM8013 and three colloidal gold rod shaped nanomaterials with nominal 

diameters ranging from 12-22 nm and nominal lengths ranging from 54-68 nm. 

Examined dispersions of powdered, fractal-like, aggregated nanomaterials include titanium dioxide 

JRCNM01000 and JRCNM01003, synthetic amorphous silica JRCNM02000 and cerium oxide 

JRCNM02102. 

In addition, the guidelines were applied for a large variety of dispersions of nanomaterials Including 

synthetic amorphous silica [84, 85], ZnO [86], titania [87, 88], the silver representative test material 

NM-300K [89], silver nanoparticles from decoration of pastry [90]. 

To efficiently implement the guidelines in 3.4 on a large number of samples in CODA-CERVA , a step-

by-step approach based on the FormTool, a free add-on for MS Word [91] is applied to report the 

qualitative EM analyses uniformly and efficiently. This user-friendly and powerful document assembly 

software creates an ‘intelligent’ MS-Word template that simplifies repetitive tasks increasing 

throughput speed of qualitative analyses and reducing errors. The tool allows tabulating the 

information required in 3.4.3 in a structured manner. Choices are suggested in drop-lists to assure 

uniformity in responses. From the table, a continuous text is generated. The FormTool add-on has 

been systematically applied to judge the quality of dispersion protocols developed for all priority 

materials in the nanodefine project: BaSO4 fine grade, BaSO4 ultrafine grade, CaCO3, pigment yellow 

380, pigment yellow 386, carbon nanotubes, kaolin, methacrylate, nano steel, titanium oxide and 

zeolite. 

 
Figure 2 Krumbein and Sloss (1963) Stratigraphy and Sedimentation 
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3.5  “Electron microscopic image analysis of colloidal nanomaterials”  

3.5.1 Background information 

To our knowledge, no generally accepted and validated procedure is available for electron 

microscopic image analysis of nanomaterials. [29]. General approaches of quantitative image analysis 

methodology are proposed by NIST [80]. More specific imaging and image analysis guidelines are 

given in ISO publications [54, 70, 78, 92]. Data analysis and representation can be done in 

combination with the methods described in ISO publications [54, 70, 92, 93]. Basic principles are (i) 

the traceability of information, imaging and results, (ii) detection, measurement, classification and 

representation of results on a per-particle level (number-based), (iii) (for practicality) automation of 

repetitive tasks.  

For simple models, like colloidal materials, particles can relatively easily be detected using grey scale 

thresholding: they are relatively abundant and have a homogeneous size, density, shape and surface 

topology [32-34, 51, 94, 95].  

A major advantage of such grey scale thresholding is that all nanoparticles in a micrograph can be 

detected simultaneously, allowing a statistically relevant number of measurements avoiding the 

tedious repetitive task of manual measurement. This reduces operator-induced bias. Since this 

method contains no steps that are specific for a certain material, it can readily be adapted to detect 

aggregates and agglomerates of a variety of nanomaterials [84, 86, 96], provided that they can be 

coated quantitatively to the EM-grid and distinguished from the background. For most metal oxides 

and for metallic nanomaterials, the latter poses no problem. 

When the background signal of the micrographs is not homogeneous and cannot be corrected 

sufficiently [97, 98], grey scale thresholding can be difficult. Particle detection approaches based on 

magic wand [99], Hough transform [100] and template matching [101] can be useful alternatives to 

manual detection.  

For automatically detected particles, multiple and arithmetically complex parameters, such as 

described in [10, 11, 70], can be measured simultaneously on high numbers of particles. Access to 

multiple parameters such as the aspect ratio, the mean diameter and the convexity allows selecting 

the parameter in function of a specific material or purpose. Verleysen [10] and De Temmerman [11] 

illustrate this in the scope of definition, characterization of colloidal, aggregated and agglomerated 

nanomaterials. Principle-component analysis and cross correlation analyses allow grouping 

measurands in independent classes. Representation of the number-based distribution of one 

representative measurand of each class allows a detailed, quantitative characterization of a 

nanomaterial. For agglomerated/ aggregated synthetic amorphous silica and TiO2, three independent 

groups of measurands are observed: size, shape and surface topology. This grouping is in line with 

the guidelines in [3, 29, 102, 103] that parameters of these classes are essential for the 

characterization and identification of a nanomaterial, e.g. in the context of the risk assessment of the 

application of nanomaterials in the food and feed chain. The findings of [104] corroborate this, showing 

that the size, physical form and morphology parameters determine the access of nanomaterials to 

human cells and cell organelles. In this context, the properties of individual particles measured in two 

dimensions can be more meaningful. Subpopulations that cannot be distinguished based on one 

parameter can be distinguished based on combinations of parameters for size, shape and surface. 

Access to multiple parameters also allows post-analysis classification of the detected particles, 

avoiding the distortions in the shape and size of the detected particles introduced by a separator filter 

based approach as suggested by [105] and [106]. Information of the size, shape and surface topology 

can be used to classify particles as single primary particles or aggregates/agglomerates, and 

erroneously detected particles like crystalized salts, precipitated proteins and holes in the grid. 

Automation of this classification can include a learning step where a preliminary manual classification 

is used as reference and input in linear discriminant analysis or cluster analysis [51]. Alternatively, for 

particles with a homogeneous size, shape and surface topology template matching can be used to 

detect specific particles of interest [101]. A manual classification deleting artifacts from the images and 

excluding them from the dataset tends to be time consuming and the results may vary between 

operators.  

The data collected for each characteristic parameter can be presented by its conventional descriptive 

statistics such as mean, median and percentiles [80, 92]. ISO 9276-1 [93] and ISO 9276-3 [107] 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_10_SOP_04_Electron_microscopic_image_analysis_of_nanomaterials.org
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provide guidelines for representation of results of particle size analysis. Representation as a number-

based distribution by binning the data over a selected range and fitting a (log) normal distribution 

allows a more precise estimation of the mode. Weighing the number of non-empty bins to the number 

of measurements in the largest bin followed by lognormal is suggested to balance the uncertainty of 

the measurement of the mode (bin width) and the number of particles supporting this measurement 

(bin height) for non-normal distributions. It is an alternative for the Freedman-Diaconis rule, Scott’s 

rule and the Sturges rule, designed for normal distributed data [108-110]. 

3.5.2 Principle and scope 

This procedure aims to analyse the 2D properties of the particles on EM micrographs. To be suitable 

for quantitative characterisation, the images should have a homogeneous background and the 

particles should be clearly distinguishable from the background. 

This method allows characterising NM on EM-micrographs using image analysis software. 

 The NM can be metallic consisting for example of Ag or Au, an oxide including SiO2, 
TiO2,Fe2O3, Fe3O4 ,and other. 

 The NM can be monodisperse or polydisperse. 

 Freeware and/or commercial image analysis softwares can be applied. 

3.5.3 Instructions 

The SOP “Electron microscopic image analysis of colloidal nanomaterials”is applied to analyze 

micrographs of colloidal samples quantitatively.  

3.5.4 Application 

In WP2 of the NANoREG project, this SOP was shown efficient to examined colloidal samples include 

the silica, near-spherical, monomodal, certified reference materials ERM-FD100, ERM-FD102 and 

ERM-FD304, a multimodal mixture of near-spherical, silica materials of nominal diameters of 25, 50 

and 115 nm , the colloidal silver representative test material NM-300K, polystyrene latex beads P and 

H, colloidal gold spherical NIST reference materials RM8011, RM8012 and RM8013 and three 

colloidal gold rod shaped nanomaterials with nominal diameters ranging from 12-22 nm and nominal 

lengths ranging from 54-68 nm. 
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3.6 “Electron microscopic image analysis of primary particles in aggregated nanomaterials” 

 

3.6.1 Background information 

The European Commission recently published its Recommendation on a common definition of the 

term ‘nanomaterial’ for regulatory purposes. A nanomaterial as defined in this recommendation should 

consist for 50 % or more of particles having a size between 1 nm-100 nm [22]. To fulfill the 

requirements of this definition, the nanoparticle characterization method has to be able to determine 

the median value of the number-based particle size distribution [20]. Consequently, particle size 

distributions weighted according to the surface area, volume, and light-scattering intensity per size 

group have to be mathematically converted to the number-based size distributions required in the 

definition. This conversion is based on various assumptions, and becomes increasingly prone to error, 

difficult or impossible if the mass fraction of nanoscale particles is not sufficiently large. For more 

complex distributions and aggregated NMs, these “ensemble methods” are prone to error [20]. 

Transmission electron microscopy coupled to image analysis has the advantage that it is a counting 

method with a sub-nm resolution and can visualize and measure primary particles (PPs) in more 

complex aggregated and agglomerated powdered NMs [20]. The characterization of PPs in 

aggregated/agglomerated nanomaterials is successfully applied for Al2O3[111], carbon [30], Fe3O4 

[111], Fe2O3 [111], synthetic amorphous silica [30, 84], TiO2 [30, 111], ZrO2 [111] and ZnO [86] NM. 

However, the traditional technique to measure the size of the PPs inside aggregates and 

agglomerates relies on tedious manual measurements with extensive operator intervention and 

interpretation of the EM micrographs [30, 111]. Automatic image analysis is in practice needed to 

obtain a sufficient number of particles to reconstruct a reliable particle size distribution [20]. 

Automation of the detection of PPs in aggregated and agglomerated NMs is achieved by Grishin [112] 

and Park [113] using the Hough transform based detection and the ultimate erosion points based 

detection, respectively. However, these automated methods do not allow measuring the median 

minimal PP size in one dimension of the NM as specified in [22]. 

In this SOP, an approach is proposed that estimates the median minimal PP size of aggregated NMs 

and its number-based distribution in the context of the EC-definition.  

3.6.2 Principle and scope 

This procedure aims to analyse the 2D properties of the primary particles on EM micrographs. The 

image analysis program detects aggregated particles on an EM micrograph based on their grey value, 

which reflects the mass-density contrast of the material. Aggregates that are distinguishable from the 

background are detected and semi-automatically measured. Multiple measurands are measured 

simultaneously on individual aggregates. The primary particles in the aggregates are detected based 

on watershed segmentation and their minimal size and overlap coefficient are measured based on an 

Euclidean distance map. 

A typical particle analysis consists of following steps:  

 Image preparation 

 Setting and adjusting the threshold value  

 Defining the detection area 

 Setting the detection parameters 

 Detection of the primary particles in aggregated NM 

 Selection of the primary particle parameters 

 Defining the classification schemes 

 Classification of the particles according the selected parameters 

 Exporting of results in excel spreadsheets and storage of the (annotated) images in the NM 

database 

http://rivm.nl/en/About_RIVM/International/International_Projects/Completed/NANoREG/deliverables/NANoREG_D2_10_SOP_05_Electron_microscopic_image_analysis_of_primary_particles_in_aggregated_nanomaterials.org
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3.6.3 Instructions 

The SOP “Electron microscopic image analysis of primary particles in aggregated nanomaterials” is 

applied to measure the primary particle size of aggregated fractal like nanomaterials coated on TEM 

grids.  

3.6.4 Applications 

In WP2 of NANoREG project, the proof of principle of the methodology is developed using the model 

of the powdered, aggregated TiO2 representative test nanomaterial NM-100 with a mean primary 

particle diameter near the 100 nm limit. This method is further evaluated on SAS, carbon black and 

other TiO2 NM[24]. 

Since this methodology estimates the primary particles size, their overlap coefficient and the size of 

the aggregates, it also allowed to refine the method for fractal analysis of Brasil et al. [114]. The the 

fractal properties of the aggregates and the volume specific surface area (VSSA) can be estimated 

supporting on the diameter of the maximal inscribed circle and overlap coefficient measurements for 

each individual PP. 

The SOP was applied and validated in NANoREG for the measurement of primary particles of 

Titanium dioxide JRCNM01000 and JRCNM01003, Synthetic amorphous silica JRCNM02000 and 

Ceriumoxide JRCNM02102. 

 

3.7 Data analysis and representation of measurement results according to relevant ISO-

norms 

The measurement results are calculated and represented according to available ISO-norms. The 

results of particle size analysis are represented according ISO 9276-2:2014 and ISO 9276-5:2005, the 

particle shape and morphology are described and quantitatively represented according to ISO 9276-

6:2008, an experimental curve to a reference model is adjusted to the data as in ISO 9276-3:2008, 

particles are classified according to ISO 9276-4:2001. 

Guidelines to objectively selecting the best measurand for omitting the agglomerated particles based 

on linear discriminant analysis approach are represented in [115].The characteristic parameters can 

be grouped into classes by examination of the correlation matrix. To characterize the NM in detail, at 

least one representative parameter is selected from each of the classes [87].  
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4 Validation of SOPs for TEM size and shape analysis of 
the primary particles of nanomaterials. 

4.1 Intra-laboratory validation of quantitative TEM analysis of colloidal nanomaterials 

4.1.1 General 

In the EM service of CODA-CERVA, the developed method for quantitative TEM analysis combining 

the SOPs for TEM specimen preparation, TEM imaging and TEM image analysis was validated for a 

series of colloidal nanomaterials ranging in size from approximately 10 nm to 200 nm, and varying in 

shape from near-spherical to rod-shaped. 

Below, an overview of the key results for selected parameters is given focussing on the measurands 

applied to implement the EC definition of nanomaterials. A more elaborate description of the applied 

methodology, results and discussion is given in the peer-reviewed NANoREG publications for near-

spherical, near-monomodal silica JRC certified reference materials [115], the representative test 

material NM-300K [90], NIST reference materials [25]. Formal validation files with detailed results are 

included in the quality control system of the EM service of CODA-CERVA. 

4.1.2 Accuracy of TEM measurements of colloidal nanomaterials 

To assess the accuracy of the TEM measurements, the measured size is compared with the (certified) 

reference size values for a panel of colloidal, near-spherical nanomaterials, spanning a size range 

from 8.9 to 202 nm.  

For each individual particle, 23 measurands are measured, but since only (certified) reference values  

of the ECD are available, only the accuracy of ECD measurements can be evaluated. Mean ECD 

values are compared for the colloidal gold reference materials RM8011, RM-8012 and RM-8013 from 

NIST (Gaithersburg, MD, USA) [32-34]. Modal ECD values are compared for the near-monodisperse, 

near-spherical, certified reference materials ERM-FD100, ERM-FD304 and ERM-FD102 for IRMM 

(JRC, Geel, Belgium). Since, to our knowledge, for materials in the size range of 100 to 200 nm, no 

reference materials are certified for size measurement by TEM, the mean ECD value of the colloidal 

polystyrene size calibration materials P1 and H1 (NanoSight, Wiltshire, United Kingdom) assessed by 

TEM was compared with their mean hydrodynamic diameter. 

Table 1 shows that in CODA-CERVA these modal and median ECD measurements are accurately 

measured. The TEM measurements are not significantly different from the (certified) reference values 

since the ‘true’ value falls within the 95% confidence interval around the measured value as described 

in the application note of Linsinger [116].  

4.1.3 Precision of TEM measurements of colloidal nanomaterials 

4.1.3.1 Calculation of measurement uncertainties 

The intra-laboratory precision (composed of repeatability and intermediate precision) of the 

quantitative TEM method is assessed by measurements performed on ERM-FD100 and ERM-FD304 

similar to the test design described in [117]. Repeatability indicates the closeness between results of 

measurements, performed over a short period, using the same instrument and performed by the same 

operator. The relative repeatability uncertainty is calculated from the dataset using Equation 1. The 

mean sum of squares is calculated using one-way ANOVA (analysis of variance).  
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Table 1 Comparison of measured (Cm) and (certified) reference ECD (Ccrm) values, absolute 95% expanded 
uncertainty (U(x) in nm) and difference between measured and certified ECD (Δm). 

 Cm Ccrm U(x) Δm 

ERM-FD100 20.3 nm 
a
 19.4 nm

 a
 1.7 nm 0.86 nm 

ERM-FD304 27.5 nm
 a
 27.8 nm

 a
 1.6 nm 1.56 nm 

ERM-FD102_Small 18.6 nm 
a
 18.2 nm

 a
 0.5 nm 0.4 nm 

ERM-FD102_Large 83.5 nm 
a
 84.0 nm

 a
 2.0 nm 0.5 nm 

RM-8011 9.3 nm
 b
 8.9 nm

 b
 0.7 nm 0.4 nm 

RM-8012 27.4 nm
 b
 27.6 nm

 b
 1.1 nm 0.2 nm 

RM-8013 58.5 nm
 b
 56 nm

 b
 3.0 nm 2.5 nm 

Latex beads P  99.7 nm
 b
 105 nm

 c
 3.6 nm 2.3 nm 

Latex beads H  203.1 nm
 b
 202 nm

 c
 5.1 nm 1.1 nm 

a
 Modal ECD 

b
 Mean ECD 

c
 Mean hydrodynamic diameter 

 

Equation 1  𝑢(𝑟) =  
√𝑀𝑆𝑤𝑖𝑡ℎ𝑖𝑛

𝐶𝑚
 

With u(r) the relative repeatability uncertainty, MSwithin the mean of squares within the measurement 

days and Cm the mean measured value. The relative intermediate precision uncertainty (day-to-day 

variability) is determined with Equation 2: 

Equation 2  𝑢(𝑖𝑝) =  
√

𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛−𝑀𝑆𝑤𝑖𝑡ℎ𝑖𝑛
𝑛𝑟

𝐶𝑚
 

With u(ip) the relative intermediate precision uncertainty, MSbetween the mean sum of squares between 

different days and nr the number of measurement replicates per day. 

The relative intra-laboratory precision uncertainty is then determined by combining the relative 

repeatability uncertainties and the relative intermediate precision (Equation 3). 

Equation 3  u(lab) =  √u2(r) + u2(ip)
 
 

The intra-laboratory precision uncertainty summarises the uncertainties related to the non-systematic 

variability in sample preparation, image acquisition, image analysis and data analysis. 

4.1.3.2 Calibration 

The magnifications of 18500 times and 68000 times are calibrated using the cross-grating method and 

the image shift method based on a 2160 lines/mm optical diffraction-cross grating (Agar Scientific, 

Stansted, England). The calibration method is implemented following ASTM E766 [118] guidelines and 

by using the magnification calibration software which is integrated in the Tecnai user interface 

software (FEI, Eindhoven, The Netherlands) [118]. 

Since the uncertainty associated with the calibration procedure is added as a Type B uncertainty and 

is not covered by the intra-laboratory uncertainty, such improvements in the calibration procedure can 

be included in the method validation dossier without repeating the validation experiment [119]. Table 2 

shows that the calibration uncertainty depends on the magnification calibration method and the 

magnification. The cross-grating calibration method (X-grating) used for magnifications up to 18500 

times is less effective than the image shift calibration method (Im.shift) used for higher magnifications. 

Application of the latter method on the magnification of 18500 times is expected to lower the 

calibration uncertainty systematically with 0.9 %, but requires adaptation of the applied calibration 
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software (FEI, Eindhoven, The Netherlands). Currently we are investigating how we can make a more 

conservative estimation of the calibration uncertainty based on e.g. quality control charts. 

 

Table 2 Overview table of the callibration uncertainty and CCD to TEM ratio for different magnifications 
and methods. 

Method Magnification Count Uncertainty ± sd
a
 (%) CCD to TEM Ratio ± sd

a
 

X-grating 440 14 1.04 % ± 0.82 % 1.48 ± 0.09 

X-grating 690 14 0.87 % ± 0.67 % 1.40 ± 0.1 

X-grating 890 14 0.94 % ± 0.65 % 1.42 ± 0.04 

X-grating 1200 17 0.89 % ± 0.45 % 1.43 ± 0.01 

X-grating 1400 14 0.77 % ± 0.48 % 1.40 ± 0.01 

X-grating 1900 14 0.72 % ± 0.46 % 1.41 ± 0.01 

X-grating 2900 14 0.7 % ± 0.4 % 1.37 ± 0.02 

X-grating 4800 14 0.72 % ± 0.39 % 1.39 ± 0.01 

X-grating 6800 14 0.75 % ± 0.44 % 1.38 ± 0.01 

X-grating 9300 14 0.78 % ± 0.49 % 1.40 ± 0.01 

X-grating 11000 14 0.75 % ± 0.47 % 1.43 ± 0.01 

X-grating 13000 14 0.88 % ± 0.45 % 1.41 ± 0.01 

X-grating 18500 14 0.91 % ± 0.58 % 1.37 ± 0.01 

X-grating 23000 10 0.81 % ± 0.71 % 1.35 ± 0.01 

Im.shift 23000 4 0.26 % ± 0.32 % 1.37 ± 0.01 

Im.shift 30000 14 0.08 % ± 0.06 % 1.34 ± 0.01 

Im.shift 49000 14 0.09 % ± 0.06 % 1.38 ± 0.01 

Im.shift 68000 14 0.14 % ± 0.14 % 1.39 ± 0.01 

Im.shift 98000 14 0.21 % ± 0.25 % 1.39 ± 0.01 

Im.shift 120000 13 0.35 % ± 0.27 % 1.36 ± 0.01 

Im.shift 150000 13 0.46 % ± 0.38 % 1.43 ± 0.05 

Im.shift 180000 11 0.64 % ± 0.43 % 1.40 ± 0.02 

a
 Standard deviation 

4.1.3.3 Trueness 

The results of a method are 'true' if the method is free of systematic and significant bias. Whether a 

method produces significantly biased results can be assessed by comparing the results with reference 

values, for example by measuring one or more suitable CRMs as described in ERM Application Note 1 

[120].When the combined uncertainty of the measurement results and the certified value is larger than 

the absolute difference between the certified and the measured value (∆m), then it can be concluded 

that the measured value is not significantly different from the certified value. If the opposite is the case, 

then the method results are significantly biased and a correction of the results is preferred. Instead 

one can also choose to include the measured bias in the measurement uncertainty, especially when 

the bias value is not very well known. 

This trueness assessment is not free of uncertainty itself, so even if the assessment indicates that the 

results are without significant bias, an uncertainty associated with the assessment of the trueness of 
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the method must be taken into account. The trueness uncertainty, u(t), can be calculated by 

combining the uncertainty of the measurements on the CRMs, u(m), with the uncertainties of the 

certified values of the CRMs, u(CRM) following Equation 4. 

Equation 4 u(t) = √u²(m) +
∑ u²(CRM)

nCRM
2  

With ∑u
2
(CRM) the sum of the squares of the relative uncertainties of the certified values of the CRMs 

and nCRM the number of CRMs.  

In validation studies, such as the study presented in this paper, the uncertainty u(m) of the results 

obtained on the CRMs is usually not a full measurement uncertainty, as it does not yet contain the u(t) 

contribution. Instead, u(m) contains repeatability and intermediate precision uncertainty contributions 

and can be estimated from Equation 5. 

Equation 5 u(m) = √
u2(r)

nt
+

 u2(ip)

nd
 

With u(ip) the relative intermediate precision uncertainty, u(r) the relative repeatability uncertainty, nd 

the number of test days and nt the total number of measurement replicates. Please note that the 

precision contributions to u(m) are different from those to u(lab) because the number of replicates and 

measuring days in the validation study is higher than during routine use of the method. Also, since two 

CRMs are tested, the measurement uncertainty of the technique is calculated from the average of the 

relative repeatability and relative intermediate precision uncertainties of measurements of the two 

CRMs. 

Formally, only for ECD the trueness uncertainties of TEM analyses can be estimated using the 

certified uncertainty of ERM-FD100 and the indicative uncertainty of ERM-FD304. Because other 

certified values are lacking, it is chosen to tentatively estimate the trueness uncertainties of the six 

other size measures also via the certified ECD value of ERM-FD100 and the indicative ECD value of 

ERM-FD304.  

4.1.3.4 Combined and expanded measurement uncertainty 

The uncertainty contributions explained above are to be combined in the method's full uncertainty 

budget. The intra-laboratory precision uncertainty u(lab) is a type A uncertainty: it is derived from 

repeated testing and covers all sources of variation between analyses and the typical between-day 

variation. A type B uncertainty component (values taken from certificates, expert judgement, etc.) is 

the uncertainty of the certified values of the used CRMs, u(CRM) and the calibration uncertainty, 

u(cal). The trueness uncertainty u(t) is a mix of A and B type uncertainties [119].  

If one assumes that all the uncertainty contributions for the quantitative TEM method are covered by 

the intra-laboratory precision uncertainty and the uncertainties for trueness and calibration, then the 

combined measurement uncertainty can be estimated from (Equation 6): 

Equation 6 uc(x) =  √u2(lab) + u2(t) + u²(cal)  

The uncertainties are combined using the normal root-sum-square manner, resulting in the combined 

measurement uncertainty uc(x). When assuming that the combined uncertainty is normally distributed 

and a confidence level of approximately 95% is required, and when the degrees of freedom of the 

individual uncertainty contributions permit, then the combined uncertainty can be multiplied by a 

coverage factor (k) of 2 to obtain the expanded measurement uncertainty U(x) [119]. 

 

4.1.3.5 Measurement uncertainties of the minimal size in one dimension. 

Measurement uncertainties of 23 measurands are estimated for all examined materials. In [115] the 

combined uncertainty of the measurements is, for example, shown for ERM-FD100 and ERM-FD304. 

In the context of the EC definition of a nanomaterial [22], the median minimal external dimension of 

the particles is applied to define nanomaterials. For colloidal materials, this can be approximated by 

the median maximal inscribed circle diameter (MICD) and the Feret min diameter. For irregularly 
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shaped particles, Feret min diameter estimation tends to give a biased result overestimating the 

minimal external dimension of particles [121]. In such cases, MICD can give a better approximation.  

Figure 6 illustrates that the developed SOPs allow measuring the Feret min and MICD of the near-

spherical nanomaterials ERM-FD100 and NM-300K with a similar high precision. Since not all 

particles are perfectly spherical (0) the Feret min values of the examined near-spherical particles are 

somewhat higher than the MICD values.  

An advantage of the Feret min diameter is that its measurements can verified by manual 

measurement more easily than MICD measurements. Because of the lack of certified reference 

materials, many automated image analysis methods are verified based on manual measurement. 

Hence, Feret min Diameter is often selected as the parameter of choice to implement the EC-

definition. To be in line with existing literature data, below, the intra-laboratory measurement 

uncertainties of the Feret Min diameter are represented. The intra-laboratory precision uncertainty is 

combined with the calibration uncertainty to calculate the combined uncertainty.  

Table 3 shows that in CODA-CERVA, the median Feret min Diameter is estimated precisely by TEM 

for the colloidal gold reference materials (RM8011, RM-8012 and RM-8013), colloidal gold nanorods, 

colloidal polystyrene size calibration materials (P1 and H1), colloidal silver nanomaterial (NM-300K), 

and for the near-monodisperse near-spherical synthetic amorphous silica certified reference materials 

(ERM-FD100, ERM-FD304 and ERM-FD102). The 68 % uncertainties lie between 1.1 % and 4.3 % 

depending on the material. For rod-like materials the uncertainties are larger than for near-spherical 

materials. 

 

 

Figure 6 Comparison of the minimal external dimension of ERM-FD100 and NM-300K particles estimated 
as Feret min diameter and as MICD. The bar represents the expanded intra-laboratory uncertainty (95%). 

Table 3 shows that in CODA-CERVA, the median Feret min Diameter is estimated precisely by 

transmission electron microscopy (TEM) for the colloidal gold reference materials (RM8011, RM-8012 

and RM-8013), colloidal gold nanorods, colloidal polystyrene size calibration materials (P1 and H1), 

colloidal silver nanomaterial (NM-300K), and for the near-monodisperse near-spherical synthetic 

amorphous silica certified reference materials (ERM-FD100, ERM-FD304 and ERM-FD102). The 68 % 

uncertainties lie between 1.1 % and 4.3 % depending on the material. For rod-like materials the 

uncertainties are larger than for near-spherical materials. 
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Table 3 Estimation of the intra-lab uncertainties of the size measurement using quantitative TEM of the 
median minimal size in one dimension, estimated as Feret min. 

Name Median ± U(x) u(r) u(ip) u(lab) u(cal) uc(x) 

NM-300K 15.6 ± 0.6 nm 2.02 % 0.00 % 2.02 % 0.1 % 2.0 % 

ERM-FD100 19.2 ± 1.0 nm 1.31 % 1.79 % 2.22 % 1.3 % 2.6 % 

FD102_Small 18.8 ± 1.6 nm 3.70 % 1.5 % 4.0 % 1.3 % 2.9 % 

FD102_Large 82.2 ± 1.4 nm 0.50 % 0.4 % 0.64 % 0.9 % 2.4 % 

ERM-FD304 26.1 ± 1.0 nm 1.61 % 0.20 % 1.62 % 1.3 % 2.1 % 

RM8012 26.7 ± 1.0 nm 1.80 % 0 % 1.8 % 0.9 % 2.0 % 

RM8013 57.3 ± 2.6 nm 1.60 % 1.47 % 2.17 % 0.9 % 2.3 % 

Rods 9-15 nm 14.3 ± 1.2 nm 3.55 % 0.00 % 3.55 % 1.07 % 4.29 % 

Rods 12-18 nm 15.4 ± 1.3 nm 3.45 % 0.00 % 3.45 % 1.07 % 4.21 % 

Rods 19-25 nm 25.1 ± 2.1 nm 2.02 % 1.16 % 2.33 % 1.07 % 3.34 % 

Latex beads P  98.2 ± 3.2 nm 1.24 % 0.55 % 1.35 % 0.9 % 1.6 % 

Latex beads H  199.9 ± 4.4 nm 0.67 % 0 % 0.67 % 0.9% 1.1 % 

 

4.1.3.6 Measurement uncertainties of the shape measurement 

Measurement uncertainties of 23 measurands are estimated for all examined materials. These include 

5 measurands estimating the shape and the surface structure. In [115] the combined uncertainty of 

these measurands is, for example, shown for ERM-FD100 and ERM-FD304. 

The aspect ratio is most frequently used, among others, to classify particles as nanorods based on 

[122]. Table 4 shows that in CODA-CERVA the aspect ratio can be measured precisely. The 68% 

uncertainties lie between 1.1 % and 4.5 %. For near-spherical materials the uncertainties are lower 

than for materials that are rod-shaped. 

Table 4 Estimation of the intra-lab uncertainties of the measurement of the shape, estimated as aspect 
ratio, using quantitative TEM. 

Name Median ± U(x) u(r) u(ip) uc(x) 

NM-300K 1.13 ± 0.02 nm 1.00 % 0.00 % 1.00 % 

ERM-FD100 1.18 ± 0.03 nm 1.16 % 0.18 % 1.18 % 

Rods 9-15 nm 2.51 ± 0.1 nm 2.01 % 0.11 % 2.02 % 

Rods 12-18 nm 2.81 ± 0.3 nm 4.51 % 0.39 % 4.52 % 

Rods 19-25 nm 3.43 ± 0.3 nm 4.06 % 0.00 % 4.06 % 

4.1.4 Application of the SOPs to resolve different subpopulations of MNM in a multimodal mixtureT 

It is challenging to measure the size and shape properties of MNM that are polydisperse in size, 

particularly when the fraction of the smallest particles is small. As a proof-of-principle, it was 

demonstrated that the developed TEM-based SOPs allowed measuring the size and shape properties 

of the primary particles of a trimodal MNM where the fractions of the smaller particles are smaller than 

those of the larger particles. For this purpose, tailor-made MNM were produced by IIT (Italy). Table 5 

and Figure 7 illustrate, for example, that similar ECD are measured for silica nanoparticles in a 
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monomodal preparation as in a mixture combining these three preparations. Similar results were 

obtained for other size and shape parameters (not shown). 

Table 5 Maximal inscribed circular diameter measurements of synthetic amorphous silica near-spherical 
particles showing the mode, median and mean size. 

Name Mode Median Mean N 

Ag@IIT NPs  20.3 nm 20.4 nm 20.0 nm 39589 

SiO2@IIT NPs 25 nm 25.2 nm 25.2 nm 27.2 nm 17953 

SiO2@IIT NPs 50 nm 51.4 nm 51.6 nm 53.6 nm 5774 

SiO2@IIT NPs 115 nm 119.4 nm 118.6 nm 118.4 nm 2712 

SiO2@IIT Mix NPs 25-50-115 nm     

 25 nm < 30 nm 23.6 nm 22.9 nm 22.6 nm 10 

 50 nm > 30 nm < 65 nm 51.4 nm 49.9 nm 48.8 nm 112 

 115 nm > 65 nm 112.3 nm 112.4 nm 111.6 nm 424 

 

 

Figure 7 Number based size distribution of SiO2@IIT Mix NPs sample 25-50-115 nm. The height, mode 
(center) and Half width at half max (HWHM) of the distributions describing the fitted curve are indicated 
close to the relevant peaks together with the 95% CI indicating how precisely these quantitative 
parameters are estimated by the model. 

 

4.1.5 Comparison of EM measurements with the results of complementary techniques PTA, DLS, 

SEM and SP-ICP-MS 

TEM results were compared with results of other techniques like single particle induced coupled plasm 

mass spectrometry (SP-ICP-MS), dynamic light scattering (DLS) and particles tracking analysis (PTA).  

An intra-laboratory validation of SEM was performed on ERM-FD100 by INMETRO using in house 

SOPs. A FEI Helios NanoLab 650 was used for imaging acquisition in conventional secondary 

electron mode (SE-TLD detector) and transmitted scanning mode (Bright Field TSEM detector). 
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Table 6 Standard measurements uncertainties of modal and median ECD obtained for ERM-FD100 sample 

Measurand  ECD mode ECD median 
 TLD TSEM TLD TSEM 

Mean measured value, Cm (nm)  19.22 19.22 20.40 20.41 
Standard deviation (nm)  2.71 2.66 2.02 1.43 
Certified value (nm)  19.40 19.40 - - 
Relative measurement uncertainty um (%)  5.72 6.21 4.69 3.18 
Combined uncertainty uc of measurement, um and certified, ucert (%)  6.67 7.16 5.69 4.90 

Expanded uncertainty (k=2) Uc(ERM) (nm)  2.56 2.64 2.32 1.72 
Absolute difference between certified and measured value, Δm (nm)  0.18 0.95 1.00 0.91 

Uc(ERM) - Δm
a
  2.38 1.69 1.32 0.82 

a 
To evaluate the method performance, Δm is compared with Uc(x) values. If there is no significant 

difference between the measurement result and the certified value [120] 

 

Figure 8 SEM images of NM300K sample acquired by SE-TLD (left) and TSEM (right) detectors. 

The measured value by SEM is not significantly different from de certified value. The SEM results for 

ERM-FD100 are not significantly different from the TEM measurements and indicate that there is no 

significant method defined bias. 

An intra laboratory validation of SP-ICP-MS was performed on NM-300K by CODA-CERVA using in 

house SOPs. The particle size measured by SP-ICP-MS relates the best with the ECD measured by 

TEM, assuming that the particles are spherical. The results of Table 7 and Table 8 illustrate that there 

is a method defined difference in medians of 3,4 nm and in means of 3,9 between the SP-ICP-MS 

measurements and the ECD TEM measurements reported in Table 7. The TEM size however falls 

within the 95% CI around the sizes measured by SP-ICP-MS indicating no significant method bias with 

the TEM measurements for a colloidal, metallic, near-spherical, near-monomodal nanomaterial like 

NM-300K. For other types of NM, this has to be evaluated on an ad hoc base. 

Table 7 Inter-laboratory comparison of the Mean median ECD measurements for NM-300K. 

Lab Mean median ECD Mean mean ECD 

A 16.4 nm 16.7 nm 

B 15.1 nm 15.3 nm 

C 15.9 nm 16 nm 

D 16.3 nm 16.6 nm 
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D* 15.9 nm 16.2 nm 

E 14.7 nm 15 nm 

F 16.4 nm 17.8 nm 

G 15.9 nm 16.1 nm 

H 15.6 nm 15.7 nm 

Mean 15.8 nm 16.1 nm 

Sd 0.6 nm 0.8 nm 

Table 8 Overview of selected validation parameters for NM-300K by SP-ICP-MS  

 Particle size Particle number 

concentration 

Particle mass 

concentration 

 Median Mean Mode   

Mean value 19.2 nm 20.0 nm 18.6 nm 2.0 10
18

 kg
-1 

97100 mg/kg 

U 3.8 nm 4.2 nm 3.5 nm 0.8 10
18

 kg
-1 

17500 mg/kg 

LOD 12 nm 12 nm 12 nm 8.0 10
6
 part/L

(b) 
0.35 ng/L

(b),(c)
 

LOQ 13 nm 13 nm 13 nm - - 

Repeatability (sr) 4.3% 4.8% 4.1% 11.3% 8.9% 

Intermediate 

precision (sip) 

9.3% 9.6% 8.7% 19.6% 8.9% 

Apparent bias
(d)

 +17% +21% +16% - - 

Relative recovery - - - 78% / 86% 
(e) 

99% 

Measurement 

uncertainty (U; k = 

2) 

20% 21% 19% 42% 18% 

(a)
 Reported values are the averages of the results obtained at both dilution levels; 

(b)
 In the diluted 

suspension; 
(c)

 The LOD for mass concentration depends on the particle size: 0.35 ng/L is the LOD for 

particles of 20 nm; 
(d)

Apparent bias versus the equivalent circle diameter determined by TEM;
 (e)

 

respectively taking into account 3.5% ionization or 3.5% ionization & 8.6% of particles < LOD. 

The differences between the mean and median sizes measured by SP-ICP-MS and TEM can be 

explained by the fact that under the applied conditions (magnification, CCD camera, microscope 

configuration, the limit of quantification for TEM size analysis of NM-300K is lower than the limit of 

quantification by SP-ICP-MS (13 nm) and by the observation (by TEM) that the particles are not 

perfectly spherical. Because the detection limit of SP-ICP-MS for Ag is about 13 nm, only a part of the 

distribution was measured (Figure 9) and size measurements of NM-300K by SP-ICP-MS are 

therefore larger than the ECD measurements by TEM.  

An intra-laboratory validation of PTA was performed on colloidal gold reference materials (RM-8012 

and RM-8013), on polystyrene latex beads (P and H), on colloidal silver representative test material 

(NM-300K) on colloidal gold nanorods with sizes between 9 and 25 nm and on a fractal like 

representative test material NM-100 by CODA-CERVA using in house SOPs. The results of Table 9 

illustrate that for near-spherical, near- monodisperse, colloidal materials (RM8012, RM8013, P, H and 

NM-300K), the PTA results seem to be close to the TEM results reported in Table 3. The TEM size 

falls within the 95% CI around the sizes measured by PTA indicating that there is no significant 

method bias with the TEM measurements. For rod-like and fractal-like materials PTA measures the 

hydrodynamic diameter. This measurand cannot be directly compared to the dimension of the 

particles measured by TEM.  
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Figure 9 Comparison of TEM particle size measurement (Feret min) and SP-ICP-MS particle size 
measurement (volume equivalent spherical diameter) for NM-300K (Adapted from [90]). 

Table 9 Overview table of the hydrodynamic diametermeasured by PTA showing mean modal values and 
95% expanded uncertainties. 

 Hydrodynamic diameter ± U(x) 

RM8012 30.3 nm ± 15% 

RM8013 53.7 nm ± 7% 

Latex beads P  104.6 nm ± 9% 

Latex beads H  199.6 nm ± 8% 

NM-300K 36.8 nm ± 47 % 

Rods 9-15 nm 51.8 nm ± 30% 

Rods 12-18 nm 55.1 nm ± 18% 

Rods 19-25 nm 36.9 nm ± 47% 

 

INMETRO characterized tested ERM-FD100 and NM-300K by DLS and NRCWE characterized NM-

300K using their in house SOPs. The results in Table 10 show that size measurements of ERM-

FD100 is not significantly different from the certified Intensity-weighted harmonic mean diameter (19.0 

nm ± 0.6 nm). The DLS results for ERM-FD100 are not significantly different from the TEM 

measurements and indicate that there is no significant method defined bias. For these near-spherical, 

near-monomodal, colloidal particles, the hydrodynamic diameter measurements by DLS overestimate 

the particle size of NM-300K by about 20 nm (Table 10 and Table 11). The values measured by 

INMETRO and NRCWE, as the values measured in CODA-CERVA (not shown) correspond well with 

the values given in the characterization report of NM-300K and with the PTA results [123].  

Table 10 Results average of ERM-FD100 and NM-300K analysed by INMETRO by DLS 

Parameter  FD 100 

S0070 

NM300K Ag 

S07424 

NM300K Ag 

S07425 

NM300K Ag 

S07426 

Concentration w/w %  1 0.787 0.844 0.611 

Z-Average (nm)  18.83 34.73 31.44 36.03 
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Standard Deviation  0.18 2.87 1.50 2.78 

PDI  0.096 0.533 0.495 0.548 

Standard Deviation  0.004 0.085 0.047 0.060 

Zeta Potential (mV)  -45.10 -2.772 - - 

Standard Deviation  4.19 0.612 - - 

Conductivity (mS/cm)  0.239 12.8 - - 

Standard Deviation  0.004 0.8 - - 

Table 11 Results average of NM-300K analysed by NRCWE by DLS 

Parameter NM300K Ag NM300K Ag 

Method 
General Purpose (Normal 

Resolution) 
Multi Narrow Modes (High 

Resolution) 

Concentration (mg/ml) 10.71 12.14 

Standard Deviation 8.17 9.01 

Z-Average (nm) 50.26 38.82 

Standard Deviation 15.93 17.58 

PDI 0.51 0.43 

Standard Deviation 0.07 0.22 

 

Under the conditions where NM-300K was investigated by DLS, a zeta potential of -2.772 was 

measured close the isoelectric point. Therefore, it is very likely that the silver particles form 

agglomerates and precipitate. DLS and PTA measure the hydrodynamic diameter of these 

agglomerates, which are larger than the primary particles measured by TEM and SP-ICP-MS.  

It can be concluded that DLS and PTA can be applied to implement the EC definition of NM for near-

spherical, near-monomodal NM in colloidal dispersions provided that (i) the size of the particles is in 

the useful range of the method, and (ii) the dispersions are stable (no agglomeration). Measurement of 

the zeta-potential can be instrumental to objectify the latter. 
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4.2 Intra-laboratory validation of quantitative TEM analysis of aggregated/agglomerated 

nanomaterials 

These materials are representative test materials obtained from the JRC repository of nanomaterials 

(IHCP, Ispra, Italy). The intra-laboratory measurement uncertainties were determined according the 

guidelines [124, 125].  

The traditional technique to measure the size of the PPs inside aggregates and agglomerates relies 

on tedious manual measurements with extensive operator intervention and interpretation of the EM 

micrographs [30, 111]. By using these techniques, PPs are successfully characterised in 

aggregated/agglomerated nanomaterials for Al2O3[111], carbon [30], Fe3O4 [111], Fe2O3 [111], 

synthetic amorphous silica [30, 84], TiO2 [30, 111], ZrO2 [111] and ZnO [86] NM. Automation of the 

detection of PPs in aggregated and agglomerated NMs is achieved by Grishin [112] and Park [113] 

using the Hough transform based detection and the ultimate erosion points based detection, 

respectively. However, these automated methods do not allow measuring the median minimal PP size 

in one dimension of the NM as specified in [22].The SOPs allow to detect and measure primary 

particles (PPs) in complex aggregated and agglomerated powdered NMs [20] and allow obtaining a 

sufficient number of particles to reconstruct a reliable particle size distribution [20].  

Below, an overview of the key results for selected parameters is given focussing on the measurands 

applied to implement the EC definition of nanomaterials. A more elaborate description of the applied 

methodology, results and discussion is given in the peer-reviewed [24]. Formal validation files with 

detailed results are included in the quality control system of the EM service of CODA-CERVA. In the 

context of the EC definition of a nanomaterial [22], the median minimal external dimension of the 

particles is applied to define nanomaterials. For irregularly shaped particles, Feret min diameter 

estimation tends to give a biased result overestimating the minimal external dimension of particles 

[121]. In such cases, MICD gives a better approximation.  

In the NANoREG project, selected materials are further analyzed with other complementary 

techniques (PTA, DLS and SP-ICP-MS) testing the accuracy and precision of the methods and 

detecting possible bias between method-defined size estimations.  

Figure 10 illustrates that the developed SOPs allow measuring the Feret min and MICD of the primary 

particles and the aggregates of the fractal like JRCNM01000, JRCNM01003, JRCNM02000 and 

JRCNM02012 with a similar high precision. Since the primary particles have a irregular shape (0) the 

Feret min values of the examined near-spherical particles are somewhat higher than the MICD values. 

The shape of the aggregates is more irregular, resulting in larger differences between MICD and Feret 

min. 

An advantage of the Feret min diameter is that its measurements can verified by manual 

measurement more easily than MICD measurements. Because of the lack of certified reference 

materials, many automated image analysis methods are verified based on manual measurement. 

Hence, Feret min Diameter is often selected as the parameter of choice to implement the EC-

definition. To be in line with existing literature data, below, the intra-laboratory measurement 

uncertainties of the Feret min diameter are represented. The intra-laboratory precision uncertainty is 

combined with the calibration uncertainty to calculate the combined uncertainty.  
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Figure 10 Histograms showing the minimal external dimension of particles indicating the Feret min and 
Maximal inscribed circular diameter (MICD measurements of aggregates (A) and primary particles (B) 
together with the intra-laboratory uncertainty (95%). 

The Nanogenotox protocol allowed bringing fractal like nanomaterials in a stable dispersion. The 

ethanol pre-wetting and BSA were omitted from sample preparation since the materials were prepared 

for characterization in dispersed form and did not have a hydrophobic coating. The SOPS allow to 

accurately measuring the Feret min and maximal inscribed circular diameter of titanium dioxide 

(JRCNM01000 and JRCNM01003), synthetic amorphous silica (JRCNM02000) and cerium oxide 

(JRCNM02102) core materials of NANoREG. By adapting the image analysis SOP, primary particles 

in the fractal like aggregates were accurately measured. Even though 23 measurands are recoded for 

the aggregates here only the MICD measurements are presented here.  

Table 12 Overview table of Maximal inscribed circular diameter measured by TEM showing the median 
size, repeatability uncertainty, intermediate precision uncertainty and itralab uncertainty. 

Name Median ± U(x) u(r) u(ip) u(lab) 

JRCNM01000 97.53 ± 8.24 nm 3.75% 1.94% 4.23% 

JRCNM01003 17.07 ± 0.91 nm 1.94% 1.83% 2.66% 

JRCNM02000 15.88 ± 1.3 nm 3.74% 1.66% 4.09% 

JRCNM02102 12.88 ± 1.23 nm 4.45% 1.76% 4.79% 

 

Table 12 shows that the SOPs in CODA-CERVA resulted in precise measurements ofmedian maximal 

inscribed circular diamater measurements. The 68% uncertainties lie between 2.6 % and 4.8 %.  
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4.3 Between-laboratory validation (ILC) of the method developed for quantitative TEM 

analysis  

4.3.1 Aim of the ILC study in D2.10 

This ILC study aims to validate the developed method for quantitative TEM analysis of the size and 

shape of the primary particles of colloidal (4.3.5) and aggregated, fractal –like MNM (4.3.7).  

4.3.2 Instructions for quantitative TEM analysis 

A quantitative TEM analysis of colloidal MNM combines the “Preparation of EM-specimens containing 

a representative sample of the particles in dispersion” (3.2), “Transmission electron microscopic 

imaging of nanomaterials” (3.3), a descriptive analysis according to the Guidelines for qualitative 

characterization of nanomaterials in dispersion in a regulatory framework (3.4), and the  “Electron 

microscopic image analysis of colloidal nanomaterials”(3.5).  

A quantitative TEM analysis of aggregated MNM combines the Modified “Final protocol for producing 

suitable manufactured nanomaterial exposure media” [21] (3.1), the “Preparation of EM-specimens 

containing a representative sample of the particles in dispersion” (3.2), “Transmission electron 

microscopic imaging of nanomaterials” (3.3), a descriptive analysis according to the Guidelines for 

qualitative characterization of nanomaterials in dispersion in a regulatory framework (3.4), and the 

“Electron microscopic image analysis of primary particles in aggregated nanomaterials”(3.6). 

4.3.3 Design of the ILC study in D2.10 

The proposed experimental design estimates the variation between competent laboratories applying 

the procedures that were envisaged to be laboratory- and platform-independent. Basis of this ILC 

approach is the estimation of the laboratory biases. The intention is that the measurements within 

each laboratory are performed under reproducibility conditions such that the collected results are 

independent.  

To validate the SOPs applicable to measure the size and shape properties of near-spherical, near-

monomodal colloidal MNM, the certified reference material ERM-FD100 [95] and the representative 

test material NM-300K were examined by all participating laboratories(Error! Reference source not 

ound.). The experimental design was elaborated such that each of the participants could estimate 

also its intra-lab uncertainties, as a basis for intra-laboratory validation of the SOPs. 

The competence of the participating laboratories is evaluated based on the measurement of the ECD 

of ERM-FD100 certified reference material. Although the sample preparation was not done separately, 

the analyses results of INMETRO obtained using two different microscope configurations were treated 

as if they came from independent laboratories, since the instruments were calibrated in an 

independent way and imaging and image analyses were done by different operators. For colloidal 

MNM the effects of specimen preparation on measurands and their uncertainties are assumed to be 

minimal. 

To validate the SOPs applicable to measure the minimal external size of the primary particles in 

aggregated, fractal-like MNM, as foreseen in the EC-definition of NM [126], four NANoREG core 

materials with fractal-like aggregates were included in this study. For comparison, the size and shape 

properties of the aggregates and their measurement uncertainties were estimated. SOPs were 

evaluated for JRCNM02000 and JRCNM01003 by 3 labs (INL, CODA-CERVA and NRCWE) or for 

JRCNM01000 and JRCNM02102 by 4 (INMETRO, CODA-CERVA, INL and NRCWE) partners (Error! 

eference source not found.). 

For each EM test sample, at least a 500 discrete particles were imaged and analysed. Foreign 

artefacts like dust particles, residues from drying, etc., and agglomerates and touching particles 

measured as one particle, were excluded from the image analysis process. The imaged group of 

particles, originated from at least 5 different systematically random (widely separated) selected view 

fields (images) as specified in the SOPs. Each partner sent a detailed and signed analysis report to 

the ILC coordinator. This analysis report contained the information, listed in Table 21 required to 

assure traceability of analyses. In addition to the analysis report, the participant provided the 

measurement results in an electronic reporting template (MS Excel) that provides key information 

regarding the sample, sample preparation, method and instrument information, imaging and image 
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analysis. Table 23, Table 25, and Table 27 and Table 24, Table 26 and Table 28 in annex summarize, 

respectively, the sample preparation conditions, imaging conditions and the image processing 

conditions for the participating laboratories for ERM-FD100 and NM-300K respectively. 

To avoid imprecisions and variability in data analysis, CODA-CERVA technically evaluated and 

analysed the received raw datasets of colloidal and aggregated MNM using appropriate statistical 

techniques and represented them according to the relevant ISO-norms (3.7). 

4.3.4 Competence of the participants 

Each of the participants estimated its intra-lab uncertainties, as a basis for his intra-laboratory 

validation of these SOPs. Error! Reference source not found. gives an overview of the datasets 

ollected for the ILC by the different partners of D2.10, indicating the number of days and repetitions 

per day (days x repetitions/day). Most labs followed the 5 days and 3 repetitions per day scheme to 

validate their results. One laboratory only measured for 2 days and 2 repetitions per day which may 

result in an underestimation of the intra-laboratory uncertainty. Intra-laboratory measurement 

uncertainties were calculated as described in 4.1.3.1. Table 13 shows that for all labs the measured 

mean value of ECD is not significantly different from the certified value of 19.4 nm since the difference 

∆m between the certified and the measured value is larger than the expanded combined uncertainty of 

result and certified value UΔ [120].  

Table 13 Validation results of ERM-FD100 with the mean modal ECD, U(X), the expanded intra-laboratory 
uncertainty (95%) and Δm, the absolute difference with the certified EM value of 19.4 nm and Expanded 
combined uncertainty of result and certified value UΔ. 

Lab Mode U(x)
a
 Δm UΔ

b
 

A 19.1 nm 5.1 % 0.3 nm 1.6 nm 

B 18.1 nm 10.4 % 1.3 nm 2.3 nm 

C 18.1 nm 3.4 % 1.3 nm 1.4 nm 

D 18.2 nm 10.8 % 1.2 nm 2.4 nm 

D* 18.4 nm 5.9 % 1 nm 1.7 nm 

E 16.5 nm 26.4 % 2.9 nm 4.5 nm 

F 19.8 nm 12.0 % 0.4 nm 2.7 nm 

G 19.7 nm 12.2 % 0.3 nm 2.7 nm 

H 18.6 nm 5.0 % 0.8 nm 1.6 nm 

a
 Repeatability, intermediate precision and calibration uncertainties. 

b 
95% expanded combined uncertainty of result and certified value (uCRM = 0.65 nm) 

4.3.5 Inter-laboratory validation of the SOPs for near-monomodal, near-mondisperse, colloidal MNM 

with focus on the application of the EC definition of MNM 

Using the SOPs, the participating laboratories could determine the number-based size distribution of 

the (minimal external) sizes in line with the EC definition, as illustrated in Figure 11. 
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Figure 11 MinFeret distributions of ERM-FD100 (Left) and NM-300K (Right) for the 9 obtained datasets. 

In this report, the intra-laboratory precision is given for the median values in accordance to the EC 

definition which is based on the true median size value of the particle size distribution of the minimal 

external dimension of the particles [22]. The intra-laboratory precision uncertainty is combined with the 

calibration uncertainty to calculate the combined uncertainty (as described in 4.1.3).  

The SOPs allow a precise measurement of the size and shape of the colloidal silver nanomaterial NM-

300K and of the near-monodisperse near-spherical synthetic amorphous silica certified reference 

material ERM-FD100 (Figure 12). Even though 9 measurands are recoded, the focus of this report lies 

on the minimal external dimension of the particles as applied in the EC definition of the term 

nanomaterial. This minimal external dimension can be estimated by the MICD and by the Feret min. 

Both these measurands were measured. The Feret min (Table 14) has the advantage that it can be 

manually measured.  
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Figure 12 Selected TEM micrographs of the materials tested during the Inter-Laboratory validation of the 
SOPs for near-monomodal, near-mondisperse, colloidal MNM ERM-FD100 (A) and NM-300K (B). Bar 50 
nm. 

The inter-laboratory is calculated as 2 times the standard deviation of the mean median Feret min 

measurements of the 9 datasets. The intra-laboratory measurement uncertainty of the Feret min 

measurement is for both examined MNM in the same order as the inter-laboratory measurement 

uncertainty. 

Table 14 Inter-laboratory comparison of the mean median Feret min measurements for ERM-FD100 and 
NM-300K with measurement uncertainties. 

 

 

Figure 13 Minimal external dimension of particles in ERM-FD100 and NM-300K showing the Feret min and 
MICD measurements together with the intra-laboratory uncertainty (95%). 

When the shape of the examined particles is not regular (asymmetric particles), then the Feret min 

value overestimates the minimal external diameter. In such case, the maximal inscribed circular 

diameter gives a better estimation. Figure 6 shows that the SOPs allow to precisely measure the Feret 

min and Maximal inscribed circular diameter for ERM-FD100 and NM-300K. Since the particles of NM-

300K are crystalline, they have a smoother surface and therefore, the MICD and Feret min 
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Lab ERM-FD100 (mean ± ulab) NM-300K (mean ± ulab) 

A 19.3 ± 1.2 nm 15.8 ± 0.4 nm 

B 17.2 ± 1.4 nm 14.2 ± 1.8 nm 

C 20.1 ± 0.3 nm 16.1 ± 0.4 nm 

D 17.1 ± 1.7 nm 15.5 ± 0.4 nm 

D* 17.1 ± 1.0 nm 15.2 ± 0.6 nm 

E 15.8 ± 4.1 nm 14.1 ± 2.0 nm 

F 20.3 ± 4.3 nm 15.7 ± 2.3 nm 

G 19.6 ± 2.4 nm 16.2 ± 0.8 nm 

H 17.5 ± 0.8 nm 14.9 ± 0.3 nm 

Mean ± inter-laboratory 

uncertainty (95%) 18.2 ± 3.2 nm 15.3 ± 1.5 nm 
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measurements are closer to each other than for ERM-FD100, an amorphous material where the 

borders of the particles are more irregular. 

4.3.6 Inter-laboratory validation of the SOPs for near-monomodal, near-monodisperse, colloidal 

MNM with focus on the shape characteristics 

Nanomaterials can be classified based on their shape. The SOPS were evaluated to measure shape 

characteristics such as the aspect ratio, the circularity, solidity and the roundness of near-

monodisperse, near-spherical silver MNM NM-300K and synthetic amorphous silica certified reference 

material (ERM-FD100). 

Table 29 and Figure 15 in annex, show that the SOPs resulted in reproducible measurement of the 

median aspect ratio since the differences between the laboratories are small, although the AR in 

ImageJ and in the iTEM software are calculated differently.  

For roundness, the SOPs resulted in reproducible results provided that the labs used the same 

software package. In Table 29, laboratory A reanalyzed the set of images that were originally analyzed 

in iTEM, in Image J. The latter results was in line with the results of the other laboratories, illustrating 

the importance of the (calculation defined by the) software. For this reason, the low value for 

roundness of laboratory F, that also applied the iTEM software, was omitted in the data analysis. 

These results are visualized in Figure 22. 

The SOPs did not result in reproducible results for the circularity measurements where variability 

between labs was relatively large. Estimation of the circularity depends on a combination of factors 

including the applied terminology and the calculation method. Even when, supporting on the 

information in Table 30 in annex, the measurands were renamed and recalculated in an effort to 

obtain comparable results, large variations in measurement were observed. Circularity is strongly 

determined by the estimation of the perimeter that depends among others on the calculation method, 

the pixel size (magnification) and the applied image processing filters. These effects could not be 

corrected for, supporting on the available data, as summarized in Table 27 and Table 28 in annex, 

Although the SOPs were developed to be platform-independent, and although specific guidance and 

hands-on support were provided, it appeared not easy for the participants of the ILC to select the 

imaging conditions and the settings and measurands in their software. Continued efforts for 

standardization are important. 

Table 30 illustrates for example the possible influence of the applied software package, For size (ECD, 

Feret min) and aspect ratio measurements the differences between iTEM and ImageJ were not 

significant. For Convexity/Solidity measurements the results were biased, although the differences 

between the software packages were small. For shape factor/circularity and roundness, the 

differences between the software packages were relatively large. 

4.3.7 Inter-laboratory validation of the SOPs for fractal-like, aggregated MNM with focus on the 

application of the EC definition of MNM 

The Modified “Final protocol for producing suitable manufactured nanomaterial exposure media” [21] 

(3.1) allowed bringing fractal like nanomaterials in a stable dispersion. The ethanol pre-wetting and 

BSA treatment were omitted from sample preparation since the examined materials could be prepared 

in their most dispersed state without BSA and did not have a hydrophobic coating, necessitating 

ethanol pre-wetting.  

The SOP “Preparation of EM-specimens containing a representative sample of the particles in 

dispersion” (3.2), resulted in an evenly distributions of the material over the EM-grid (Figure 14). 
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Figure 14 Selected TEM micrographs of the materials tested during the Inter-Laboratory validation of the 
SOPs for fractal-like, aggregated MNMs JRCNM01000 (A), JRCNM01003 (B), JRCNM02000 (C) and 
JRC02102 (D). Bar 500 nm (A) and 200 nm (B,C,D). 



NANoREG Deliverable 2.10 

Page 45 of 71 

 

Figure 15 Feret min distributions of the primary particles in fractal like aggregated and agglomerated 
materials JRCNM01000 (A), JRCNM01003 (B), JRCNM02000 (C) and JRCNM02102 (D) for the obtained 
datasets. 

 

Application of “Transmission electron microscopic imaging of nanomaterials” (3.3), descriptive analysis 

according to the Guidelines for qualitative characterization of nanomaterials in dispersion in a 

regulatory framework (3.4), and the “Electron microscopic image analysis of primary particles in 

aggregated nanomaterials”(3.6) allowed measuring the Feret min, the ECD and the Maximal inscribed 
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circular diameter of titanium dioxide (JRCNM01000 and JRCNM01003), synthetic amorphous silica 

(JRCNM02000) and cerium oxide (JRCNM02102) from the cross-cutting suit of materials of 

NANoREG (Figure 14).  

Table 15, Table 16, Table 17 and Table 18 illustrate that the SOPs allow to measure of the minimal 

external dimension of JRCNM01000, JRCNM01003, JRCNM02000 and JRCNM2102, respectively. 

Each of the laboratories could estimate its measurement uncertainties. Even though 9 measurands 

are recoded, the minimal external dimension of the particles is the most appropriate in the framework 

of the EC definition of the term nanomaterial. Since it can be manually measured and was reported by 

more laboratories than the MICD, the median Feret min is presented (Figure 15). 

The inter-laboratory is calculated as 2 times the standard deviation of the mean median Feret min 

measurements of the datasets. The intra-laboratory measurement uncertainty of the Feret min 

measurement is for both examined MNM in the same order as the inter-laboratory measurement 

uncertainty. 

The maximal inscribed circle diameter is proposed as an alternative to the Feret min for materials that 

deviate from the near-spherical shape. The ECD is proposed as the TEM size measurand that is the 

best related, in comparison to the MICD and Feret min, to the hydrodynamic diameter measured by 

PTA and DLS. 

When the shape of the examined particles is not regular (asymmetric particles), the Feret min value 

tends to overestimate the minimal external diameter (Figure 16). In such case, the maximal inscribed 

circular diameter gives a better estimation.  

Table 15 Overview table of selected TEM minimal size in one dimension (Feret min) of the primary 
particles showing the median size, repeatability uncertainty, intermediate precision uncertainty and 
itralab uncertainty for JRCNM01000. 

 

  JRCNM01000 Median ± U(x)  u(r) u(ip) u(lab) 

A 101 ± 10 nm 4.33% 1.31% 4.53% 

C 85 ± 11 nm 5.81% 2.03% 6.15% 

D 116 ± 17 nm 6.83% 2.45% 7.25% 

G 98 ± 8 nm 3.43% 1.75% 3.85% 

Mean ± inter-laboratory uncertainty (95%) 100 ± 25 nm    
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Table 16 Overview table of selected TEM minimal size in one dimension (Feret min) of the primary 
particles showing the median size, repeatability uncertainty, intermediate precision uncertainty and 
itralab uncertainty for JRCNM01003. 

 

Table 17 
Overview 

table of 
selected 

TEM 
minimal size 
in one 

dimension 
(Feret min) 

of the primary particles showing the median size, repeatability uncertainty, intermediate precision 
uncertainty and itralab uncertainty for JRCNM02000. 

 

Table 18 
Overview 

table of 
selected 

TEM 
minimal size 
in one 

dimension 
(Feret min) 

of the primary particles showing the median size, repeatability uncertainty, intermediate precision 
uncertainty and itralab uncertainty for the cerium oxide representative test material JRCNM02012. 

JRCNM02012 Median ± U(x)
 
 u(r) u(ip) u(lab) 

A 14.44 ± 1.14 nm 3.90% 0.61% 3.95% 

C 12.15 ± 1.01 nm 3.84% 1.66% 4.18% 

D 17.97 ± 0.43 nm 1.15% 0.35% 1.20% 

G 11.26 ± 3.28 nm 11.12% 9.42% 14.57% 

Mean ± inter-laboratory uncertainty 

(95%) 
13.96 ± 6.00 nm    

 

JRCNM01003 Median ± U(x)  u(r) u(ip) u(lab) 

A 18.81 ± 1.01 nm 1.55% 2.20% 2.70% 

C 14.48 ± 2.48 nm 6.55% 5.51% 8.56% 

G 17.44 ± 1.86 nm 4.70% 2.51% 5.32% 

Mean ± inter-laboratory uncertainty (95%) 16.91 ± 4.43 nm    

JRCNM02000 Median ± U(x)  u(r) u(ip) u(lab) 

A 15.88 ± 1.30 nm 3.74% 1.66% 4.09% 

C 12.36 ± 1.33 nm 3.87% 3.73% 5.37% 

G 12.26 ± 1.74 nm 6.19% 3.48% 7.10% 

Mean ± inter-laboratory uncertainty (95%) 13.50 ± 4.12 nm    
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Figure 16 Minimal external dimension of particles in JRCNM02102 showing the Maximal inscribed circular 
diameter (MICD), Feret min and ECD measurements of aggregates (A) and primary particles (B) together 
with the intra-laboratory uncertainty (95%) for JRCNM02102. 

Figure 10 illustrates the different possibilities to measure the minimal external dimension of 

aggregated and agglomerated materials. The Feret min and ECD are close to each other for 

measurements on the primary particles and aggregates. For NRCWE the uncertainties of size 

measurements on aggregates are as large as the uncertainties on the size measurements on the 

primary particles. 

In the above-described experiments, the size and shape characteristics of the aggregates were 

measured as described in Cross reference intra-lab by the ILC partners on the same images. These 

will be compared with the results of the complementary methods and reported in a peer-reviewed 

publication (in preparation). 
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5 Size characterisation with on-line technique of spherical 
or near-spherical airborne nanoparticles generated form 
colloidal suspension  

5.1 Comparison of different on-line aerosol instrument for airborne nano particles. (from 

Levin et al [26]) 

Three different types of nanoparticle sizing instruments (Fast Mobility Particle Sizer (FMPS), Electrical 

Low Pressure Impactor (ELPI) and Scanning Mobility Particle Sizer (SMPS)) and one only measuring 

number concentration Condensation Particle Counter (CPC) was compared in terms of size 

distributions and number concentration. The particle size range studied was 50 to 800 nm. The 

comparison was done using spherical oil droplets for 39 different sizes, with geometric mean diameter 

(GMD) ranging from 50 to 820 nm. 

The results show that all three sizing-instruments agree well for particles sizes below 200nm, both in 

terms of determination of particle size and number concentration. Regarding particle sizing, the 

regression coefficient of SMPS versus ELPI was close to one (R
2
=0.98) and no size-dependent shift in 

the comparison could be observed. The FMPS versus SMSP or ELPI the data correlates well 

(R
2
=0.94) when particles sizes is below 200 nm, but for larger particle sizes it is clear that both FMPSs 

underestimate the particle sizes as compared to both SMPS and ELPI. 

Comparison of measuring number concentration showed that there is a good correlation between 

SMPS and CPC (Ratio=1.03±0.04) and SMPS-ELPI (Ratio=0.98±0.14) in the whole particle size range 

studied. For the SMPS-FMPS number concentration comparison there is a similar scenario to that of 

particle size comparison. There is a good correlation up until 200nm (Ratio=0.99±0.12), but for larger 

particle sizes the FMPS number concentration starts to exceed the other instruments (SMPS and 

ELPI). The study concludes that particle distributions with a GMD above 200 nm cannot be measured 

reliably with the FMPS. 

 
5.2 Determination of the primary particle size and surface area for airborne aggregates using 

on-line aerosol measurement technique. (from Svensson et al [27]) 

Aggregates, clusters of primary particles, is a common particle type in the air. Data regarding their size 

dependent and morphological properties are important for both health related research and innovation.  

The overall aim of this work was to determine the primary particle size/distribution of airborne 

aggregates using on-line aerosol measurement techniques.  The approach used a combination of a 

differential mobility analyzer (DMA), an aerosol particle mass analyzer (APM) and diffusion limited 

cluster aggregation theory (later called DMA-APM-DLCA). For comparison, a TEM based primary 

particle analysis was also performed. 

Experiments were performed and for generation of the gold aggregates two spark discharge 

generators were used – a commercially available (SDGP) and a custom built (SDGC) – as well as a 

high temperature-condensation furnace (HT). The generated particles were log-normal distributed in 

the size rang 5 to 300 nm and the bridges between the primaries were 60-70% of the diameter of the 

primary particles. Downstream the generators a DMA was used to select monodisperse particles. Five 

aerosols of gold-aggregates with CMD in the range of 28 to 78 nm were with regards to primary 

particle size and specific surface area (SSA), Table 19. 

Table 19 Characteristics of generated gold aggregates. SDG = spark charge generator, HT = heat 
temperature furnace. (CMD =count median diameter, GSTD = geometric standard deviation) 

 CMD (nm) GSTD 

SDG-1 28.1 1.64 

SDG-2 28.3 1.65 

SDG-3 78.4 1.92 
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HT-1 53.9 1.79 

HT-2 74.8 1.80 

 
For determination of the aggregate mass, a DMA was coupled in series with an APM. From the 

measurements different properties could be estimated as mass-mobility coefficient, effective density 

and shape factor. For TEM-analysis the particles were collected on grids for pre-sequent analysis of 

primary particle. Using DMA-APM-measurement, TEM-analysis and DCLA-theory five different 

methods were used to calculate the specific surface area. A gold density of 19.6 g/cm
3
 was used.  

 

Results 

Figure 17 shows a comparison of the primary particle diameter (calculated as Sauters diameter) for 

the TEM-analysis versus on-line particle measurement method using the DMA-APM-DLCA method 

based on Eggesdorfer et al (2012) [127, 128] (later used in approach I for determination of total 

surface area). Using a linear model, the slope (regression coefficient) is 0.33 between the determined 

primary particle size using TEM-analysis versus using DMA-APM-DLCA-theory (R
2
=0.75). Regression 

of the calculated specific surface area is for the slope 0.29 (R
2
=0.61), see Figure 18.  

 

 

Figure 17 Comparison of the primary particle diameter (calculated as Sauters diameter) for the TEM-
analysis versus on-line particle measurement method using the DMA-APM-DLCA method. 
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Figure 18 Comparison of the specific area using TEM-analysis versus on-line particle measurement 
method using the DMA-APM-DLCA method. 

Table 20 show how the different methods have been combined to estimate the total surface area. The 

different approaches used different approximations and theories. Approach I is the on-line 

measurement using DMA-APM, approach V is also on-line measurement, but cannot be used to 

estimate the primary particle size. All the other approaches require TEM-analysis. Shown in Figure 19 

is the result of using different approaches to estimate the total surface area for the five different types 

of gold-aggregates. Figure 20 shows have the on-line method approach I is related to the other TEM-

analysis methods. As seen in the Figure 20, the only approach that fully deviate from the others is 

approach IV. The other TEM-analysis based methods give a scattered result within ± 30% and the on-

line method gives nor better or worse result.  

 

Table 20 Overview of the input needed, empirical (DMA-APM, TEM, SMPS) and theoretical (DLCA), for 
total surface area estimation using the five different approaches for calculation of aerosol surface area 
content.  

Approach I II III IV V 

DMA-APM X X    

TEM  X X X  

DLCA-theory X  X X  

SMPS     X 
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Figure 19 The total surface area estimated using different calculating and approaches used for five 
aerosols of gold aggregates, generated by SDG or HT. 

 

 

Figure 20 Comparison of estimated total surface: on-line measurement using the DMA-DMA-DCLA-theory 
(approach I) versus approaches including TEM-analysis, approach II to V. 
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6 Evaluation and conclusions 

The objectives presented in the deliverable description aiming to develop and validate SOPs for 

quantitative TEM analysis of MNM were reached. 

SOPs for quantitative TEM analysis of MNM were developed. These SOPs were validated by 

application on a series of nanomaterials of various types and sizes, by intra-laboratory and inter-

laboratory validation based on the estimation of the measurement uncertainties.  

These SOPS allow to estimate the minimal external dimension of NM such that the EC definition for 

NM can be implemented for a wide selection of colloidal and aggregated fractal-like nanomaterials 

with known measurement uncertainties. Further a large panel of size and shape measurands with 

measurement uncertainties were determined for these materials, resulting in a detailed 

characterization required for e.g. risk analyses. 

Figure 21 gives a schematic overview of the steps included in the developed, complete TEM analysis 

to measure the size and shape of the particles of a MNM in the framework of implementation of the 

nanomaterial definition and characterisation, for risk analysis. 

 

Figure 21 Schematic overview of the steps included in a complete TEM analysis to measure the size and 
shape of the particles of a MNM. 

 The SOP to prepare a TEM specimen suitable for qualitative and quantitative analysis from a 

dispersed NM ensures that the NM samples are suitable for TEM imaging and analysis. The 

examined materials were evenly distributed over the grids and the fraction of the attached NM 

represents the dispersed NM optimally. 

 The SOP to record a set of calibrated transmission electron micrographs showing NM that are 

representative for the NM on the EM grid ensures that the number of particles and the 

magnification of the micrographs are suitable for subsequent descriptive and quantitative image 

analyses. 

 The method for characterizing the primary particles and aggregates of a NM by describing their 

physical properties based on TEM micrographs provides a step-by-step guide for the descriptive 

characterization of nanomaterials. 

 The SOPs to analyze the 2D properties of the primary and aggregated/agglomerated particles on 

EM micrographs ensure that the primary particles are detected and that size and shape 

measurands are determined quantitatively. A modified version allows to measure the size and 

shape properties of the aggregates/agglomerates. 

 Data were analyzed and represented according to relevant ISO-norms. 

The EM-based results were related to the results obtained with alternative methods. These include 

ensemble techniques based on light scattering, such as dynamic light scattering (DLS) and particle 
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tracking analysis (PTA), and single particle inductively coupled plasma-mass spectrometry (SP-ICP-

MS) [1].  

Our work illustrates that the size measurands measured with the different techniques are method-

defined and cannot be directly compared without prior knowledge. The hydrodynamic radius of near-

spherical colloidal NM assessed by DLS and PTA is for example only comparable with the ECD value 

obtained by TEM when the colloidal suspension is perfectly stable and no aggregation occurs. 

The performance of the methods and concepts established in this work was shown in intra- and inter-

laboratory validation studies, such that they are ready to be considered for adoption into guidance 

documents for physico-chemical characterization of nanomaterials applied in various fields.  

 

 

7 Data management 

A template for reporting the size distributions of the examined MNM using TEM has been produced. 

Partners will report their results individually. 

 

 

8 Deviations from the work plan 

It is clear that the date of final submission of D2.10 is considerably later than anticipated by the project 

team. 

Reasons for this delay include breakdown and unavailability of equipment, samples arrived late and 

were not available anymore, alternative test samples had to be fractionated and distributed. 

The number of vials of the remaining NANoREG representative test materials (NM-100, NM-103, NM-

200 and NM-212) was insufficient to start the 3rd phase of the ILC. To solve this problem, the ILC 

participants were asked to send their remaining stocks of titanium dioxide (NM-100, NM-103), 

synthetic amorphous silica (NM-200) and cerium oxide (NM-212) to CODA-CERVA. These materials 

were fractionated by JRC-Ispra with the following requirements. This resulted in a serious delay 

regarding the work planned in the D2.10 description.  
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11 Attachments 

Table 21 Electronic reporting template (MS Excel) that is distributed together with the samples and 
provides key information regarding the ILC. 

Generic information (according to ISO/IEC 17025 ) 

Name and address of the participant, and location where tests were carried out, if different from the 
address of the participant. 

Name and address of the ILC coordinator (CODA-CERVA) 

Unique identification of the test report, repeated on each page of the report 

Page numbering indicated as e.g., “Page 1 of 15” 

Operator’s name 

Name, function and signature of persons authorising the test report 

Sample information (according to ISO 13322-1 [54]) 

Date of receipt of each sample 

Identification of the samples and, if relevant, identification assigned to the samples by the participant 

Date when the recipient were opened and EM test samples were prepared 

Identification of the EM test samples (e.g., recipient #_replicate#) 

Complete description of the method used for sub-sample, if required, and EM test sample preparation, 
with full quantitative details of the nominal mass, volumes and compositions of products, in case dilution 
was applied 

Type of the used sample holder/substrate 

Sample preparation 

Sample volume intake 

Sample preparation/drying 

Sample grid/sample holder (mesh size, coating, Copper/gold/mica) 

Method and instrument information 

Make and type of the electron microscope 

Frame size camera (pixels) 

Date of the last instrument performance check/maintenance 

Description of the image magnification calibration procedure. 

Calibration uncertainty 

Description of the method used (magnifications, CCD camera, nominal camera length, acceleration 
voltage, tilt angle, spot size, aperture, etc.) 

Image analysis and results 

Date of performance of the tests 

Micrographs used for analysis and identification number of the view fields 

Pixel size (nm) 

Micrograph size (µm) 

Total area sampled per sample (µm²) 

Counting procedure: Treatment of particles cut by the measurement frame [54] (Exclude border particles, 
include border particles, include 50%, other) 

Estimation of the measurement uncertainty associated to the number-based modal and median particle 
diameter values. 

Number of counted (measured) particles 

All particle size results shall be reported in nanometres (nm) 

Description of the image software package used 

Description regarding adjustment of contrast, brightness, greyscale threshold, etc. 

Description regarding the usage of image filters (smoothing, NxN, mean, median) 

Description regarding dealing with touching particles (manually/automatically discard all touching particles, 
Manual or automatic particle separation filters, morphology treshold based separation) 

Table 22 Terminology in iTEM and ImageJ, ISO terminology and Equation. 

iTEM ImageJ ISO 13322-1 ISO 9276-6 Equation 

Area Area Area Projection Area  

Feret max N/A Maximum 

Feret diameter 

Maximum Feret 

diameter 
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Feret min MinFeret Minimum Feret 

diameter 

Minimum Feret 

diameter 

 

ECD N/A Area-

equivalent 

diameter 

Equivalent circle 

diameter 2 √𝐴𝑟𝑒𝑎
𝜋⁄  

Elongation  Shape factor (Aspect ratio)
-1

 𝐹𝑒𝑟𝑒𝑡 𝑚𝑎𝑥
𝐹𝑒𝑟𝑒𝑡 𝑚𝑖𝑛⁄  

 AR   𝑀𝑎𝑗𝑜𝑟
𝑀𝑖𝑛𝑜𝑟⁄ b

. 

Aspect Ratio    𝑊𝑖𝑑𝑡ℎ
𝐻𝑒𝑖𝑔ℎ𝑡⁄

a
 

Shape factor Circularity  Form factor 4 𝜋 𝐴𝑟𝑒𝑎 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2⁄  

 Round   4 𝐴𝑟𝑒𝑎 𝜋 𝑀𝑎𝑗𝑜𝑟2⁄  

   Roundness 4 𝐴𝑟𝑒𝑎 𝜋 𝐹𝑒𝑟𝑒𝑡 𝑚𝑎𝑥2⁄  

Convexity Solidity  Solidity 𝐴𝑟𝑒𝑎 𝐶𝑜𝑛𝑣𝑒𝑥 𝑎𝑟𝑒𝑎⁄  

a
 Width and height of the smallest bounding rectangle Feret diameter (ISO9276-6). 

b
 Major and minor axis of the fitted ellips 
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Table 23 Summary of the sample preparation conditions reported by the labs for the analysis of ERM-FD100 1 

Organization A B C D D* E F G H 

Dilution 1000 1000 10 4 4  10000 1000 81 

Homogenizati

on 

Vortex for 5 sec Gently inverted      Vortex for 5-10 

sec 

Hand shaked for 

4 minutes 

Sample 

volume intake 

10 µl 10 µl 15 µl 20 µl 20 µl  10 µl 10 µl 20 µl 

Grids Carbon and 

pioloform-

coated 400 

mesh, Cu, 

home-made 

Carbon-coated, 

400 mesh 

carbon grids 

(Agar Scientific, 

Essex, England) 

Continuous 

carbon 

coated 

copper 

grids, 

400mesh. 

Ted Pella 

Holey carbon 

coated, 300 

mesh copper 

grids (EMS) 

Holey 

carbon 

coated, 300 

mesh 

copper 

grids (EMS) 

 400 mesh, 

pioloform 

coating, 

copper 

Continuous 

carbon coated 

copper grids, 

400mesh. 

(www.grid-

tech.com) Cu-

400CN 

copper, mesh 

400, carbon 

and formvar 

coated 

Grid pre-

treatment 

1% Alcian blue-

treated 

1% Alcian blue-

treated 

 1% of Alcian 

blue 

1% of 

Alcian blue 

    

Specimen 

preparation 

Grid on drop + 

Blotting 

grid on drop + 

blotted 

Grid on 

drop + 

blotting 

   drop-on-

grid + air 

dried for 2 

hours 

Grid on drop + 

blotting 

Grid on drop+ 

blotting 

Incubation 10 min 10 min in 

chemical hood 

    2h  1 min 

Rinsing    30 second on 

a drop of 

water 

30 second 

on a drop 

of water 

   5 times washed 

for 1 min each 

  2 
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Table 24 Summary of the sample preparation conditions reported by the labs for the analysis of NM-300K 3 

Organization A B C D D* E F G H 

Dilution 10 To 5 

mg/mL 

 To 1% 

w/w 

To 1% w/w  5000 10 161 

Homogenizatio

n 

Vortex for 5 sec       Vortex for 5-

10 sec 

Hand shaked for 

4 minutes 

Sample volume 

intake 

10 µl 10 µl 15 µl 20 µl 20 µl  10 µl 10µl 20 µl 

Grids Carbon and 

pioloform-

coated 400 

mesh, Cu,  

400 mesh 

carbon 

grids 

(Agar 

Scientific, 

Essex, 

England) 

Continuous 

carbon 

coated 

copper 

grids, 

400mesh. 

Ted Pella 

Holey 

carbon 

coated, 

300 mesh 

copper 

grids 

(EMS) 

Holey carbon 

coated, 300 

mesh copper 

grids (EMS) 

 400 mesh, 

pioloform 

coating, 

copper 

Continuous 

carbon coated 

copper grids, 

400mesh. 

(www.grid-

tech.com) Cu-

400CN 

copper, mesh 

400, carbon 

and formvar 

coated 

Grid pre-

treatment 

1% Alcian blue-

treated 

1% Alcian 

blue  

 1% of 

Alcian 

blue 

1% of Alcian 

blue 

    

Specimen 

preparation 

Drop on grid + 

Blotting 

grid on 

drop 

Grid on 

drop + 

blotting 

   drop-on-

grid + air 

dried for 2 

hours 

Grid on drop + 

blotting 

Grid on drop+ 

blotting 

Incubation 10 min 10 min     2h  1 min 

Rinsing   washed two 

times in 

drops of 

distilled 

water 

30 second 

on a drop 

of water 

30 second on 

a drop of 

water 

    

  4 
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Table 25 Summary of the instrument conditions reported by the labs for analysis of ERM-FD100 5 

Organization A B C D D* E F G H 

# days 5 5 5 5 3 3 3 5 2 

# repetitions 3 3 3 3 3 3 3 3 2 

# particles analysed 8271 7882 12047 9020 8290 4915 3622 20036 5797 

Instrument FEI 

tecnai 

G2 Spirit 

Jeol 

JEM 

1011 

FEI Titan ChemiSTEM FEI-

Tecnai G2 

Spirit 

FEI Titan 80-300 

(FEI Company) 

FEI F30 FEI Morgagni 

268 

Tecnai T20 G2 FEI Tecnai 12 G2 Spirit, 

Twin lens config 

Acceleration voltage 120 kV 100 kV 80 kv-200 kV 120 kV 300 kV 300 kV 80 kV 200 kV 120 kV 

Electron source type LaB6  S-FEG LaB6 FEG   LaB6 W 

Magnification 68 kX 20 kX 32 kX 220 kX 56 kX 39 kX 56 / 89 kX 19.5 / 38 kX 135 kX 

Calibration and 

traceability 

Cross-

grating 

(2160 

lines/m

m)
a
 

Cross-

grating 

(2160 

lines/m

m)
a
 

Optical diffraction 

cross-grating (S106) 

with 2160 lines/mm 

and 463 nm line 

spacing (Agar 

Scientific) 

Cross-

grating 

(2160 

lines/mm)
a
 

Cross-grating (2160 

lines/mm)
a
 + 

Mag*I*Cal 

Reference Standard 

for TEM (Narrow 

Scientific Ltd.) 

Calibrated 

by using 

the lattice 

parameter 

of silicon. 

 Optical diffraction 

cross-grating (S106) 

with 2160 lines/mm 

and 463 nm line 

spacing (Agar 

Scientific) 

Negatively stained 

catalase crystals (TAAB 

C074) with assumed 

lattice plane spacing of 

8.75 nm 

Calibration uncertainty 1.3%  < 1% 0.5% 0.5%   1% 1.4% 

Frame size (pixels) 4096 x 

4096 

2.7 k x 

2.7 k 

2 k x 2 k 1376 x 

1032 

2 k x 2 k 2 k x 2 k 2048 x 2048 2 k x 2 k 2656 x 2656 

Pixel dimension 

(nm/pixel) 

0.16 0.33 0.5 0.34 0.1929 0.25641 0.84/0.53 0.56 0.27 

Area sampled (µm²) 52.63 ~ 7.9 ~ 25 24.645 6.09  247 ~ 40 ~ 54 

Image analysis software iTEM ImageJ ImageJ ImageJ ImageJ ImageJ iTEM, 5.2 

(Build 3554) 

ImageJ ImageJ 

a
 Calibration software which is integrated in the Tecnai user interface software (FEI company)  6 



 

NANoREG Deliverable 2.10 

Page 67 of 71 

Table 26 Summary of the instrument conditions reported by the labs for analysis of NM-300K 7 

Organization A B C D D* E F G H 

# days 5 3 3 3 3 3 3 3 2 

# repetitions 3 3 3 3 3 3 3 3 2 

# particles analysed 10582 9352 29506 7470 16543 5007 12352 17029 10865 

Instrument FEI tecnai 

G2 Spirit 

Jeol JEM 

1011 

FEI Titan 

ChemiSTEM 

FEI-

Tecnai G2 

Spirit 

FEI Titan 80-300 

(FEI Company) 

FEI F30 FEI Morgagni 

268 

Tecnai T20 G2 FEI Tecnai 12 G2 

Spirit, Twin lens 

config 

Acceleration voltage 120 kV 100 kV 80 kv-200 kV 120 kV 300 kV 300 kV 80 kV 200 kV 120 kV 

Electron source type LaB6  S-FEG LaB6 FEG   LaB6 W 

Magnification 68 kX 12 kX 32 kX 220 kX 56 kX 39 kX 56 kX 19.5 kX and 38 kX 135 kX 

Calibration and 

traceability 

Cross-

grating 

(2160 

lines/mm)
a
 

Cross-

grating 

(2160 

lines/mm)
a
 

Optical diffraction 

cross-grating (S106) 

with 2160 lines/mm 

and 463 nm line 

spacing (Agar 

Scientific) 

Cross-

grating 

(2160 

lines/mm)
a
 

Cross-grating (2160 

lines/mm)
a 
+ 

Mag*I*Cal 

Reference Standard 

for TEM (Narrow 

Scientific Ltd.) 

Calibrated 

by using the 

lattice 

parameter of 

silicon. 

 Optical diffraction 

cross-grating (S106) 

with 2160 lines/mm 

and 463 nm line 

spacing (Agar 

Scientific) 

Negatively stained 

catalase crystals 

(TAAB C074) with 

assumed lattice plane 

spacing of 8.75 nm 

Calibration uncertainty 1.3%  < 1% 0.5% 0.5%   1% 1.4% 

Frame size (pixels) 4096 x 

4096 

2.7 k x 2.7 

k 

2 k x 2 k 1376 x 

1032 

2 k x 2 k 2 k x 2 k 2048 x 2048 2 k x 2 k 2656 x 2656 

Pixel dimension 

(nm/pixel) 

0.16 0.56 0.32 0.34 0.1929 0.25641 0.84 0.56 0.27 

Area sampled (µm²) 52.63 ~ 22.6 ~ 25 24.645 18.73  147 ~ 30 ~ 54 

Image analysis software iTEM ImageJ ImageJ ImageJ ImageJ ImageJ iTEM, 5.2 

(Build 3554) 

ImageJ ImageJ 

a
 Calibration software which is integrated in the Tecnai user interface software (FEI company)  8 
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Table 27 Summary of the image processing conditions reported by the labs for analysis of ERM-FD100  9 

Organization A B C D D* E F G H 

Frame dimensions Measurement 

frame set at 10% 

from top and left 

size of micrograph 

 10% of the image 

borders are cut by the 

measurement frame. 

 Measurement frame set at 

5% from the sides of 

micrograph 

 area 0-86 nm from 

micrograph margins 

10% of the image 

borders are cut by the 

measurement frame. 

Measurement frame set 

at 10% from top and left 

size of micrograph 

Treatment of 

particles cut by the 

edge of the 

measurement 

frame 

Exclusion of 

particles touching 

the bottom and 

right image border 

Particles touching the 

bottom and 

right and left sides of the 

image were manually 

rejected 

  All particles with an X or Y 

coordinate outside of the 

measurement frame, were 

excluded from the dataset. 

 Exclude border particels  Exclusion of particles 

touching the bottom and 

right image border 

Particle removal Size below 100 

pixels 

Circularity below 0.5 Size below 15 nm 

and above 30 nm 

Remove outliers of 

10 pixels 

  Shape factor below 0.8 

and above 1.1 

Size below 15 nm 

and above 30 nm 

Area below 100 pixels 

and size larger than  10% 

of image width 

Background 

removal 

  Inverted Gaussian Subtract 

background 

function (50 pixels) 

Gaussian blur (sigma of 2 

pixels) filter 

Rolling ball 

radius = 100-

200 pixels 

Square Polynominal fit 

(0.1 % Overflow), 

Multiplicative Assumed 

deterioation, Source 1 

Inverted Gaussian 

option 

Band pass filtering (below 

5 pixels and above 500 

pixels) 

Smoothing filter  10 x 10 filter  Median r =1 median filter 2 

pixels 

 median: radius 

= 4.0 pixels 

 Median r =1 5x5 median filter 

Thresholding Manual 

thresholding 

manual grey-scale 

thresholding 

Manual thresholding Manual  Auto threshold: 

Mean 

Visually Auto threshold 

(triangle) 

Manual 

Particle treatment  Separate particles Watershed filter used 

for separation 

Watershed and fill 

holes 

   Watershed filter  

Touching particles   Discarded all 

touching particles 

Superposing 

particles were 

discarded 

Superposing particles were 

discarded 

  Automatically 

discarded all touching 

particles 

Manual removal of bad 

particles (touching, 

aggregated, wrong local 

threshold level) 

  10 
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Table 28 Summary of the image processing conditions reported by the labs for analysis of NM-300K 11 

Organization A B C D D* E F G H 

Frame dimensions Measurement frame set at 

5% from the sides of 

micrograph 

 10% of the image 

borders are cut by 

the measurement 

frame. 

 Measurement frame set at 

5% from the sides of 

micrograph 

 area 0-86 nm from 

micrograph margins 

10% of the image 

borders are cut by 

the measurement 

frame. 

Measurement frame set 

at 10% from top and left 

size of micrograph 

Treatment of particles 

cut by the edge of the 

measurement frame 

All particles with an X or Y 

coordinate outside of the 

measurement frame, were 

excluded from the dataset. 

Particles touching the 

bottom and right and 

left sides of the 

image were manually 

rejected 

  All particles with an X or Y 

coordinate outside of the 

measurement frame, were 

excluded from the dataset. 

 Exclude border particels  Exclusion of particles 

touching the bottom and 

right image border 

Particle removal Size below 100 pixels, 

Convexity below 0,85 and 

sphericity below 0.6 

Circularity below 0.5 Size below 10 nm 

and above 25 nm 

Remove outliers of 

10 pixels 

remove outliers (radius of 

10 pixels) 

Size below 75nm² 

and above 

1200nm² 

Shape factor below 0.9 and 

above 1.1 

Size below 15 nm 

and above 30 nm 

Area below 100 pixels 

and size larger than  10% 

of image width 

Background removal   Inverted Gaussian Subtract 

background function 

(50 pixels) 

Gaussian blur (sigma of 2 

pixels) filter 

Rolling ball radius 

= 100-200 pixels 

Square Polynominal fit (0.1 

% Overflow), Multiplicative 

Assumed deterioation, 

Source 1 

Inverted Gaussian 

option 

Band pass filtering (below 

5 pixels and above 500 

pixels) 

Smoothing filter  3 x 3 filter  Median r =1 median filter 2 pixels  median: radius = 

4.0 pixels 

 Median r =1 5x5 median filter 

Thresholding Manual thresholding manual grey-scale 

thresholding 

Manual interactive Manual  Auto threshold: 

Mean 

Visually Auto threshold 

(triangle) 

Manual 

Particle treatment Watershed (EDM + 

separator) 

Separate particles Watershed filter 

used for separation 

Watershed and fill 

holes 

dilate and watershed.   Watershed filter  

Touching particles   Discarded all 

touching particles 

Superposing 

particles were 

discarded 

Superposing particles were 

discarded 

  Automatically 

discarded all 

touching particles 

Manual removal of bad 

particles (touching, 

aggregated, wrong local 

threshold level) 

 12 
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Table 29 Inter-laboratory comparison of the mean median circularity, aspect ratio, Roundness and solidity for 
ERM-FD100 and NM-300K. 

Code ERM-FD100 NM-300K 

 Circ. AR Round Solidity Circ. AR Round Solidity 

A 0.71 0.84 0.74 0.93 0.82
a
(0.78

b
) 0.89

a
(0.86

b
) 0.81

a
(0.86

b
) 0.96

a
(0.94

b
) 

B 0.75 -
c
 0.86 0.75 0.88 - 0.86 0.94 

C 0.43 0.83 0.83 0.76 0.4 0.88 0.88 0.86 

D 0.88 0.9 0.9 0.97 0.91 0.91 0.91 0.97 

D* 0.78 0.86 0.86 0.96 0.87 0.91 0.91 0.97 

E 0.82 0.87 0.87 0.95 0.88 0.91 0.91 0.97 

F 0.25 0.88 0.72 0.88 0.96 0.89 1.00
d
 0.97 

G 0.69 0.86 0.86 0.9 0.86 0.89 0.89 0.94 

H 0.88 0.88 0.88 0.97 0.89 0.9 0.91 0.97 

Mean 0.69 0.86 0.83 0.9 0.83 0.9 0.88 0.95 

Stdev 0.21 0.02 0.06 0.09 0.17 0.01 0.03 0.04 

a
 analysis in iTEM 

b
 analysis in ImageJ 

c
 missing measurement 

d
 all particles had a roundness of 1 

Table 30 Comparison between measurands measured in iTEM and ImageJ including the average difference 
between paired measurements (Bias) and the standard error on the difference. 

iTEM ImageJ Bias (%) Standard error (%) 

Area (nm²) Area 0.00
a
 0.00 

Feret min (nm) MinFeret 0.08 0.01 

ECD (nm) ECD
B
 0.00

a
 0.00 

Perimeter (nm) Perim. -22.74 2.50 

Elongation AR 0.00
a
 0.00 

Aspect ratio AR -0.60
a
 0.52 

Shape factor Circ. 22.10 2.04 

Roundness
b
 Round 25.64 1.69 

Convexity Solidity -0.66 0.03 

a
 Bias is not significantly different from zero (T-test for paired measurements at 5% level). 

b
 Calculated parameters 
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Figure 22 Boxplots showing the distribution of circularity, aspect ratio, roundness and solidity for ERM-FD100 
(Top) and NM-300K (Bottom). 


