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- Analysis of a survey held by JRC in 2017  
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Between February 2017 and May 2017, the Joint Research Centre of the European Commission held 
a survey on the needs for certified and non-certified reference materials and representative test 
materials in the area of nanotechnology. The focus of the survey was on the data needed for the 
implementation of (European) legislation and regulations. This presentation analyses the survey 
outcome and summarises the needs of the nanomaterial community for (certified) reference materials 
(CRMs and RMs) and representative test materials (RTMs).  
A brief introduction will first be given to indicate the differences between the mentioned benchmark 
materials (CRMs, RMs and RTMs), which play different, but equally important roles in the 
measurement systems that underpin the reliability of data obtained on nanomaterials [1]. Then a short 
overview of the survey design and set-up will be given, indicating the background and geographical 
origin of the 646 individually contacted stakeholders, as well as the differences in response rate 
between types of stakeholders (government officials, public research organisations, industry, 
academia, consultants, NGOs and standardization bodies). Then the reason for each of the eight 
survey questions will be explained and the corresponding results shown, as for example illustrated in 
Figure 1 and Figure 2. A comparison will be made between the needs identified in the survey and the 
already available benchmark materials.  
The main outcome of the survey is a list of currently lacking benchmark materials, the production of 
which should be prioritised, based on the survey outcome. To conclude, the suggested routes for 
collaboration on the production of these benchmark materials will be presented and evaluated. 
 

 

 

 
Figure 1: Main regulatory areas with RM/RTM 
needs identified by the survey participants.
  

  
Figure 2: Nanomaterial properties judged most 
relevant by the survey participants  

List of references: 
1. Reference materials and representative test materials: the nanotechnology case, G. Roebben, K. 

Rasmussen, V. Kestens, T. P. J. Linsinger, H. Rauscher, H. Emons, H. Stamm, J. Nanoparticle 
Research, Vol. 15, citation ID 1455, DOI 10.1007/s11051-013-1455-2 (2013)  
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Industry has jointly together with federal institutes and research organisations undertaken several 
initiatives and research projects to leverage the development of a measurement strategy for 
nanomaterials. There are severe challenges to implement the recommendation of the European 
Commission on the definition of nanomaterials from 2011 for regulatory purposes in respect to 
industrially manufactured materials in the nanoscale. This is mainly due to the morphology and size 
distribution from particles out of industrial processes. So the chemical industry associations have 
developed a tiered measurement strategy that has productively been taken up e.g. by the FP7 project 
NanoDefine. 
 
At the end of scientifically successful research projects the possibility to implement the 
recommendation of the EC effectively and without conflicting assignments still is in question. The 
research that has been undertaken has empowered industry finally formulating the challenges even 
more precisely. So this presentation will try to sum up these challenges and wants to present stimuli 
for the further discussion and follow-up activities. 
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Figure 1: The tiered measurement strategy of VCI/VdMi and Eurocolour 

 

 

List of references:  
1. A tiered measurement strategy to implement the EC recommendation for a nanomaterial definition by 

VCI in cooperation with Verband der Mineralfarbenindustrie e.V. (VdMi) and Dachverband der 
Pigment, Füllstoff- und Farbstoffindustrie Eurocolour/CEFIC, December 2015 (1) 
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The European Commission's recommendation on the definition of nanomaterial [2011/696/EU] is 
broadly applicable across different regulatory sectors and requires the quantitative size determination 
of constituent particles in samples down to 1 nm. A material is a nanomaterial if 50 % or more of the 
particles are in the size range 1-100 nm. The implementation of the definition in a regulatory context 
challenges measurement methods to reliably identify nanomaterials and ideally also non-
nanomaterials as substance or product ingredient as well as in various matrices. 
The EU FP7 NanoDefine project [www.nanodefine.eu] addressed these challenges by developing a 
robust, readily implementable and cost-effective measurement strategy to decide for the widest 
possible range of materials whether it is a nanomaterial or not. It is based on existing and emerging 
particle measurement techniques evaluated against harmonized, material-dependent performance 
criteria and by intra- and inter-lab comparisons. Procedures were established to reliably measure the 
size of particles within 1-100 nm, and beyond, taking into account different shapes, coatings and 
chemical compositions in industrial materials and consumer products. Case studies prove their 
applicability for various sectors, including food, pigments and cosmetics. 
A main outcome is the establishment of an integrated tiered approach including rapid screening (tier 
1) and confirmatory methods (tier 2), a decision support flow scheme and a user manual to guide 
end-users, such as manufacturers, in selecting appropriate methods. Another main product is the 
“NanoDefiner” e-Tool which implements the flow scheme in a user-friendly software and guides the 
user in a semi-automated way through the entire decision procedure. It allows a cost-effective 
selection of appropriate methods for material classification according to the EC's nanomaterial 
definition and provides a comprehensive report with extensive explanation of all decision steps to 
arrive at a transparent identification of nanomaterials as well as non-nanomaterials for regulatory 
purposes. 
The project has received funding from the European Union’s Seventh Programme for research, 
technological development and demonstration under grant agreement No 604347. 
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The properties of nanomaterials are influenced not only by their chemical composition but also by 
physical properties (such as size, geometry and crystal structure). Particle size and size distribution is 
considered as one major information for nanomaterial identification and characterization. This 
information is also important for a reliable risk assessment, for instance to interpret and compare test 
results and - in future – to forecast interaction and effects of nanomaterials. The particle size 
distribution is also proposed to decide whether a substance or a form of a substance can be considered 
as a nanomaterial in the EU. Especially in borderline cases, a standardized and comparable 
measurement methodology is therefore essential.  
 

In the past years, the OECD Working Party on Manufactured Nanomaterials reviewed existing OECD 
Test Guidelines (TGs) for their applicability to nanomaterials. An important outcome was that TGs are 
in principle applicable. However, in several cases adaptations and further guidance is needed to 
address the specific needs for nanomaterials. The existing standardized test methods of the OECD for 
physical-chemical particle size characterization have not been developed for nanomaterials in 
particular. Thus, a high demand for an adaptation of the TG was identified. To meet the need for an 
appropriate TG on physical-chemical characterisation, Germany submitted a proposal for developing 
a TG on particle size and size distribution for nanomaterials to the OECD Test Guideline Programme. 
The activity is funded by the German Federal Ministry of the Environment, Nature Conservation, 
Building and Nuclear Safety and coordinated by UBA which commissioned BAM and BAuA with the 
preparation of the Test Guideline and the performance of the underlying experimental work. The aim 
of the project is the development of a harmonized and international agreed test protocol for a valid and 
reproducible determination of particle size and size distribution for sphere-like particles and fibres.  
 

For e.g. sphere-like particles several challenges have to be considered to find a pragmatic way forward 
like different measuring methods providing different results for the size distribution of the particles. This 
is e.g. caused by the different measuring principles of the methods. Each method measures a specific 
parameter that ultimately determines particle size. There are three major challenges for the 
measurement of nanoparticles. First, the measured quantity differs for each method (Scattered light 
intensity, electric mobility, etc.). Second, the diameter of the measured nanomaterial can be calculated 
and thus presented differently (Feret Diameter, Hydrodynamic Diameter, etc.). Third, a measuring 
method provides a size distribution which is measured either mass-based, surface-based or number-
based. A conversion between the results requires additional parameters and thus possibly increases 
the measurement error.  
 

In addition to the technical differences, the individual parameters are strongly influenced by the 
structure and material of the nanoparticles. The suitability of measurement methods therefore differs 
with the material of the nanomaterial. As a result, it is possible that two very different results are 
obtained for the particle size distribution using two different methods, which are nevertheless both 
correct.  
 

The above listed issues and a way forward toward the TG will be discussed in the presentation. It will 
focus on methodology for the characterization of sphere-like nanoparticles while the part concerning 
nanofibers will be presented on a poster by BAuA. 
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The last decades have seen a strong increase in the availability and use of novel micro- and nanoscale 
engineered high aspect ratio materials (HARM, HAR materials). HARM is a generic term for fibrous 
materials that is not limited to compact fibres. Instead, it also comprises fibrous objects of elongated 
shape in percolated, agglomerated, entangled or aggregated state.  

According to the fibre definition of the World Health Organization (WHO), HAR materials with a 
length greater than 5 μm, a diameter less than 3 μm and aspect ratio exceeding 3:1 are to be 
considered respirable. Upon inhalation they may be delivered to deep lung tissues and reach the 
pulmonary alveoli. Exposure of humans to insoluble HAR materials of WHO dimension that persist in 
the lung tissue for a long duration lead to severe health risks. The effect is called fibre pathogenicity 
paradigm and was learned from the high death toll still being paid for industrial use of asbestos.  

The carcinogenicity of some HAR materials is attributed to failing clearance of alveoli from 
biodurable respirable dusts due to frustrated phagocytosis of alveolar macrophage cells, or to their 
translocation into lung-lining mesothelial tissue. Better understanding of these mechanisms may justify 
toxicological grouping of HAR materials. Such grouping is indispensable since only a minor fraction of 
the multitude of already engineered HAR materials can be tested in animal experiments. It requires 
reliable testing standards and reference materials for determining the following key properties of a 
HARM sample 

(1) To determine the WHO fibre fraction: Pairwise distribution of length and diameter 
(2) To determine a material’s hierarchical structure: State and type of agglomeration 
(3) To predict biodurability: Solubility properties 
(4) To estimate phagocytosis and translocation properties: Correlation between diameter and 

flexural rigidity.  
Providing robust and reliable testing standards for HAR materials ranging from micro- to nanoscale 
diameters with aspect ratios sometimes exceeding 1000:1 is a challenge. While significant progress 
has been achieved for individual length and diameter measurement of fibres, (1) pair-wise assessing 
of both measurands requires intelligent microscopy strategies to estimate respirable fractions. 
Agglomeration state characterisation (2) is essential both for morphological description and exposure 
assessment of fibrous. It requires standard dispersion operations as well as categorization and 
counting rules. HARM in vitro solubility testing standards (3) are needed that correlate well to in vivo 
results and are suited to predict biodurability. Finally, there are no standards for measuring flexural 
rigidity (4) of nanoscale HAR materials that may enable predicting phagocytosis and translocation 
properties.  

Such developments require reference HAR material sets that are simultaneously standardized 
with respect to measurand pairs (1) length and primary particle diameter, (2) state of agglomeration, 
and (3,4) primary particle diameter and chemical composition. 

Future progress in toxicological grouping of HARM will therefore rely on progress made in the field 
of reference materials and standardized testing.  
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Titanium dioxide is one of the most studied metal oxides due to its chemical, surface, electronic and 
(photo)catalytic properties, providing this material of multisectorial applications ranging from 
healthcare, photocatalysis, smart materials with self cleaning and self sterilizing properties and solar 
energy harvesting. However it is difficult to correlate the functional properties of TiO2 nanomaterials to 
the properties at single nanoparticle level due to the high polydispersity in shape, size and surface 
features of the currently available TiO2 nanoparticles (NPs). Although intensive experimental and 
theoretical studies have been conducted on the reactivity of different surfaces of metal oxides such as 
TiO2 [1,2] much less attention is paid on the dependence of functional properties, like photocatalytic 
activity, dye adsorption, open circuit potential and fill factor in dye sensitized solar cells, on crystal 
facets in different orientations [3]. One of the goal of SETNanoMetro project was the development of 
design rules to tune crystal facets of TiO2 NPs in order to optimize and control functional properties. In 
the present work we have developed a series of design rules in order to obtain sets of anatase TiO2 
NPs with low polydispersity and to tune their shape and size by hydrothermal processing of Ti(IV)-
Triethanolamine complex in presence of different shape controllers [4]. Through a careful experimental 
design, a predictive soft model was developed. The model is able to predict the synthesis outcome 
allowing to tune the shape factor from 5 (prisms) to 1.5 (bipyramids) to 0.2 (platelets). This allows to 
control the main crystal facets exposed ranging from (100) to (001). Due to the dependence of 
functional properties of nanomaterials on shape distribution and not only size, the availability of NPs 
sets with uniform and well defined and tunable shapes can be of paramount relevance in order to 
produce reference nanomaterials for shape measurement [5]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Shape tunability of anatase TiO2 NPs synthesized by the hydrothermal procedure developed in this 
work 
 

References: 
1. Z. G. Yi et al., Nat. Mater., 2010, 9, 559. 
2. U. Diebold, Surf Sci Rep 2003, 48, (5-8), 53-229, and references therein. 
3. E. S. Jang, J. H. Won, S. J. Hwang and J. H. Choy, Adv. Mater., 2006, 18, 3309. 
4. V. Lavric, R. Isopescu, V. Maurino, D. Hodoroaba et al, Cryst Growth & Design 2017, 17, 5640. 
5. E. A. Grulke et al., Advanced Powder Technology 2017, 28, 1647-1659. 
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Small Angle X-ray Scattering (SAXS) is an ensemble method where nanoparticles can be studied in 
liquid suspension. Due to the X-ray wavelength well below 1 nm, SAXS is ideally suited for the 
investigation of nanoparticles. The difference of the electron density between the nanoparticles and 
the suspending medium gives rise to X-ray scattering in a small angular range (typically < 5°) around 
the transmitted beam (Fig. 1). For sufficiently monodisperse particles, the observed oscillations of the 
scattered intensity as a function of the momentum transfer q, which is directly related to the scattering 
angle and the wavelength (or photon energy) of the incident X-rays, enable the traceable size 
determination of nanoparticles [1]. The particle size determination of nanoparticles using SAXS is 
already covered by the ISO standard 17867:2015, while activities are ongoing in ISO TC 24 / SC 4 
and in EMPIR projects towards standardization of nanoparticle concentration determination. Here, the 
absolute scattering cross section has to be measured and the electron density difference between the 
particles and the suspending medium needs to be known.  
 
In the synchrotron radiation laboratory of PTB at the electron storage ring BESSY II, all relevant 
parameters for a traceable size determination of nanoparticles with SAXS are determined directly with 
low uncertainty: the wavelength, the sample-detector-distance and the pixel size of the area detector 
[2]. For the concentration determination, the detectors for the incident photon flux and the area detector 
are absolutely calibrated. For nanoparticles with low density, the electron density and the inner 
structure of the particles can be determined by continuous contrast variation (Fig. 2) [3].   

  Fig. 1: Principle of SAXS Figure 2: Continuous contrast variation 
 

References 
1. M. Krumrey, G. Gleber, F. Scholze and J. Wernecke, “Synchrotron radiation-based X-ray reflection and 

scattering techniques for dimensional nanometrology”, Meas. Sci. Technol. 22, 094032 (2011) 
2. J. Wernecke, C. Gollwitzer, P. Müller and M. Krumrey, "Characterization of an in-vacuum PILATUS 1M 

detector”, J. Synchrotron Rad. 21, 529 (2014) 
3.  R. Garcia-Diez, C. Gollwitzer and M. Krumrey, “Nanoparticle characterization by continuous contrast 

variation in small-angle X-ray scattering with a solvent density gradient”, J. Appl. Cryst. 48, 20 (2015) 
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Core-shell nanoparticles are widespread in nature, industrial applications and nanotechnology 
research. Facile ways of modern synthesis will be discussed and possibilities to reveal their structures 
with small-angle X-ray scattering (SAXS). A recent review on using block copolymer templates as one 
of the most reliable routes for tuning size and shape of nanoparticles is provided by Li et al.1 Ferritin 
and apoferritin are archetypical examples for protein-based core-shell nanoparticles. Their structures 
are easily accessed by synchrotron SAXS2 but also with commercial instruments and allow fast 
performance tests.3 SASfit4 is a suitable program tool based on classical curve fitting and McSAS5 is 
a complementary program based on a Monte Carlo technique. Detailed refinements of SAXS data 
evaluation are on the way for better data analysis.6 A sub nanometer resolution is state-of-the-art for 
quantification of the size distribution of polyacrylic acid stabilized silver nanoparticles.3 Such particles 
are useful in catalysis.7 It was observed that the catalytic activity can be tuned easily by varying the 
shell material of the particles (see Figure 1). 
 

 
 
Figure 1: Chemical structures of the (macro)molecules that form a shell around the silver cores and provide long-
term stability in dispersion. Shell thicknesses are indicated by arrows. Parent particles pPAA are stabilized with 
poly(acrylic acid) (PAA), MW = 1800 g mol−1 (left). The pGSH are stabilized with glutathione, which is a tripeptide 
formed by glutamic acid, cysteine, and glycine, MW = 307 g mol−1 (middle). The pBSA are stabilized with bovine 
serum albumin (BSA); MW = 66463 g mol−1 (right). (Figure is from7) 

List of references: 
(1) Li, X.; Iocozzia, J.; Chen, Y. H.; Zhao, S. Q.; Cui, X.; Wang, W.; Yu, H. F.; Lin, S. L.; Lin, Z. Q.From Precision Synthesis of Block 
Copolymers to Properties and Applications of Nanoparticles Angew. Chem.-Int. Edit. 2018, 57, 2046-2070. 
(2) Delissen, F.; Leiterer, J.; Bienert, R.; Emmerling, F.; Thunemann, A. F.Agglomeration of proteins in acoustically levitated droplets 2008, 
392, 161-165. 
(3) Pauw, B. R.; Kastner, C.; Thunemann, A. F.Nanoparticle size distribution quantification: results of a small-angle X-ray scattering inter-
laboratory comparison 2017, 50, 1280-1288. 
(4) Bressler, I.; Kohlbrecher, J.; Thünemann, A. F.SASfit: a tool for small-angle scattering data analysis using a library of analytical 
expressions J. Appl. Cryst. 2015, 48, 1587-1598. 
(5) Bressler, I.; Pauw, B. R.; Thünemann, A. F.McSAS: software for the retrieval of model parameter distributions from scattering patterns 
J. Appl. Cryst. 2015, 48, 962-969. 
(6) Pauw, B. R.; Smith, A. J.; Snow, T.; Terrill, N. J.; Thunemann, A. F.The modular small-angle X-ray scattering data correction sequence 
2017, 50, 1800-1811. 
(7) Kästner, C.; Thünemann, A. F.Catalytic Reduction of 4-Nitrophenol Using Silver Nanoparticles with Adjustable Activity Langmuir 2016, 
32, 7383-91. 
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ISO is not producing reference materials but relevant Technical Committees (TC) generate written 
standards with requirements, e.g. ISO 17034:2016 "General requirements for the competence of 
reference material producers". It was prepared by the ISO Committee on Conformity Assessment 
(CASCO), in collaboration with the ISO Committee on Reference Materials (REMCO). It understands 
a reference material as sufficiently homogeneous and stable with respect to one or more specified 
properties, which has been established to be fit for its intended use in a measurement process. 
In the field of nanotechnology ISO/TC 229 published a first technical specification ISO/TS 16195:2013 
"Nanotechnologies -- Guidance for developing representative test materials consisting of nano-objects 
in dry powder form".  
But also other TCs deal with relevant requirements, especially for particle characterization ISO/TC 
24/SC 4, working group 11 "Sample preparation and reference materials". Managed by its convener 
Dr. Linsinger from EC JRC in Geel a first TS for Particle size distribution measurement by ensemble 
techniques has been published: ISO/TS 14411-1:2017. Preparation of particulate reference materials 
- Part 1: Polydisperse material based on picket fence of monodisperse spherical particles. A second 
project is currently ongoing: ISO/WD 14411-2:2017 "Preparation of particulate reference materials- 
Part 2: Polydisperse spherical particles". For instance "sufficiently homogenous" turned out to be one 
limiting factor for broad particle size distributions. But even more narrow distributions need special 
sample preparation methods [1] to get certifiable characteristic parameters. 
Additionally a not so common "intended use" will be addressed – a nanostructured reference material 
for agglomerate stability testing in ultrasonic dispersion procedures with defined suspension volume 
specific energy input [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Nanostructured precipitated silica         Figure 2: PSD of precipitated silica after ultrasonication  

 

List of references: 
1. DIN SPEC 52407:2015-03 Nanotechnologies – Methods for preparation and assessment for particle 

measurements with atomic force microscopy (AFM) and transmission scanning electron microscopy 
(TSEM) (in German) 

2. R.R. Retamal Marín, F. Babick, M. Stintz, Ultrasonic dispersion of nanostructured materials with probe 
sonication − practical aspects of sample preparation, Powder Technology, Volume 318, 2017, Pages 
451-458 
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Magnetic nanoparticles (MNP) comprise one of the largest nanomaterial families with an annual 
turnover of MNP dependent products of over 2 billion Euros generated by European companies alone. 
MNP are mainly employed in biomedicine for in-vitro diagnostics, for the separation and extraction of 
cells, viruses, proteins, and DNA from blood. In addition, new cancer therapies and further technical 
applications like magnetic bearings or loudspeakers make intensive use of MNP. Besides these 
“accepted” uses, we also find MNP to appear in the EU catalogue of nanomaterials in cosmetics.  
Despite these advances, a unified terminology, standardized measurement procedures and certified 
reference materials (CRM) for MNP specific magnetic properties still have to be developed. 
ISO/TC 229 is working on the first standard for MNP: ISO 19807-1 “Liquid suspension of magnetic 
nanoparticles”, which will define main characteristics and appropriate measurement methods. A 
second ISO standard (ISO 19807-2) is under preparation defining superparamagnetic beads used for 
nucleic acid extraction. 
Developing any CRM should follow the guidance set out in ISO Guide 35:2016 on characterization of 
reference materials (RMs). The production of RMs is decisive for the improvement and maintenance 
of a measurement system for MNP and the increasing confidence in this novel nanomaterial. Currently, 
only MNP quality control materials (QCM) with adequate homogeneity and stability are used by MNP 
manufacturers, but these are not sufficiently characterized to be used for method calibration or to 
provide metrological traceability.  
Paving the way towards CRM MNP, one should consider, that also the procedural standards for MNP 
magnetic characterisation need further improvement. Currently, only laboratory measurement 
standards are available, that ensure consistency of MNP measurement results within a laboratory. 
Early informal interlaboratory comparisons of MNP performance in biomedical applications based on 
these laboratory standards demonstrated the need for development of more general standard 
operating procedures (SOP). Robust SOP for MNP characterisation are a prerequisite for any MNP 
CRM development. On the other hand, it seems necessary to have at least calibration reference MNP 
materials (CAL) available, to develop measurement standards for MNP specific properties at ISO or 
CEN level that can be certified. CAL are quality control materials characterised by an assigned property 
value and uncertainty that is reproduced by any calibration sample used according to the specification. 
Only when MNP CAL and proper magnetic measurement standards will be available, also MNP CRM 
can be developed. Thus, any quality level of MNP RM is interlinked with the existence of appropriate 
magnetic measurement standards. To solve this hen and egg problem, both MNP RM and MNP SOP 
should be developed in parallel, eventually leading to convergence on a higher level. 
The previous FP7 project “NanoMag” and the current EMPIR project “MagNaStand” contributed to the 
development of MNP terminology. Generally acceptable SOP for characterisation of MNP static and 
dynamic magnetisation, MNP performance in imaging, hyperthermia and magnetic separation are 
currently under preparation. The next step will then be the development of stable MNP RM with defined 
magnetic properties in these measurement procedures. This will consecutively be tested in 
interlaboratory comparisons, but not yet on VAMAS or OECD level. 
 
Acknowledgement: This project was supported by the EMPIR program co-financed by the Participating States 
and from the European Union’s Horizon 2020 research and innovation program, grant no. 16NRM04 
“MagNaStand”. 
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Traceable measurements of the lateral dimensions of nanoparticles are accomplished by means of a 
calibrated scanning electron microscope operated in transmission mode (TSEM) [1]. Nanoparticles 
under test are deposited on thin support films equal to those commonly used in transmission electron 
microscopy. Application of the bright-field imaging mode yields black-and-white images of the 
nanoparticles similar to shadow casts. An automatic image analysis tool determines the boundary and 
size of every particle and furthermore enables the analysis of a series of TSEM images containing 
thousands of particles to attain a particle size distribution.  
An accurate determination of the particle boundary within the black-white transition requires a-priori 
information on the threshold level to be applied. For this purpose, expected TSEM signals are modelled 
by Monte Carlo simulations based on first-principle electron scattering theory considering relevant 
instrument and particle properties [2].  
Traceability to the SI unit ‘metre’ is achieved by means of two-dimensional gratings which in turn are 
calibrated using a laser diffractometer with known wavelengths. With the current setup, the diameter 
of nanoparticles of different material classes (gold, silver, silica, latex) and sizes ranging from about 
7 nm to 300 nm can be measured with uncertainties in the range of 1 nm to 4 nm, also confirmed by 
international comparison studies [3,4].  
Applications of the technique include the calibration of spherical reference nanoparticles, but also the 
characterization of non-spherical nanoparticles (for example, the aspect ratio of gold nanorods [5], see 
Fig. 1 and 2). An extension of the TSEM technique exploits the minimum TSEM signal strength inside 
the particles which continually decreases with increasing particle thickness [6]: this additionally enables 
the measurement of the vertical particle size.   
 
 
 
 
 
 
 
 
 
 
 
Figure 1: TSEM image of Au nanorods   Figure 2: Histogram of Au nanorod aspect ratios  
 
References: 
[1] T. Klein et al.: Traceable measurement of nanoparticle size using a SEM in transmission mode (TSEM), 
Meas. Sci. Technol. 22, 094002, 9p (2011) 
[2] K.-P. Johnsen et al.: SEM image modeling using the new Monte Carlo model MCSEM, Proc. SPIE 7638, 
778310 (2010) 
[3] F. Meli et al.: Traceable size determination of nanoparticles, a comparison among European metrology 
institutes, Meas. Sci. Technol.  23, 125005, 15pp (2012)  
[4] A. Nicolet et al.: Inter-laboratory comparison on the size and stability of mono-disperse and bimodal 
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[6] E. Buhr et al.: Simultaneous measurement of lateral and vertical size of nanoparticles using transmission 
scanning electron microscopy (TSEM), Meas. Sci. Technol.  28, 034002, 8pp (2017)  
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It is well known that different measurement techniques for “nanoparticle size” have different 
measurands (see for example references [1,2]). Most markedly, atomic force microscopy (AFM) 
consistently measures smaller diameters and dynamic light scattering (DLS) larger diameters when 
compared with other methods [2] Because of this, nanoscale reference materials are typically 
accompanied by certificates assigning specific particle diameter values to different methods [3]. This 
method-dependent approach to particle size determination is consistent with the definition of a 
measurand given in the 2nd edition of the International Vocabulary of Metrology (VIM), the “particular 
quantity subject to measurement”. 
The concept of a global reference value for nanoparticle size is more closely aligned with the approach 
in the 3rd edition of the VIM, the “quantity intended to be measured”. This has been explored in a recent 
supplementary comparison within the Asia Pacific Metrology Programme (APMP.L-S5 - 
Supplementary comparison on nanoparticle size, currently in revision to Draft B status). In adopting 
such an approach to particle size measurement, adequate measurement models that allow for the 
correction of method dependent data must be developed, and appropriately factored into uncertainty 
analysis to ensure consistency when comparing results across different measurement techniques. 
Indeed, the use of global reference values for particle size measurement may be favoured by metrology 
institutes considering applying the broad-scope approach to calibration and measurement capability 
(CMC) claims for publication in the Key Comparison Database (recommendations arising from the 
review of the Mutual Recognition Arrangement of the International Committee for Weights and 
Measures, CIPM MRA). 
Here, we present experimental results obtained at the National Measurement Institute Australia that 
explore some of these concepts, using measurements made on gold, silica and polystyrene reference 
materials. In particular, we present our investigations into tip-induced particle deformation during AFM 
imaging, and the impact of small deviations from sphericity on the measurement of particle size made 
by other particle characterization instrumentation such as DLS and differential centrifugal 
sedimentation.  
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A strong demand for reliable characterization methods of particulate materials is triggered by the 
prospect of forthcoming national and international regulations concerning the classification of 
nanomaterials. Scientific efforts towards standardized number-based sizing methods have so far been 
concentrated on model systems, such as spherical gold or silica nanoparticles. However, for industrial 
particulate materials, which are typically targets of regulatory efforts, characterization is in most cases 
complicated by irregular particle shapes, broad size distributions and a strong tendency to aggregation 
and agglomeration. Established and standardized sizing methods as well as certified reference 
materials that overcome these obstacles are still lacking. By using the example of titanium dioxide, this 
contribution presents a combination of advanced sample preparation and a sophisticated counting 
algorithm, which is based on the analysis of cross-sections prepared from embedded particles. The 
data presented demonstrate that many typical difficulties of particle sizing based on projection-images 
are overcome by the use of section-images. The developed image analysis procedure does not only 
allow the identification of primary particles, but moreover allows to identify and quantify size and size 
distribution of primary particles, aggregates and constituents on a statistically sound basis of several 
thousand particles. In other words, a robust, reproducible and statistically reliable method is presented, 
which leads to number-based size distributions of pigment-grade titanium dioxide, and therefore allows 
reliable classification of this material according to forthcoming regulations. 
Based on the presented results, practical needs for reference materials are developed, which mainly 
include the requirement that the size of a reference material needs to be referenced in terms of section-
size and projection-size to allow a wider variety of sample preparation methods. Especially with respect 
to the preparation as cross-section, aggregate-size and primary-particle size need to be given as well, 
together with the shape descriptors that are used to distinguish them. 
 

 
 

Figure 1: SEM of TiO2 white pigment prepared as 
cross-section; marked blue are primary particles; 
marked green are aggregates. 

 
 
Figure 2: Deconvolution of the constituent size of a 
white pigment in terms aggregates and primary 
particles based on particle shape. 
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Extraction of true, 3D shape (and size) of non-spherical nanoparticles (NPs) is associated with errors 
by conventional 2D electron microscopy using projection images. Significant efforts within the ISO 
technical committee TC 229 ‘Nanotechnologies’ are aimed at establishing accurate TEM and SEM 
measurement of NP size and shape as robust, standard procedures [1]. Study groups have been 
organizing inter-laboratory comparisons on well-selected NP systems according to the market needs, 
such as aggregated titania nano-powder for which size and shape distribution of primary crystallites of 
irregular shape must be measured accurately [2]. To be noticed is e. g. the fact that the measurement 
procedure allows only manual selection of the particles clearly distinguishable for analysis as well as 
manual definition of the contour of the imaged NPs. 
An inter-laboratory exercise on titania NPs (pure anatase, grown by hydrothermal synthesis [3]) of well-
defined non-spherical shape, i.e. bipyramidal, see Figure 1, has been recently started within ISO/TC 
229 under similar conditions as for the irregular shaped titania. Figure 2 shows a representative TEM 
micrograph with particles tracked manually according to the measurement protocol. Overlapped 
particles were allowed to be considered, as long as they are clearly distinguishable. One decisive NP 
selection criterion was to analyze only those NPs with a roundness value below 0.7, i.e. the NPs laying 
on the support foil and, hence, with projection areas clearly deviating from perfect circles (R=1). The 
overall evaluation (for 15 labs) of the size descriptors (area, Feret, minFeret, perimeter) and shape 
descriptors (aspect ratio, roundness, compactness, extent) by analysis of variance is just to be finished 
and included in ISO/WD 21363 Nanotechnologies -- Protocol for particle size distribution by 
transmission electron microscopy. 
 

 
 

Figure 1: Representative SEM micrograph with the 
bipyramidal titania NPs 

Figure 2: Exemplary TEM image of the bipyramidal TiO2 
NPs as prepared by BAM on carbon TEM grids, included 
in the measurement protocol distributed to the ILC 
participants 
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Engineered nanomaterials (NM) have found variety of industrial applications, ranging from paints and 
coatings, microelectronic devices, through to food, cosmetics and clothing, with over 1300 NM-
containing consumer products currently available on the market1.  Widespread and rapidly growing 
use of NM has raised safety concerns with regards to an uncontrolled human exposure, as well as 
possibly adverse effects on the environment.  To underpin the metrology supporting scientific efforts 
aiming to increase the understanding of the potential impact of NMs on human and the environment, 
well-characterised set of nanoparticle (NP) reference materials (RM) is required2.   

RM, ranging from simple water suspensions, through to complex matrices will allow instrument 
calibration as well as appropriate method development and validation.  They will also be invaluable 
for the quality control purposes aiding in manufacture of more efficacious and safer products.  
However, RM certified for number- and/or mass-concentration of NP are either not currently available 
or very scarce, respectively. 

This lecture will discuss the potential and remaining challenges in the determination of particle mass- 
and number-based concentration using inductively coupled plasma mass spectrometry (ICP-MS), 
with focus on (i) ICP-MS hyphenation to asymmetric flow field-flow-fractionation (AF4) with double 
isotope dilution (ID) calibration for the mass-based determination of silica NP and (ii) the application 
of SI traceable spICPMS methodology for the determination of number-based concentration of 
colloidal gold NP, being the mass concentration of NP relevant to future risk assessment and the 
number-concentration of NP relevant to NP identification and characterisation.  Finally, the analytical 
figures of both methods, including their measurement uncertainty and their feasibility for RM 
characterisation will also be discussed. 
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Figure 1.   Schematic representation of size-resolved ID approach 
for mass-concentration determination of NP RM. 
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The reliable quantification of nanomaterials (NMs) in complex matrices such as food, cosmetics and 
biological and environmental compartments can be challenging due to interaction of particles with 
matrix components and analytical gear (vials, tubing etc.). The resulting losses along the analytical 
process (sampling, sample extraction, clean-up, separation, detection) hamper the reliable 
quantification of the target NM in these matrices as well as the comparability of results and thus a 
meaningful interpretation of nanosafety studies. These issues can be overcome by the addition of 
known amounts of internal/recovery standards to the sample at the beginning of the analytical process. 
These standards need to mimic as closely as possible the behaviour of the target analytes in the 
analytical process which is mainly defined by the size, surface properties (e.g. the coating in case of 
coated particles), shape and density. At the same time they need to carry a tag that can be quantified 
independently of the target analyte. Since inductively coupled plasma mass spectrometry (ICP-MS) is 
often used for the identification and quantification of NMs the tagging with either low-abundant isotopes 
of the target analyte or with chemically related rare elements is a promising approach. 
 
Within the EU project NanoDefine labelled analogues were synthesized for two frequently used 
nanomaterials: silica and titania. For silica, core-shell nanoparticles were prepared that consisted of a 
cobalt core and a silica shell. For nano-scale titania as it is used in sun screen as UV protection, first 
the structure of commercial materials was analysed. Then particles that mimic these materials in terms 
of shape, size and surface coating were prepared, but doped with hafnium or zirconium in the titania 
core. All were fully characterised and examples will be shown. These efforts have shown the feasibility 
of synthesizing respective materials. The next step is to test their behavior within the analytical process 
and to demonstrate that they behave reproducibly and in the same way as the target analytes. 
 
The presentation will focus on the discussion of the applicability of the use of labelled internal standards 
for the analysis of nanomaterials. While this approach is well established for traditional analytes (e.g. 
molecules) it is more difficult to implement for nanomaterials because the target analyte is not one 
unique entity. Nanomaterials of the same nominal composition, even if from the same batch, vary in 
size, shape and surface properties (within the given specifications). Labelled analogues would either 
have to represent these properties or span the same characteristics as the target material. 
 
This work was funded by the European Union's Seventh Framework Programme (FP7/2007-2013) project 
NanoDefine (grant agreement number 465 604347). 
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The European Commission proposed a number of changes in the REACH annexes concerning 
testing of nanomaterials. However validated, standardized and harmonized test methods for 
nanomaterials are currently not available for all endpoints. The Malta Project is a common initiative of 
the European Commission together with European countries to work on filling this gap. The purpose 
is to adapt or develop new OECD test guidelines (TGs) and guidance documents (GDs) to be 
applicable for nanomaterials as they are mutually accepted by regulatory bodies worldwide. 
 
Relevant knowledge and methods, gathered in research projects, should be used to develop and 
validate OECD standards. All work will be performed in close collaboration with the OECD Working 
Party on Manufactured Nanomaterials (WPMN), the OECD Working Group of National Coordinators 
of the Test Guidelines Program (WNT) and the ECHA Nano Materials Expert Group (NMEG). The 
TGs will be developed in international groups to ensure acceptance by the OECD member states. 

 
The development/amendment of TGs/GDs includes experimental work, the translation of scientific 
results for regulatory methodical adaptation, development of standard operation procedures, their 
validation and the implementation at OECD. In order to validate the SOPs and to ensure their 
applicability and reproducibility several ring tests are planned. For quality assurance well 
characterized reference nanomaterials will be required. 
 
The Malta Project covers endpoints, foreseen to be addressed in the revised REACH annexes in the 
fields of phys-chem characterization, human health and ecotoxicity. Currently addressed endpoints 
are e.g. the specific surface area, dustiness, solubility in water and biological media, surface 
chemistry, in vitro genotoxicity, skin sensitization, toxicokinetics, environmental transformation and 
bioaccumulation. 
 
Further endpoints are discussed and some are still open. Member states should commit themselves 
for the development/amendment of a TG. An overview of the foreseen tasks of the submitted OECD 
Project Proposals will be given.  
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Silver nanoparticles (AgNPs), have a high scientific and commercial impact due to their important 
antibacterial properties. However, there are serious concerns about their toxicological adverse 
effects because of their broad range of applications. Particularly, the impact of AgNPs on cells is not 
very well understood yet and there is a current demand to develop analytical methodologies 
providing information about the interaction and distribution of AgNPs at a single cell level. In this 
research, mass cytometry was used to introduce a new quantitative approach to study the uptake of 
AgNPs by individual THP-1 macrophages as a cell model system.1 Here, we show that this 
methodology provides not only multi-variate phenotypic information of individual cells but enables the 
quantitative analysis of AgNPs associated to cells in a single measurement by performing an 
external calibration using AgNPs suspension. Using differentiated THP-1 cells, we monitored and 
quantified the uptake of 50 nm AgNPs in a time and dose-dependent manner by mass cytometry. 7 
to 120 AgNPs per cell (2 to 89 fg Ag/cell) were determined after exposure of differentiated THP-1 
cells to low AgNPs concentrations of 0.1 and 1.0 mg L-1, at time points of 4 and 24 h. The results 
were validated by mass cytometric analysis of digested cells working as a conventional inductively 
coupled plasma mass spectrometry, ICP-MS. This study demonstrates the power of single cell 
analysis by mass cytometry even for low doses experiments as a new analytical tool for hitherto 
unaddressed questions in nanotoxicology. 
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The OECD test guidelines (TGs) for testing chemicals have been widely used for regulatory purposes 
all over the world since the establishment of the Mutual Acceptance of Data (MAD) principle in 1984. 
This MAD principle ensures that, if a chemical is tested under the Good Laboratory Practice (GLP) 
conditions accordingly to an OECD TG, the data should be accepted in all OECD countries. The TGs 
have been developed, harmonized, internationally validated (round robin tests) and adopted by OECD 
countries to be used for the physical-chemical characterisation, fate estimation, and hazard 
identification for risk assessment of various chemicals. In addition to the TGs, OECD Guidance 
Documents (GDs) usually provide guidance on how to use TGs and how to interpret the results. These 
GDs do not have to be fully experimentally validated, and hence they are not under MAD, but they are 
based on relevant published scientific research.  
But are the existing TGs and the related GDs applicable and adequate for the regulatory testing of 
nanomaterials? In general, it is accepted that most of the "endpoints" or more precisely measurement 
variables are applicable also for nanomaterials. However, for some endpoints new or amended TGs 
are needed. In addition, several GDs are needed to give more precise advice on the test performance 
in order to gain regulatory relevant data on nanomaterials.  
 
The poster will present the status quo on recent TGs and GDs development for nanomaterials at OECD 
level with relevance for physical-chemical characterisation. Emphasis will be given to the proposed 
OECD TG on particle size and size distribution for manufactured nanomaterials. The development of 
such a TG is of special importance as particle size and size distribution is considered as major 
information for nanomaterial identification and characterization. A reliable and reproducible 
characterisation of particle size and size distribution is also needed for chemicals risk assessment of 
nanomaterials, for instance to interpret and compare test results and - in future – to forecast interaction 
and effects of nanomaterials. The presented poster will illustrate the way from the idea for a new TG 
and new GD to an accepted OECD TG/GD. 
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The increasing use of nanomaterials in the material and life sciences and the synthesis of an 
ever increasing number of new functional nanoparticles raises also concerns of nanotoxicity, 
calling for standardized test procedures1,2 and efficient approaches to screen the potential 
genotoxicity of these materials. Aiming at the development of fast and easy to use, automated 
microscopic methods for the determination of the genotoxicity of different types of application-
relevant nanoparticles, we assess the potential of the fluorometric H2AX assay for this 
purpose. This assay, which can be run on an automated microscopic detection system, relies 
on the detection of DNA double strand breaks (DSB) as a sign for genotoxicity3. Here, we 
present first results obtained with broadly used nanomaterials like CdSe/CdS and InP/ZnS 
quantum dots as well as iron oxide, gold, and polymer particles of different (known) surface 
chemistry with previously tested colloidal stability and different cell lines like Hep-2 and 8E11 
cells, which reveal a dependence of the genotoxicity on the chemical composition as well as 
the surface chemistry of these nanomaterials. These studies will be also used to establish 
nanomaterials as positive and negative genotoxicity controls or standards for assay perfor-
mance validation for users of this fluorometric genotoxicity assay. In the future, after proper 
validation, this microscopic platform technology will be expanded to other toxicity assays. 
 
 
 
 
 
 
 
 

 
 
Figure 1: Detection of DSB with H2AX assay   Figure 2: Genotoxicity of iron oxide nanoparticles 
 
 
 

List of references:  
1. Landsiedel, R.; Kapp, M. D.; Schulz, M.; Wiench, K.; Oesch, F., Reviews in Mutation Research 2009, 

681, 241-258 
2. Henriksen-Lacey, M.; Carregal-Romero, S.; Liz-Marzán, L. M., Bioconjugate Chem. 2016, 28, 212-221 
3. Willitzki, A.; Lorenz, S.; Hiemann, R.; Guttek, K.; Goihl, A.; Hartig, R.; Conrad, K.; Feist, E.; Sack, U.; 

Schierack, P., Cytometry Part A 2013, 83, 1017-1026 

0

5

10

15

20

25

30

 Fe
2
O

3
 mic.

 NC (negative control)
 CdCl2 (positive control)

48



 

 

 

Reference samples for Magnetic Force Microscopy  
  

S. Sievers1, H.W. Schumacher1 
  

1
 PTB, Bundesallee 100, 38116 Braunschweig, Germany 

 

Keywords: high resolution magnetic field sensing, reference samples, deconvolution 
 
Magnetic field imaging techniques with sub micrometer resolution are of increasing scientific and 
industrial interest as they are used for the characterization of e.g. magnetic nanostructures like 
domain walls as well as for magnetic sensors, scales and storage devices. 
Some imaging techniques, like scanning Hall, scanning magnetoresistive imaging, magnetic force 
microscopy (MFM) and magneto-optical imaging using Faraday indicator films (MOIF) can in 
principle be calibrated to yield quantitative spatially resolved magnetic field data H(x,y,z). 
Deconvolution approaches even allow an extraction of field data on length scales smaller than typical 
sensor dimensions, if the physical principles of the sensor mapping function are understood, as it is 
the case for all techniques mentioned above. However, for nanoscale sensors unavoidable 
manufacturing-related deviations in geometry and material parameters may significantly impact the 
sensor sensitivity, in particular when measuring nanoscale structures. Therefore, each individual 
sensor has to be calibrated, and if subject to wear processes this calibration may even be required 
before and after any actual measurement. Since the sensitivity typically shows a strong dependency 
on the dimensional features of the stray field distribution, a calibration has to be performed in an 
application specific stray field distribution. Nano- and micro scale magnetic field features can only be 
observed next to the surface of a magnetically or mechanically micro- or nano-patterned magnetic 
reference material. Such magnetic reference samples for different applications are developed at PTB 
within the EMPIR project NanoMag. We here will discuss demands and possible implementations of 
such reference materials for different calibration purposes. 
 
 
 
 
 
 
 
 

List of references: (optional) 
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2. Reference 2   

 

 
 
Figure 2: Maze domain pattern in a CoPt sample 
(top) and a magnetic scale (bottom) for the 
calibration of magnetic sensors with active areas in 
or below the micrometer range and up to the 
millimeter range, respectively. 
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Figure 1: Magnetic nanoparticles for MFM tip 
calibration. 
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Nanocrystals, lanthanide, immuno-assays 
 
Imaging of elemental distributions in single cell assays as well as tissue sections can be performed by 
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). This powerful technique 
offers precise spatially resolved measurements at the trace and ultratrace level and has been 
established as an excellent tool to answer analytical, biological and biomedical questions. To date, 
imaging mass cytometry is already able to simultaneously detect up to 40 cellular targets due to 
conjugation of isotopically pure lanthanides to affinity binders, e.g. antibodies. 
 
To further enhance the ability of multiparametric analysis to more than 100 analytes at once, we 
investigated lanthanide nanocrystals as new, highly sensitive metal tags for identification of targets in 
clinical cell assays and tissue samples. Multiparametric analysis will be possible by encoding the 
lanthanide composition of nanocrystals associated to the affinity binders. Nanocrystals showed 
remarkable potential for sensitive detection in MS due to high stability and signal amplification 
compared to e.g. polymer tags, carrying fewer metal atoms. 
 
Synthesis of functionalized lanthanide nanocrystals for further bioconjugation was performed with high 
reproducibility and monodisperse size distribution. For proof of principle, the uptake and distribution of 
these nanocrystals within the monolayered cell line A549 were investigated by mapping the intensities 
at subcellular resolution using LA-ICP-MS. It could be shown, that the cells were efficiently labeled 
with the nanocrystals. Additionally, the bioconjugation of the nanocrystals to antibodies and particularly 
the preservation of the antibody specificity was investigated using Dot Blot experiments. All in all, the 
results imply high sensitivity and the possibility of multiparametric analysis by doting various 
lanthanides into the nanocrystals. 
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Nanoparticles (NPs) have found a wide range of applications in research and industry. Thereby the 
interaction of NPs with biological systems like cells has become a major field of interest, ranging from 
medical applications to nanotoxicology. Size, shape and surface modification of the nanomaterials 
determine the uptake rate and pathway into the cells, and therefore impact specific cell components 
and processes. 
 
Inductively coupled plasma mass spectrometry (ICP-MS) is a well-established analytical method 
offering high sensitivity and multi-element capability. By coupling a laser ablation (LA) system to an 
ICP-MS the analysis of different kinds of solid samples is possible. In recent years, it was shown that 
LA-ICP-MS can provide quantitative as well as distribution information of metal containing 
nanoparticles (NPs) in cell samples.  
 
Here LA-ICP-MS was applied for the imaging of individual fibroblast cells to study the uptake and 
intracellular processing of NPs. Our results show that LA-ICP-MS can be used to localize nanoparticle 
aggregates within cellular compartments. The studied NPs accumulate in the perinuclear region in the 
course of intracellular processing, but do not enter the cell nucleus.1, 2 The uptake efficiency depends 
strongly on the physico-chemical properties of the nanostructures3, 4 as well as on the incubation 
conditions like concentration and incubation time.1, 4 
ICP-MS was used to determine the composition of the nanomaterials as well as the number of NPs in 
cells after acid digestion of the samples. 
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Atom probe tomography (APT) is an analytical technique capable of providing in-depth elemental 
information at sub-nanometer resolution (lateral and depth) with a relatively high sensitivity. Therefore, 
it is seen as an important enabler in diverse fields of applications such as semiconductor industry, 
metallurgy etc. Over the last decade, APT has seen considerable progress in instrumental 
development and the theoretical understanding of its underlying physics. In contrast to this, universal 
analysis procedures, uncertainty assessment and widespread comparison of APT data are still lacking, 
mainly due to the absence of appropriate standards and reference materials. This is not surprising, 
given the high complexity paired with the low reproducibility of current APT sample preparation 
procedures [1]. The underlying physical principle of APT, i.e. laser-assisted atom-by-atom field 
evaporation, requires a tip-shaped sample with an endpoint radius below 100 nm. Current practise in 
the field is to use dual-beam instruments that combine a scanning electron microscope and a focused 
ion beam (FIB), to nanofabricate a sharp tip from the sample. The latter is however very time 
consuming and, due to its manual nature, distant from manufacturing many sample in a reproducible 
manner for comparative studies. 
 
To address these limitations, we have developed a novel sample preparation scheme that yields APT 
samples with minimized tip-to-tip variations i.e. with reproducible tip radii, taper angles and heights. 
With this approach we strongly improve the assessment of the uncertainty budget in APT by eliminating 
the impact of tip geometry and its properties, as the latter might be strongly modified during the FIB 
preparation. Our protocol is based on standard lithography and etching techniques, hence omitting the 
use of a manual SEM-FIB step, and can be easily upscaled towards full wafer processing with a high 
degree of automation. As initial test vehicle, we have optimized the procedure for the preparation of 
APT tips starting from a boron-doped (~1E20 atoms/cm3), epitaxially grown SiGe (25% Ge) layer (100 
nm) on a 300 mm Si (100) wafer. The complementary characterization of the same (or similar) wafer 
using different (reference-free) analysis techniques is done to extract the layer thickness, composition 
and dopant concentration. This complete characterization together with the repeatability in forming the 
different APT samples, will form the cornerstone to establish a potential reference sample for APT. 
Tthese well-characterised APT tips will be used to initiate an interlaboratory study (e.g. under the 
VAMAS umbrella [2]), addressing the uncertainty budget in APT analysis related to the analysis of 
Boron (as a dopant) and Ge (as an alloy element). 
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The utilization of silver nanoparticles in consumer related products has significantly increased over the 
last decade, especially due to their antimicrobial properties. Today they are used in a high variety of 
products ranging from food containers over children toys and textiles. Therefore, research on the 
toxicological potential of silver nanoparticles becomes increasingly important for a high amount of 
studies. Unfortunately, the results of these studies are extremely diverse and do not lead to a 
consistent evaluation. The central problem lies in the use of a wide range of silver nanoparticles, which 
show a broad size distribution. To overcome this problem we report on the synthesis and application 
of small silver nanoparticles with a narrow size distribution (R = 3.1 nm,  = 0.6 nm). The poly(acrylic 
acid) stabilized particles are thoroughly characterized by small-angle X-ray scattering, dynamic light 
scattering and UV/Vis spectroscopy. The particles are highly stable and show no aggregation for more 
than six months. It is foreseen to use these thoroughly characterized nanoparticles as reference 
material to compare the catalytic and biological properties of functionalized silver nanoparticles. As a 
first step the particles are used in the first world-wide inter-laboratory comparison of SAXS.[1] 
Furthermore, the stabilizing ligand PAA can be easily exchanged by biomolecules to modify the surface 
functionality. Replacements of PAA with glutathione (GSH) and bovine serum albumin (BSA) have 
been performed as examples. With this flexible system first applications regarding biological 
application in an artificial digestion procedure have been performed. Thereby the changes in size 
distribution and aggregation state were monitored by SAXS (Figure 1).[2] Additionally these particles 
show a high catalytic activity of (436 ± 24) L g-1 s-1 in the reduction of 4- nitrophenol to 4-aminophenol. 
This activity is two orders of magnitude higher than for other silver particles in the literature.[3] 

  
Figure 1: Volume-weighted size distributions derived by SAXS measurements of silver nanoparticles in the 
presence of food components at the three digestion steps: saliva, stomach and intestine (red, blue and green 
bars, respectively). 
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Ever since increasing a reaction’s yield while shortening the reaction time is the main objective in 
synthesis optimization. Microwave reactors meet these demands. In literature however their usage is 
under discussion due to claims of the existence of non-thermal effects resulting from the microwave 
radiation. Especially for nano-reference-material syntheses it is of crucial importance to be aware of 
influences on the reaction pathway. Therefore, we compare ultra-small silver nanoparticles with mean 
radii of 3 nm, synthesized via conventional and microwave heating.  
We employed a versatile one-pot polyol synthesis of poly(acrylic acid) (PAA) stabilized silver 
nanoparticles, which display superior catalytic properties. No microwave specific effects in terms of 
particle size distribution characteristics, as derived by small-angle X-ray scattering (SAXS) and 
dynamic light scattering (DLS), are revealed. Due to the microwave reactor’s characteristics of a closed 
system, syntheses can be carried out at temperatures beyond the solvent’s boiling point. Particle 
formation was accelerated by a factor of 30 by increasing the reaction temperature from 200 °C to 
250 °C. The particle growth process follows a cluster coalescence mechanism.  
A post-synthetic incubation step at 250 °C induces a further growth of the particles while the size 
distribution broadens. Thus, utilization of microwave reactors enables an enormous decrease of the 
reaction time as well as the opportunity of tuning the particles’ size. Possibly, decomposition of the 
stabilizing ligand at elevated temperatures results in reduced yields. A temperature of 250 °C and a 
corresponding reaction time of 30 s represent a compromise between short reaction times and high 
yields. 
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Small-Angles X-Ray Scattering (SAXS) has been established as a metrological method for the 
determination of nanoparticles size and size distribution. Modern SAXS Laboratory experiments1, by 
involving synchrotron-based instrumentation at lower price and very stable X-ray source, are more 
and more used in nanomaterials domain. In the frame of the EMPIR Innanopart project, we have 
developed a methodology for the size, size distribution and concentration determination of spherical 
nanoparticles. This protocol involves a precise sample preparation, and a set of homemade software 
tools for the data processing - from the acquisition, the absolute scaling, to the analysis.  
spICPMs is not a metrological traceable technique but has many strengths to become a useful 
complement of nanoparticle characterization methods such as SAXS and microscopy. It can also 
measure highly diluted nanoparticles suspensions which is not the case of Dynamic Light scattering 
(DLS) or SAXS. Finally, ICPMS analyzes inorganic ions in liquid solution in a very large range of 
concentration, which should allow linear diameter measurement range over at least 3 orders of 
magnitude.  
In this work, we confront spICPMS with SAXS in order to investigate the method and the developed 
protocols on a set of commercial spherical Gold Nanoparticles. 
 

 
Comparison between SAXS and spIPCMS 

method for the determination of size of 
spherical Gold Nanoparticles

 
 

List of references: 
1. Olivier Taché et al., « MOMAC: a SAXS/WAXS laboratory instrument dedicated to nanomaterials », 

Journal of Applied Crystallography 49, no 5 (1 October 2016): 1624-31, 
https://doi.org/10.1107/S1600576716012127   

57



 

 

 

Improved traceability chain of nanoparticle size measurements – the new 
EMPIR project nPSize  

  
V.-D. Hodoroabaa, H. Bosseb  

  
a
 Federal Institute for Materials Research and Testing (BAM), Berlin, Germany 

b
 Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany 

Corresponding author: Dan.Hodoroaba@bam.de 
 

Keywords: traceable size, nanoparticles, shape 
 
Coming as response to the needs expressed by The European Commission mandating CEN, 
CENELEC and ETSI to develop European standards for methods that can characterize reliably 
manufactured nanomaterials, a new European metrology research project ‘nPSize - Improved 
traceability chain of nanoparticle size measurements’ has received funding for the next three years. 
The project will develop methods, reference materials and modelling to improve the traceability chain, 
comparability and compatibility for nanoparticle size measurements to support standardization. 
nPSize has selected only those nanoparticle sizing techniques which are able to provide traceable 
results: electron microscopy (SEM, TSEM and TEM), AFM and SAXS. Metrologists from national 
metrological or designated institutes (PTB, LNE, LGC, VSL, SMD and BAM) will work together with 
scientists with know-how in development of new nano reference nanoparticles (CEA, University of 
Turin, LGC, BAM) and with experts in advanced data processing, e.g. by machine learning (POLLEN). 
With the support of DIN, the project outcomes will be channelized to standardization bodies such as 
ISO/TC 229 ‘Nanotechnologies’/JWG 2 ‘Nanoparticle Measurement and Characterization’ (SEM, 
TSEM and TEM), CEN/TC 352 ‘Nanotechnologies’ (SEM, TSEM and TEM), ISO/TC 201/SC 9 (AFM), 
ISO/TC 24/SC 4 (SAXS). 
Three technical work packages will ensure input for impact to standardization community, nanoparticle 
manufacturers, instrument manufacturers, and (accredited) service laboratories: 

• WP1 Performance and traceability of characterization methods 
• WP2 Reference materials - Preparation and Characterization 
• WP3 Modelling and development of measurement procedures 

Well-defined non-spherical nanoparticles shapes such as cubes, platelets, bipyramids, rods/acicular 
will be developed, with mono- and polydisperse size distribution, as well as with accurate particle 
number concentration (by SAXS and isotopically enrichment for ICP-MS). 
Physical modelling of the signal for TSEM, SEM, 3D-AFM and SAXS will be used to feed machine 
learning modeling from a-priori measurement data. Further, data fusion will be developed for hybrid 
sizing techniques: SEM with TSEM/TEM, SEM/TSEM with AFM, SEM/TSEM with SAXS with the final 
aim of improving the true shape and size of non-spherical nanoparticles by a better estimation of the 
measurement uncertainties. 
In the second half-time of the project dedicated workshops (focused on method improvement and 
reference materials development) will be organized to disseminate the gained knowledge to end-users. 
Further, a data library with relevant tagged measurement data is planned to be organized and made 
publicly available. Inter-laboratory comparisons based on the newly developed multi-modal nano 
reference materials will be organized preferably within VAMAS/TWA 34 ‘Nanoparticle populations’. 
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Abstract: The EC’s recommendation for a definition of nanomaterial (2011/696/EU) should allow the 
identification of a particulate nanomaterial based on the number-based metric criterion according to 
which at least 50% of the constituent particles have the smallest dimension between 1 and 100 nm. 
However, it has been recently demonstrated that the implementation of this definition for regulatory 
purposes is conditioned by the large deviations between the results obtained by different sizing 
methods or due to practical reasons such as high costs and time-consuming (SEM, TEM) [1].  
Within the European project NanoDefine (www.nanodefine.eu) a two-tier approach has been 
developed, whereby firstly a screening method is applied for the rough classification as a nano-/non-
nanomaterial, and for borderline cases a confirmatory method (imaging methods or field flow 
fractionation) must be considered.  
One of the measurement methods well suited to particulate powder is the determination of volume-
specific surface area (VSSA) by means of gas adsorption as well as skeletal density. The value of 60 
m2/cm3 corresponding to spherical, monodisperse particles with a diameter of 100 nm constitutes the 
threshold for decisioning if the material is a nano- or non-nanomaterial. The correct identification of a 
nanomaterial by VSSA method is accepted by the EU recommendation. 
However, the application of the VSSA method is associated also by some limitations [2]. The threshold 
of 60 m2/cm3 is dependent on the particle shape, so that it changes considerably with the number of 
nano-dimensions of the particles. For particles containing micro-pores or having a microporous coating 
false positive results will be produced. Furthermore, broad particle size distributions make necessary 
to adjust the threshold. Based on examples of commercially available ceramic powders, the 
applicability of the VSSA approach will be tested (in relation with SEM and TEM measurements) in 
order to expand the actual knowledge and to improve this good available and agglomeration tolerant 
method.  
 
 
 
 
 
 
 
 
 
               
                              Figure 1: Determination of the volume-specific surface area (VSSA) 
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Of many experimental techniques for measuring particle sizes and size distributions, electron 
microscopy (EM) is considered as the gold standard, especially in the nano range (1–100 nm). 
Furthermore, high-resolution X-ray spectroscopy (EDX) in conjunction with EM can be applied to 
individual NPs. Preparation of an EM sample for generic particulate materials is a difficult task. Usually, 
the particles in a suspension are deposited on a support. However, this procedure includes the drying 
of larger solvent amounts on the substrate itself, and this can affect the spatial distribution of the 
deposited particles. One possibility to overcome this is the use of an electrospray system, where the 
suspension of particles is sprayed onto the substrate in charged droplets that are so small that they 
either dry off on the substrate immediately without affecting the position of particles, or even already 
during their flight time to the substrate. Additionally, the charging of particles minimizes agglomeration 
and aggregation, maximizing the collection of the EM grids. The prototype of an electrospray deposition 
system from RAMEM under its trademark IONER (www.ioner.eu) was tested. 
Electrospray is theoretically described since a long time,1 but no dedicated commercial instruments 
are available for the preparation of TEM grids yet, apart from electrostatic deposition of aerosols.2 
Several materials have been sprayed onto TEM grids and the resulting particle distributions were 
evaluated. Operation parameters such as the sample flow-rate, capillary – substrate distance, electric 
field strength and sampling period length have been optimized. It was found that the particles deposited 
by electrospray generally show a much more homogeneous spatial distribution on the substrate and a 
substantial increase of the number of single particles (suited to automatic analysis), see e.g. Figure 1.3 
The project has received funding from the European Union’s Seventh Programme for research, 
technological development and demonstration under grant agreement No 604347. 
 

 
Figure 1: Spatial distribution of the number densities of each particle mode of a tri-modal PSL sample (50 nm + 
100 nm + 350 nm), deposited on silicon, as extracted from SEM micrographs at 3 kV. 
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It is never nice to admit to one’s inabilities, however, with access to an extensive range of analytical 
instruments rapidly delivering a vast quantum of data, the manual analysis of all data becomes 
infeasible. Therefore, we look towards increasingly automated analysis, performed by software, to 
facilitate the characterization of our systems. However, this infers that we must know and communicate 
the limits and caveats of our methods, so that researchers may add a well-founded degree of 
confidence to the assessments.  
 
We have discovered a number of limits of our techniques through software development efforts, both 
for instrumentation, analysis in addition to data correction. Building on this experience, we are now 
starting to explore further boundaries using candidate nano-CRMs. Through definition of such 
boundaries, we concurrently elucidate where our technique can be applied successfully. Using small-
angle scattering (SAS) as an example, this talk highlight what limits we have managed to discover, 
and how they were found. Examples are proposed for the further exploration of the application 
boundaries, alongside some strategies for overcoming limitations.  
 
A broader future perspective can be gained by taking the outsider position: a methodologically sound 
researcher will apply a range of techniques to a given sample and weigh the results by their respective 
confidence metrics. This can only be done if the limits and strengths of all the techniques are well-
characterized, for which a wide range of nano-CRMs are required that mimic real-life practical samples.  
A pilot nano-CRM SAS investigation will be highlighted with lessons learnt and future plans discussed. 
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Due to their unique electronic and optical properties, as well as their promising application in many 
modern technologies, the demand for semiconductor nanocrystals has rapidly increased over the past 
few years. While the synthesis of monodisperse nanoparticles is possible via various methods, each 
sample still has to be characterized and validated for its use. To assess all features like size, 
concentration, polydispersity and morphology, most commonly UV/VIS-spectroscopy and transmission 
electron microscopy (TEM) are combined. TEM is known to be a less accessible and strongly time 
consuming method. As a possible faster but, in terms of accuracy, equal alternative we explored small 
angle X-ray scattering (SAXS) as a metrological precision tool. SAXS measures the sample as an 
ensemble and furthermore provides information towards particle interaction while enabling a direct 
measurement of dispersions, not requiring an elaborate sample preparation prior to the measurement, 
and not being restricted to a local focus. This makes SAXS a valuable tool in modern research as well 
as in quality control. 
 
The metrology of nanocrystals essentially depends on correlating models which comprehend their 
optoelectronic and physical properties. Extensive measurements were done on the well-known 
cadmium selenide system. The synthesis of monodisperse semiconductor nanoparticles, including an 
investigation of different synthesis approaches, utilizing various ligands/shells or solvents, constituted 
the base of the routine within this work. The correlation of the collected data from each method to the 
most accessible features is in great accordance with the literature. The processing of further 
experimental data will yield a comprehensive model function fully characterizing any monomorphic 
sample.  
 
While metrological references in the nanometer range are rare, the development of new standards is 
crucial to the promotion of novel applications in the fields of nanotechnology. SAXS is able to 
characterize and evaluate with high precision and showed great potential to support these goals. 
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The analysis of nanomaterials is currently an important task - especially in case of risk assessment – 
as the properties of these material class are not well understood. The rather high surface area of these 
objects renders their interactions significantly different to their corresponding bulk. Thus, the surface’s 
chemical composition must be investigated to get a better understanding and prediction of the 
nanomaterials’ behavior. ToF-SIMS and XPS have proven to be powerful tools to determine the 
general chemical composition. The superior surface sensitivity of ToF-SIMS furthermore allows us to 
study mainly the utmost atomic layers and thus gives us an idea of the interactions involved. 

Here, we present initial data on the analysis of Hyflon®-polystyrene core-shell nanoparticles which can 
be used as a model system due to the known preparation and a rather good chemical as well as 
physical separation of core and shell. Furthermore, principle component analysis (PCA) will be used 
to detect the influence of sample preparation and for a better separation of different samples. ToF-
SIMS imaging is desired to be implemented for single particle detection as well. 
 
 
 

 
 
 
 
Figure 1: T-SEM and SEM images of Hyflon®-
polystyrene core-shell nanoparticles. 

 

 
 
Figure 2: Survey XP spectrum of Hyflon®-
polystyrene core-shell nanoparticles. 
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Lanthanide doped NaYF4 nanoparticles (upconversion nanoparticles, UCNP) have been reported as 
fluorescence reporters in biological applications and in vivo imaging[1,2] due to their high 
photostability, specific and narrow emission bands, long luminescence lifetimes, and low toxicity. 
However, the use of UCNP in these applications usually requires specific functionalities and hence 
surface modification of the UCNP. An elegant and versatile approach to address this issue and 
implement different functionalities is the synthesis of core-shell particles with an UCNP core and 
shell that can be readily functionalized depending on the intended application (such as silica). 
Systematic synthetic and analytical approaches on coating the UCNPs with a silica shell/multi shells 
is highly important for the validation of the different applications of UCNP. Adding a silica shell on the 
UCNP often decreases the fluorescence intensity of the nanoparticles. The luminescence of these 
nanocrystals can be enhanced by plasmonic interactions.[3,4]  
In this work, UCNP consisting of NaYF4 as the host crystal, containing 18 % Yb3+ and 2 % Er3+ as 
sensitizer and activator, respectively, were used. The monodisperse luminescent UCNP with 
diameters of 18-30 nm were synthesized via a thermal decomposition process. Subsequently, silica 
nanoshells of adjustable thicknesses were grown onto these cores. However, growing such a shell 
using well-stablished standard approaches usually reduces the upconversion fluorescence intensity 
of the NP. [5], [6] 
To enhance the typically low upconversion fluorescence, the UCNP@SiO2 systems are further 
coated with a gold shell. Depending on the thickness of the gold and silica shells and the spectral 
position of the surface plasmon resonance peak, we expect a plasmonic enhancement of the UCNP 
luminescence upon illumination with NIR light. [3] 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

NaYF4: 18 % Yb3+ and 2 % Er3+ coated with silica shells of different 
thicknesses (UCNP@SiO2) 

UCNP@SiO2@Au  
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The optical properties of semiconductor quantum dots (QDs) and quantum rods (QRs) are controlled 
by constituent material, particle size, and surface chemistry, specifically the number of dangling bonds 
favoring nonradiative deactivation. This can lead to a distribution of photoluminescence (PL) quantum 
yields amongst the QD particles, i.e., mixtures of “bright” and “grey” or “dark” QDs. Particularly the 
number of absorbing, yet not emitting particles can have a significant effect on the PL quantum yield 
obtained in ensemble measurements, leading to its underestimation. The “dark fraction” is not 
assessable in common ensemble measurements; it can be probed only on a single particle level using 
a confocal laser scanning microscope coupled with an AFM.  
 
We present here a study of core-shell CdSe QDs with different shells and surface chemistries on the 
ensemble and single particle level, with special focus on thick shell QDs that have been also assessed 
by SAXS and XPS regarding size, size distribution, and thickness of the passivation shell. Special 
emphasis was dedicated to correlate particle brightness, blinking, dark fraction, and decay kinetics of 
the single QDs with the ensemble PL quantum yields and particularly the PL decay kinetics. Moreover, 
the luminescence properties of single particle core-shell CdSe QDs were compared to those of 
hydrophilic ternary AgInS/ZnS QDs. The results of this study reveal e.g. a different blinking behavior 
of these materials. In the future, such single particle studies can help to identify new synthetic routes 
and surface modifications to homogeneous ensembles of colloidally and photochemically stable QDs 
with a PL quantum yield close to unity, which could present interesting candidates for new nanometer-
sized reference materials. 
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Reference-free X-ray spectrometry (XRS) [1] is a physically traceable element-sensitive 
method enabling the quantitative compositional and chemical analysis of nanoscaled samples 
such as nanolayers, nanoparticles or near-surface implantations. The traceability of the 
method is based on well-known synchrotron radiation and radiometrically calibrated 
instrumentation [1] as well as on the knowledge of the atomic fundamental parameters [2], 
and is independent of electric or magnetic properties of the sample.  
This allows for a traceable analysis without any reference materials and offers a direct access 
towards atomic mass depositions with sub-monolayer sensitivity, allowing for the qualification 
of nanoscaled calibration samples. In addition to layer-type depositions, elemental depth 
distributions can be determined by  grazing incidence XRS within depth scales ranging from 
a few to several hundred nanometers [3], whereas the combination with  X-ray absorption 
spectroscopy provides depth-resolved chemical speciation capabilities [4,5].  
These experimental capabilities and the instrumental developments [6] opened up alleys for 
various applications. For example, the molecular density of organic monolayers used for 
surface functionalization was determined, which allows for establishing a traceability chain for 
X-ray photoemission spectroscopy [7,8]. Artificial nanostructures as potential calibration 
samples for 3D analytical techniques as e.g. atom probe tomography [9] can be qualified by 
applying combined or hybrid methodologies using quantitative GIXRF and X-ray 
reflectometry. A procedure has been developed and validated for a depth-sensitive and 
non-destructive analysis of the chemical binding state of complex structures consisting of 
multiple thin layers [4,5]. Traceable vibration-reduced scanning X-ray fluorescence analysis 
with a scanning X-ray transmission microscopy option at the sub 100 nm ranges has been 
realized and may contribute to the analytical qualification of 3D nanostructures. 
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Sustainable technological progress in the field of nanotechnology makes it necessary to make the 
knowledge and skills gained in basic research accessible to general application in industry. A key 
component of this task is the availability and the reliability of suitable reference materials, e. g. for 
resolution verification. It is only through them that complex methods can be applied to the general 
application of nanotechnology.  
The availability of suitable nano-reference materials makes it necessary to develop new, innovative 
manufacturing methods, as a simple shrinking of dimensions leads to a technological impasse: The 
achievable uncertainties remain unacceptably high, the production and traceability of such standards 
is labour and cost-intensive and finally the application requires extensive know-how.  
For this reason, two European collaborative research projects have been carried out in recent years 
with the aim of providing reference materials for topographic analysis in the nano- and sub-
nanometer range (JRP CRYSTAL). The second project aimed to develop lateral resolution standards 
for near-surface elemental analysis (JRP SurfChem).  
In the CRYSTAL project, the self-organization of silicon crystal surfaces was successfully used for 
the production of step height standards in the sub-nanometer range (h = 0.314 nm). For this step 
height, a standard uncertainty of about 25 pm was achieved; an improvement of more than one order 
of magnitude. The use of self-organization also shortens the traceability chain and thus cost of such 
standards. Furthermore, the application of such standards can be simplified.  
For imaging surface chemical analysis as XPS, AES and SIMS at the sub μm scale, PTB has 
developed a novel method for the fabrication of standards for measuring and benchmarking the 
lateral resolution achievedwithin the framework of the EMRP JRP SurfChem.  
The greatest challenge here is to minimize the topography of the Material A in Material B pattern on 
the standard’s surface which may occur as steps at the corresponding material boundaries Having 
so-called "NoStep" standards, produced with this new, innovative technique, the vertical step at the 
boundaries of element patterns was reduced by a factor of five compared to competing standards 
manufactured by conventional lithographic techniques. But in the end, the decisive factor of this new 
standard is not only the reduction of the step between patterns of different material, but also the fact 
that the new “NoStep” standard displays an innovative pattern for a measurement of lateral 
resolution for element analysis. Highly requested by instrument manufacturers and users and it is 
well suited to underpin an implementation of the revised ISO Standard 18516 developed by TC 201 
“Surface Chemical Analysis”.  
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The miniaturization process that is currently involving the development of nanotechnology requires 
the parallel implementation of reliable characterization techniques and suitable standards for the 
dimensional characterization of structures having a minimum features size at sub-10 nm level. 
Industry and calibration laboratories need lateral length standards at the nanometric scale for the 
resolution certification of a variety of measuring instruments, such as Scanning Probe Microscopes 
(SPM), Optical Phase Shift Microscopes, and Scanning Electron Microscopes (SEM). The 
implementation of traceable measurement capabilities in surface analysis, material science and 
biophysics requires the introduction of new types of reference samples for length metrology at the 
nanoscale. In particular a new paradigm is necessary for the realisation of nanometric lateral length 
standards, possibly employing invariants of nature, like self-organized structures at the nanoscale. In 
this context one interesting solution in order to satisfy this lack is represented by the directed self-
assembly (DSA) of Block Copolymers (BCP) inside gratings of multiple trenches. Recently we have 
demonstrated that the possibility to carefully tune the characteristic dimensions of the nano-domains 
confined inside periodic gratings, allows envisioning a strategy to use the DSA of BCP as a tool for 
the fabrication of lateral length standards. [1] 
 

   
 
Figure 1: (a, b) AFM micrographs corresponding to the DBC pattern confined inside the periodic 
trenches. (c) Height profile through the blue line marked in (a). 
 
 
As preliminary result a prototype transfer standard with cylindrical holes (Figure 1) was used to 
calibrate the linear correction factor c( x )xx  for a scan length of x  = 1 m with a relative standard 
uncertainty of only 1.3%. A second-order nonlinearity correction factor was found to be significant 
and estimated to influence the AFM measurement up to a value of 0.4 % of the average period. 
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In most cases, bulk-type or micro-scaled reference-materials do not provide optimal calibration 
schemes for analyzing nanomaterials as e.g. surface and interface contributions may differ from bulk, 
spatial inhomogeneities may exist at the nanoscale or the response of the analytical method may not 
be linear over the large dynamic range when going from bulk to the nanoscale. Thus, we have a 
situation where the availability of suited nanoscale reference materials is drastically lower than the 
current demand. The reference-free X-ray fluorescence (XRF) technique of PTB [1] can address this 
disparity, as it enables an SI trList of aceable quantitative characterization of nanomaterials without the 
need for reference or calibration standards. This opens a route for the XRF based qualification of 
calibration samples. In this work, we will summarize two different activities in this direction. 
As a first example, we use physical vapor deposition techniques for the development of layer-like 
reference samples with mass depositions in the ng/mm² (??)-range and well below. Several types of 
reference samples were fabricated: multi-elemental layer (see Fig. 1) and extremely low areal  mass 
density (sub-monolayer) samples for various applications in XRF and total-reflection XRF analysis. 
Those samples were quantitatively characterized using synchrotron radiation and employing PTB´s 
reference-free XRF approach.  
In a second example, we work on the development of nanostructures as calibration samples. Several 
lithographic 2D and 3D nanostructures have been fabricated and characterized using the reference-
free GIXRF methodology of PTB [2]. Here, an advanced and novel calculation scheme for the intensity 
distributions within the X-ray standing wave field (XSW) is required (see Fig. 2). In addition to the 
traceable quantification of elemental mass depositions, this allows for a determination of in-depth 
elemental distributions and the dimensional properties of the nanostructures [3]. 
 
 
 
 
 
 
 
 
 
Figure 1: Sum spectrum for one of the potential calibration   Figure 2: Calculated XSW intensity distribution for       
samples demonstrating the wide selection of useable fluo-     the S3N4 grating 
rescence lines 
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The particle size distribution is considered the most relevant information for nanoscale property 
identification and material characterization. In order to measure particle size distributions, a plenitude 
of techniques are available. Most of them rely on the assumption of spherical particles or are not 
capable to measure the diameter and length of elongated particles simultaneously. Such techniques 
are therefore not applicable to nanoscale fibers, i.e., materials with a diameter below 1000 nm and a 
length-to-diameter ratio greater than 3.  
 
Methods suited to report parameters relevant for fiber morphology characterization include imaging 
techniques of sufficient resolution, e.g., electron microscopic techniques (TEM, SEM). While the 
imaging approach allows determining the length and diameter directly and simultaneously, it has the 
drawback of being a relatively slow technique generally providing only small measurement statistics. 
Thus the following aspects need to be considered for reproducible and accurate characterization of 
fibers:  
 

• Required number of imaged fibers for sufficient statistical significance 
• Trade-off between diameter resolution and combined diameter and length measurement 
• Dealing with aggregated, bundled and tangled fibers 
• Need for automated image acquisition 
• Need for software assisted fiber detection 

 
Currently, an OECD test guideline that covers particle size distributions of nanofibers is missing. The 
development of such a harmonized and internationally-agreed test protocol for the determination of 
particle size and size distribution for nanoscale fibers is part of the German proposal for developing 
an OECD test guideline on particle size and size distribution for nanomaterials. 
 
The present poster presents the project’s objectives together with first results.  
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The downscaling of future semiconductor devices with increasing 3D character leads to increasing 
demand of highly conformal thin films. Atomic layer deposition (ALD), based on the use of repeated, 
self-terminating reactions of typically at least two compatible reactants on a solid substrate, is often 
the only technique that can meet the conformality specifications. Conformal films made by ALD are 
also needed in other fields with intrinsic three-dimensionality requirements, such as 
microelectromechanical systems (MEMS), energy applications, and high-surface-area catalysts. 
 
This work continues on earlier work on conformality analysis [1–5]. All-silicon microscopic lateral high-
aspect-ratio (LHAR) structure prototypes have been designed and fabricated with an improved design 
(PillarHall Prototype 3B). The LHAR structures consist of a lateral gap of typically 500 nm (in some 
cases, 100 to 2000 nm) in height under a polysilicon silicon membrane, supported by silicon pillars. 
The gap length varies from 1 to 5000 μm, giving aspect ratios (length vs height) for the typical ~500 
nm gap of 2:1 to 10 000:1. In some PillarHall chips, unique distance indicator lines have been etched 
directly onto the silicon membrane to provide an accurate internal length scale. Each distance indicator 
(every 100 μm) is unique, providing a means to detect length even when the LHAR structure opening 
is not visible. Applications are predicted in both non-destructive top-view microscopy analysis and 
cross-sectional scanning electron microscopy (SEM).  
 
Chips are available at VTT. We are interested in research cooperation. 
 
 
 
 
 
 
 
Figure 1: Schematic representation (not in scale): (a) uncoated structure, (b) structure coated with a film, and (c) 
coated structure, with top membrane removed.  

 
Figure 2: Experimental parameters to be recorded from 
thickness line scans 
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Traceability to the SI units is needed in all quantitative measurements. Currently there is insufficient 
traceability to the SI metre for true 3D nanomeasurements, because the existing level of uncertainty in 
measurements (5 nm) does not meet the requirements of industry and scientific research. 3D 
metrology differs from one dimensional (1D) height and pitch metrology, where the impact of tip 
geometry and the tip sample interaction at the top/bottom planes are self-compensating. Instead, 
measurements of 3D structures are bi-directional, where the effect of tip geometry and tip sample 
interactions at the left and right sidewalls are different.  
In EMPIR project 3DNano [1], we develop new traceability routes for 3D nanomeasurements. Both 
bottom-up and top-down methods are being developed. The bottom-up approach is based on the 
cross-section of TEM structures with atomic resolution. In such a way, the critical dimension (CD) can 
be directly linked to the atomic spacing in the crystal lattice, which has been measured using a 
combined optical interferometer and x-ray interferometry. In the top-down approach, optimisation of 
tools and measurement procedures for true 3D measurands is ongoing. The noise level, scanning 
speed, and range of the metrological AFMs developed at European NMIs are being improved. 
In the project new reference materials were designed which will be manufactured and characterized 
soon. New tip characteriser standards suitable for hybrid metrology and nanoparticle samples are 
developed and/or tested.  
Structure/tip deformation in AFM due to the measurement force and humidity will be theoretically and 
experimentally investigated.  
Industrial solutions for hybrid metrology are being studied and methods and software for data fusion 
from different tools (TEM, AFM, SEM and optical scatterometer) will be established. So far a software 
module for Gwyddion [2] for data fusion has been developed.  
The goal of the project is to establish traceability for 3D nanomeasurements in Europe.  
This project has received funding from the EMPIR programme co-financed by the Participating States 
and from the European Union’s Horizon 2020 research and innovation programme 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Siemens star structure for    Figure 2: hexagonal structure optimized for  
tip characterization      both scatterometry and AFM/SEM methods. 
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Current industry needs for nanoscale topographic characterisation are pushing atomic force 
microscopy (AFM) technology to its limits, demanding high resolution and artifact free imaging. [1] The 
need for highly reliable 3D data is dual. First and foremost, the semiconductor industry is putting high 
demands on the imaging capabilities of AFM by manufacturing increasingly complex 3D nanodevices 
to characterise. [1] Secondly, novel concepts such as atom probe tomography-AFM (APT-AFM), in 
which a needle shaped APT specimen is measured by the AFM probe, create a new series of  
challenges. [2] These arise from the fact that the apex and aspect ratio of an APT specimen are 
comparable to those of the AFM probe itself. As the APT-AFM approach is a very recent development, 
dedicated reference structures are not yet existing.  
 

It is of great importance to characterise the AFM probe before/after APT-
AFM measurements, as its properties are inherently linked to the tip-
sample interaction. In APT-AFM, the AFM probe interacts with the APT 
specimen apex as well as with a large part of the tip side walls due to 
the very high aspect ratio of the atom probe specimen. Knowledge on 
the shape of the AFM probe is therefore crucial to understand possible 
convolution artefacts (Fig. 1) and probe damage resulting from this 
challenging tip-on-tip configuration and to identify the convoluted 
regions. 
 

A promising approach to assess the 3D geometry of the AFM probe is to 
measure a dedicated tip charactiser. In this measurement the 
detrimental effect of tip-sample convolution is turned to the users 
advantage (Fig. 2) as it allows to extract the shape of the AFM probe 
using algorithms such as the blind tip reconstruction method. [3] Ideal 
geometrical properties of such a characteriser have been suggested in 
literature but access to those samples remains scarce.[4] In addition, the 
APT-AFM concept poses more stringent requirements regarding the 
height of the characteriser sample. 
 

The ideal characteriser dimensions are proposed to be the following. A 
cylindrical structure (radius  100 nm) out of a hard material, e.g. silicon, 
with straight sidewalls (cone angle  0°) allowing reconstruction of high-
aspect-ratio probes. Furthermore, the radius of curvature at the top 
edges should be as small as possible as the error on the tip 
reconstruction increases with increasing curvature radius. [4] Also, the 
height should correspond to the region of interest of the APT tip as 
scanned by the AFM which should be  1 μm. Finally, a pitch of around 
3 μm should ensure no interaction with neighboring pillars. 
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Figure 2: The proposed 
reference structure. The
resulting image (dotted line) 
allows to reconstruct back the 
shape of the AFM probe. 

Figure 1: Convolution
artifacts in APT-AFM result in
an apparent lower aspect
ratio APT tip. 
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Abstract: The research of micro/nanometer geometry Standard Reference Materials (SRM) in National 
Institute of Metrology will be introduced, which is the guarantee of measurement accuracy and 
uniformity, trace the measurement results to the International System of Units (SI) at the same time. 
Currently several micro/nanometer geometric dimension standard devices and series of Standard 
Reference Materials have been developed, which preliminarily established the national nanometer 
standard traceability systems. 
Millimeter range metrological nano-geometric standard device developed by NIM is introduced, as 
shown in Figure 1, which is used to calibrate the nanometer geometrical SRM, and which is equipped 
with homodyne interferometers for measuring the relative position between the sample and the probe, 
with the measurement results directly traced to the definition of the “Meter”. The standard device has 
two kinds of measurement range 50 mm × 50 mm× 2 mm and 100 m × 100 m × 3 m, with 
measurement uncertainties 20nm and 2nm respectively, which can calibrate horizontal and vertical 
direction structures, such as step height, one dimension and two dimensions grids, and nanometer 
roughness. 
One dimension grating pitch of 400 nm fabricated by electron beam lithography is calibrated with this 
instrument and the gravity center method is applied to evaluate the pitch, as shown in Figure 2. To 
establish the quality assurance system in micro and nano scale, one dimension and two dimensions 
grids SRMs, ranging from 70nm to 10000nm are widely used in the calibration of magnification 
factors of scanning electron microscopy (SEM). A series of step height (50nm-1000nm) standard 
samples are also developed to calibrate AFM in vertical direction, as shown in Figure 3. Step height 
samples under 25nm are fabricated with atomic layer deposition (ALD) technique and lithography to 
meet the demand of small size step, as shown in Figure 4.               

                                                                       
Figure 1: Nano-geometric standard device                               Figure 2: 400nm pitch grating CRM  

                                                                         
Figure 3: Nano step height standards                                             Figure 4: 8nm step height standard.  
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Tactile probing using micromechanical piezoresistive silicon cantilevers has been demonstrated to be 
suitable for high-speed measurements on industrially manufactured parts [1]. In addition to surface 
quality, mechanical properties of thin layers can be measured by operating such probes in a contact 
resonance (CR) mode [2-5]. However, much effort is required to determine quantitative values, e. g. 
Young’s modulus, from the measured contact resonance frequencies. Alternatively, reference samples 
can be used. These have to be calibrated, e. g.  using force-distance (FD) curves measured with an 
atomic force microscope (AFM) [6]. Thin films of poly(3,4-ethylenedioxythiophene), i.e. PEDOT are 
selected, which is an organic semiconductor with exceptional environmental stability and electrical 
conductivity for organic electronics, biosensors, etc. [7]. Furthermore, three-dimensional, silicon micro-
pillar arrays are investigated. 
PEDOT films are deposited on silicon substrates using oxidative chemical vapor deposition (oCVD). 
Their thickness is subsequently measured using a profilometer. Different oCVD parameters yield 
thicknesses in the range of 20 nm up to 300 nm. Silicon micro-pillar arrays are fabricated from a bulk 
(100)-silicon wafer using nanoimprint lithography (NIL) and cryogenic deep reactive ion etching (cryo 
DRIE) [8]. The resulting pillars are designed to be 1.6 μm in diameter, 4 μm in height, and to have a 4 
μm pitch. For CR measurements commercial 5-mm-long, 200-μm-wide and 50-μm-thick piezoresistive 
microprobes (CAN-50-2-5) are employed [9] mounted on multilayer piezo actuators for dynamic 
excitation [10]. Measurements using the second out-of-plane vibration mode show the best sensitivity 
and reproducibility. FD measurements are performed using the common optical lever system of a 
Cypher AFM. 
Resonance frequencies  obtained on PEDOT films of different thickness are shown in Fig. 1. They 
reveal a linear decrease of  with increasing film thickness with a correlation coefficient of -0.986. The 
different frequency errors of the data points can be ascribed to different non-uniformities of the layer 
thickness of the investigated samples. A second CAN-50-2-5 microprobe is used for CR 
measurements on the silicon pillar array, yielding slightly lower values of . Figure 2 shows (in blue) 
the measured resonance frequency in dependence of the position on the pillar array. The 
simultaneously determined height plot (in red) shows an explicit correlation with . Distinctly lower 
values of  are found when the probe is in contact with the pillars top surface, which is due to higher 
compressibility of the pillars compared to the bulk. We conclude the investigated PEDOT and 3D pillar 
samples may be suitable artefacts for calibrating the thin-layer scanning CR method. 

Figure 2: CR measured on PEDOT films Figure 1: CR measured on silicon pillar array 
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Micro- and nanopillars are increasingly used for energy harvesting, LED and tactile force applications. 
Their mechanical properties are of great interested, since such high aspect ratio structures might 
enable additional elastic relaxation of strain and hence possibly increasing the acceptable lattice mis-
match in heterostructures.  Whereas the mechanical properties of bulk micro materials can be easily 
measured using nanoindentation, transferring this technique to high aspect ratio micropillars is com-
plex. E.g., a depth dependence of the modulus of nanopillars was observed and explained by Li et al. 
considering the compressibility of the high aspect ratio pillars [1]. This mainly depends on the pillar 
diameter and height and can be theoretically taken into account. Both, height and diameter can be 
measured by scanning electron microscopy or optical microscopy. Thus, micro- and nanopillars made 
of different materials can serve as indentation modulus reference, provided nanoindentation instru-
ments carefully calibrated for force, indentation depth and contact area are used for the measurements. 
Nanoindentation measurements at different crystalline silicon [2] and GaN [3] micropillars with aspect 
ratios of >1.5 have been carried out using a Hysitron Triboindenter TI-950 with a Berkovich indenter 
tip. To locate the pillar selected for indentation each pillar was carefully scanned by the tip using a 
scan area of 2 μm × 2 μm. To validate the correction method, two further measurements were made 
for each pillar sample. One comparison measurement was taken near the pillar at the base and a 
further measurement was taken on a second bulk sample, made of the same material using the same 
processing. A matrix of indentations with different depths have been made over an area of 20 μm × 
20 μm. The main result is that the indentation moduli of bulk material and micropillars are in a good 
agreement. However, the roughness of the samples influenced the nanoindentation measurements 
and needs to be sufficiently low. The roughness contribution will be investigated in more detail in the 
future. 
 

Figure 1: SEM image of a Si <100> micropillar  
(Ø = 1.004 μm, height = 1.732 μm)

Figure 2: Corrected indentation modulus and hardness 
of different crystalline Si micropillar samples
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Ternary semiconductors quantum dots (t-QD) are Cd-free nanocrystals made from I-III-VI group 
elements like silver or copper, indium and sulfide yelding CIS (CuInS2) or AIS (AgInS2) QDs. They are 
interesting alternatives to Cd-based QDs for applications as solar concentrators or optically active 
material for solar cells, light emitting diodes (LED) or reporters for diagnostic assays. 
To avoid ligand exchange procedures for high quality QDs, which are commonly synthesized in high 
boiling apolar solvents with apolar surface ligands, which are required for bioanalytical application, AIS 
QDs are synthesized in aqueous solution by a microwave-assisted procedure. The surface of these 
QDs is passivated by a ZnS shell to enhance photoluminescence quantum yield (PL QY) and prevent 
material decomposition and oxidation. The resulting AIS/ZnS QDs exhibit broad PL spectra in the 
visible and near infrared, tunable by size and chemical composition. 
Here we show the simple synthetic procedure and a spectroscopic study of different AIS QDs 
evaluating their PL properties and stability, PL QY, and PL decay kinetics. The analyzed sample 
showed long lifetimes, relatively high QY (50%) and good stability. 
The simple aqueous synthesis together with the tunable emission color, the high PL QY, the high 
absorption coefficients and the long luminescence lifetimes make these t-QDs promising Cd-free 
materials for many different applications in the material and life sciences. 
 

 
 
Figure: a) and b) PL stability of AIS/ZnS with different concentration, c) PL decay kinetics of AIS/ZnS QDs; 
All samples are studied in water 
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Metallic and magnetic nanoparticles provide versatile sensing platforms for biological and biomedical 
applications such as the detection and quantification of large biomolecules serving as diagnostic 
markers (biomarkers) in human medicine. Here, a sandwich immuno-assay for surface-enhanced 
Raman scattering (SERS) based determination of tau-protein, one of the established biomarkers for 
Alzheimer’s disease, will be established. Up to now the Alzheimer’s disease is only reliable diagnosed 
post mortem. The developed assay will be used to separate the target analyte from the matrix with the 
help of magnetic nanoparticles as well as for the quantification of the protein by utilisation of a sensitive 
SERS active marker coupled to gold nanoparticles. This approach makes this method suitable for very 
low sample volumes and analyte concentrations typically found in cerebrospinal fluid (CSF) samples 
while highest accuracy is achieved through the isotope dilution approach.  
 
Gold nanoparticles were produced including a nucleation step and a growth step1. The size and the 
Ostwald ripening of the particles were monitored over time to ensure repeatable Raman intensities. 
The magnetic nanoparticles were produced using a top-down process. Both, the build-up of the gold 
nanoparticle site as well as the magnetic nanoparticle side were carefully characterized using several 
techniques like UV/Vis, XRD, TEM, DLS, TGA, SAXS and zeta potential measurements. 
 

Acknowledgement: This project has received funding from the EMPIR programme co-financed by the 
Participating States and from the European Union’s Horizon 2020 research and innovation 
programme. 

1. J. Taniuchi, H. Nakagawa, K.Okamoto Process for production of colloidal gold and colloidal gold 
EP 2027956A1, 2007 May 29. 

Figure 1: Schematic depiction of the sandwich 
assay in its natural isotopic composition 

Figure 2: TEM image of the sandwich assay (the 
black spheres are the gold nanoparticles) 
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Titanium dioxide (TiO2) is one of the most commonly used semiconductor materials. It is employed in 
a wide range of applications including chemical, medical, biological, environmental, and solar energy 
fields. TiO2 occurs in nature as three different polymorphs, which provide different chemical-physical 
properties. Polymorphs are known as rutile (tetragonal), anatase (tetragonal) and brookite 
(orthorhombic). These phases exhibit different properties and consequently different photocatalytic 
performances. In addition, mixed-phase TiO2 have been demonstrated to have enhanced 
photocatalytic activity relative to pure-phase TiO2.Titanium dioxide is the most important white 
pigment used in the polymer industry. The rutile pigments are preferred over anatase pigments, 
because they scatter light more efficiently, are more stable, and are less likely to catalyze 
photodegradation. The present work is focused on the development of an analytical method based 
on Raman spectroscopy that in combination of chemometric analysis is able to classify and quantify 
different phases in TiO2 binary mixtures by Raman spectroscopy. Raman spectroscopy analysis 
represents a rapid and simple method to distinguish different crystallographic structures of the same 
compound. Due to the different spatial organization of atoms into the elementary cell of the crystal, 
anatase, rutile and brookite, are characterized by different crystal vibrational modes which provide 
significantly different Raman spectra (Figure 1). Raman spectroscopy is able to distinguish different 
TiO2 polymorphs, and also it allows the components’ fraction to be quantified on the basis of mutual 
intensities of characteristic signals for each polymorph. A Discriminant Analysis (DA) was performed 
for the identification of the three pure phases (anatase, rutile and brookite) and the related binary 
combinations (anatase-brookite, anatase-rutile and rutile-brookite) (Figure 2). Besides, Partial Least 
Squares (PLS) was used in order to quantify the amount of the polymorphs in the mixtures. 

 
Figure 1 TiO2 allotropes fingerprint  Figure 2 Cooman’s Plot for the DA classification model for the 

distinction of pure allotropes and binary mixtures.  
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A quantum dot (QD) is a semiconductor nanoparticle with a size in the quantum confinement region 
that shows unique size-tunable optical properties including a large absorption cross section and 
photoluminescence (PL) with a high quantum yield (PL QY). Novel Cd-free ternary quantum dots (t-
QDs) are nanocrystals made of I-II-VI groups semiconductors like Cu-In-S (CIS) or Ag-In-S (AIS) with 
e.g. ZnS passivation shells.1 Such t-QDs have a complicated composition and crystal lattice and thus, 
relatively high defect densities. Therefore, AIS QDs usually have broad defect photoluminescence with 
fwhm > 300 eV with large Stocks shift of > 500 eV and long > 100 ns PL lifetimes.2 Also, due to the 
high density of defect states, the absorption bands of ternary QDs have show tailing at energies lower 
than the actual band gap (so-called Urbach tail). This renders the accurate determination of the 
excitation energy/wavelength dependence of the PL properties in the whole spectral range of t-QD 
absorption relevant since excitation to the band gap states or to the defect-related “tail” states can 
differently affect the t-QD PL properties.  
We present here a study of the optical properties of hydrophilic AIS/ZnS QD samples of different size, 
chemical composition, and capping ligands like mercaptopropionic acid (MPA) and D-penicillamine (D-
Pen). Prior the measurements we traceably calibrated our fluorescence spectrometer with physical 
transfer standards. Then, the PL QYs of AIS/ZnS QD were measured as a function of the excitation 
energy varying from 2.1 to 3.5 eV relatively to Rhodamine 6G in ethanol as quantum yield standard 
(PL QY of 95%). 
Our measurements reveal that these AIS/ZnS QDs do not exhibit an excitation energy dependence of 
PL QY in ensembles and show a linear red shift and a narrowing of the defect PL band with excitation 
below the band gap regardless of size, elemental composition, and chemical nature of the surface 
capping ligands. The observed linear PL shift and PL narrowing is attributed to an intermix of size and 
electronic states´ selection and allows to determine the effective band gap of AgInS/ZnS quantum dots.  
Our results underline the potential of PL spectroscopy for the study of the electronic energy structure 
and determination of effective bandgap of I-II-VI group QDs. 
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Many applications of nanomaterials in the life sciences require the controlled functionalization 
of these materials with ligands like polyethylene glycol (PEG) and/or biomolecules such as 
peptides, proteins, and DNA. [1,2] This enables to tune their hydrophilicity and 
biocompatibility, minimize unspecific interactions, improve biofunctionalization efficiencies, 
and enhance blood circulation times. Moreover, it is the ultimate prerequisite for their use as 
reporters in assays or the design of targeted optial probes for bioimaging. At the core of these 
functionalization strategies are reliable and validated methods for surface group and ligand 
quantification that can be preferably performed with routine laboratory instrumentation, require 
only small amounts of substances, and are suitable for many different types of nanomaterials. 
[1,3]  
We present here versatile and simple concepts for the quantification of common functional 
groups, ligands, and biomolecules on different types of organic and inorganic nano-materials, 
using different types of optical reporters and method validation with the aid of multimodal 
reporters, method comparisons, and mass balances. [3,4] 
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Polymer nanoparticles (NPs) are of increasing importance for a wide range of applications in the 
material and life sciences. This includes their application as carriers for e.g., analyte-responsive ligands 
for DNA sequencing platforms, drugs as well as dye molecules for use as multichromophoric reporters 
for signal enhancement in optical assays or the fabrication of nanosensors and targeted probes in 
bioimaging studies. All these applications require surface functionalization of the particles with e.g., 
ligands, sensor dyes, or analyte recognition moieties like biomolecules, and subsequently, the 
knowledge of the chemical nature and total number of surface groups as well as the number of groups 
accessible for coupling reactions. Particularly attractive for the latter are optically active reporters 
together with sensitive and fast optical assays, which can be read out with simple, inexpensive 
instrumentation. [1] 
We assessed a variety of conventional and newly developed colorimetric and fluorometric labels for 
optical surface group analysis, utilizing e.g., changes in intensity and/or color for signal generation. 
Moreover, novel cleavable and multimodal reporters were developed which consist of a reactive group, 
a cleavable linker, and an optically active moiety, chosen to contain also heteroatoms for 
straightforward method validation by elemental analysis, ICP-OES, ICP-MS or NMR. In contrast to 
conventional labels measured bound at the particle surface, which can favor signal distortions by 
scattering and encoding dyes, cleavable reporters can be detected colorimetrically or fluorometrically 
both attached at the particle surface and after quantitative cleavage of the linker in the transparent 
supernatant after particle removal e.g., by centrifugation. Here, we present first results obtained for the 
optical quantification of carboxylic and amino groups on a series of self-made polystyrene NPs with 
different types of labels and compare their potential and drawbacks for surface group analysis. [2] 
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The current range of nano-metrological applications of SAS indicate that it ought to be flexible 
enough to adapt to broadening future applications, and further solidify its status as a reliable and 
useful characterisation technique. A question is thus raised that lies central to the future heading: 
“How good do we need to be, and where can we improve?”. 
The metrological approach to answering this is defined by numerical quality: estimating and 
improving the data accuracy and consistency, and determining its effects on the resultant 
morphological parameters. The numerical quality is dictated by both instrumentation and data 
correction methods. While we are now enjoying the luxury of bright sources, scatterless collimation, 
and largely problem-free detection solutions, some questions on (the necessity of) data corrections 
and reproducibility aspects remain to be answered [1].  
The personal approach to the central question is defined by our communication: where and how 
(much) do we need to improve our outreach efforts? Fortunately, the “lookingatnothing.com” weblog 
has a valuable side-effect: readers of the weblog have been in contact to discuss unclear aspects of 
small-angle scattering, which serve as powerful indicators (or reminders) of underdeveloped SAS 
aspects in need of reinforcement or reiteration. Their questions highlight our need to develop and 
concatenate introductory methods and materials, data correction software and methods, and data 
analysis guidelines.  
Lastly, some words of warning may be appropriate, which may prevent alienation of the casual user. 
Such risks lie, for example, in the development of “black box” SAXS instruments that distance the 
user from the straightforward technique and its not-so-straightforward caveats, improper application 
or over-interpretation of the result effecting dissonance in results, or the lack of interoperable data 
formats and standard analysis methodologies.  
This poster will thus provide a broad overview of the methods for the current state and future aspects 
of the technique. It will highlight areas of interest and encourage good practices in small-angle 
scattering. If all the pieces fall into place, our future can be amazing indeed. 

 
1. [1] B. R. Pauw, A. J. Smith, T. Snow, N. J. Terrill, A. F. Thünemann, The modular SAXS data 

correction sequence for solids and dispersions, Journal of Applied Crystallography, 50: 1800–
1811, DOI: 10.1107/S1600576717015096  

93



 

 

 

Investigation of upconverting nanoparticle growth utilizing in-situ 
luminescence monitoring in combination with offline small-angle X-ray 

scattering (SAXS) and transmission electron microscopy (TEM) 
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Keywords: Nanoparticles, Synthesis, Upconverting Materials, Small-Angle X-ray Scattering (SAXS) 
 
Many applications of nanoparticles require defined physico-chemical properties of the used materials 
like chemical composition, size distribution, surface chemistry/functionalization, and optical features. 
Many of these properties can be tuned by synthesis, which requires a very good understanding of the 
fundamental mechanisms of particle growth. This is particularly relevant for luminescent nanomaterials 
like lanthanide-based nanocrystals revealing conventional downconverted and upconverted 
luminescence. Upconversion (UC) is a non-linear process occurring in defined lanthanide-doped 
systems like Yb3+ and Er3 co-doped NaYF4 nanocrystals, which show a strong luminescence in the 
visible region (540 nm, 650 nm) after excitation in the NIR (980 nm), that is strongly size and crystal 
phase dependent. Therefore, this luminescence can be used for monitoring the particle growth during 
synthesis.[1] In addition, further techniques to determine the size of the nanoparticles such as small-
angle x-ray scattering (SAXS) transmission electron microscopy (TEM) are used.[2] 

We herein present the synthesis of NaYF4:Yb3+(20%),Er3+(2%) upconversion nanoparticles which is 
assessed by in-situ luminescence monitoring and offline small-angle X-ray scattering (SAXS) as well 
as transmission electron microscopy (TEM) measurements. Various stages of particles growth were 
investigated, with the combined results from these optical and sizing methods giving insights into the 
reaction mechanism during particle formation. 

 
 
 
 
 
 
 
 
 
 
 
 
 

List of references:  
1. John D. Suter et al., J. Phys. Chem. C 2014, 118, 13238-13247 
2. Thorben Rinkel et al., Nanoscale 2014, 6, 14523   
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Health Issues of Micro- and Nanoscale High Aspect Ratio Materials (HARM): 
Need for Reference Materials and Testing Standards 

Asmus Meyer-Plath, Kerstin Kämpf, Elisabeth Heunisch, Dirk Broßell, Rolf Packroff

BAuA – Federal Institute for Occupational Safety and Health
1

Everything that looks like a Fibre …
… not only compact fibrous objects!

The Basics   – What is a Fibre?   – What is HARM?

2

What HARM types may cause harm? …

High Aspect Ratio Material (HARM), not Fibre.

We therefore suggest using the more general term:

Individual fibre     Particle percolation                  Fibre bundle                  Aggregate            Agglomerate    Composite particle with
protruding or contained fibres

in a blurry image

A. Meyer-Plath
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The most prominent High Aspect Ratio Material …

3

© 2018 IOSH

New IOSH Campaign 
„NO TIME TO LOSE“

Promoted during the

Congress of the 
International 

Commission on 
Occupational Health

(ICOH) 2018

Dublin 2018

Naso-
pharyn-

geal

Alveolar

Tracheo-
bron-
chial

Focus at BAuA: Health Issues Related to Inhalative Exposure

4

Alveolus

© 2018 IOSH

In direction of flight, 
fibres look and 
fly like particles
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5

For our lung, alveolar respirability matters !

The size limit of 100 nm does help to identify toxic objects.

This is a nanomaterial workshop!

Why mention Asbestos and address HARM 
and not restrict to High Aspect Ratio Nanomaterials (HARN)?

A. Meyer-Plath

WHO Fibre Definition* developed for Asbestos and MMMFs

6

Fibre Definition of WHO*

Thinner than 3 m* =>  Alveolar respirability
Longer than 5 m       =>  Failing alveolar clearance
3x longer than thick     =>  Elongated shape, i.e., fibre character

* WHO Counting limit 200 nm

So, what about sub-200-nm fibres? …

However, according to the WHO counting rules*, 
fibres thinner than 200 nm remain uncounted.

*[World Health Organization, Determination of airborne fibre number concentrations: a recommended method, by phase-contrast optical microscopy (membrane filter method), 1997]

WHO addresses long respirable fibres, which implies an upper limit on diameter.

A. Meyer-Plath
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Fibre Hazard Assessment by means of Intraperitoneal Testing
of Multi-Walled Carbon Nanotubes (MWCNT)
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The CNT community used to say
“Asbestos – That’s a complete different story!”

… and there are nanoscale asbestos fractions
thinner than 200 nm that remain currently uncounted*
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Chrysotile is a bundled nanoscroll !
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8

… and here meet the Nano and Asbestos world !

A. Meyer-Plath
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HARM-related Risk – According to the Fibre Toxicology Paradigm

9

Risk

Hazard

Biodurable

Respirable

Non-
Clearable

Exposure

Factor Character

“The elongated shape of fibres 
is a carcinogenic principle, 

provided the fibres are 
sufficiently ,            and 

.”

thin long

biodurable

The classic 
Fibre Toxicology Paradigm*

What  properties do we have to assess in detail?* [Pott, F. and K. H. Friedrichs (1972). Naturwiss. 59(7): 318.]
[Stanton, M. F. and C. Wrench (1972). J. Nat. Cancer Inst. 48: 797-821.]

A. Meyer-Plath

HARM-related Risk – According to the Fibre Toxicology Paradigm

10

Risk

Hazard

Biodurable Little Soluble

Respirable Thin

Non-
Clearable

Long

Exposure

Dynamic 
Solubility

Factor MeasurandProperty

:
:
:
:
:

Diameter

Character

•••

• : Individual particle based, but averaged. • : Individual particle specific.••• : Ensemble based.

•Diameter        
& Length  

Pairs
•

A. Meyer-Plath

Why can such fibres be carcinogenic?
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According to the Fibre Toxicology Paradigm, 
the Clearance Mechanism of the Alveoli may fail for HARM

11

What properties of HARM may impede phagocytosis ? 

Alveolus

Phagocytosis

No Clearance !!!

“frustrated”

Long-term alveolar persistence of HARM objects               
may induce chronic inflammations that may induce cancer.

Fibre Hazard Assessment by means of Intraperitoneal Testing
of Multi-Walled Carbon Nanotubes (MWCNT)

1

2

5

6

7
8

9

10

11

12
13

14

15

16

17

18

34

Mean MWCNT Diameter [nm]   

M
ea

n 
M

W
CN

T 
Le

ng
th

 [
m

]

5 m Length

This data also raised a NEW question:
Is the Fibre Toxicology Paradigm not applicable to thin fibres?
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J. Toxicol. Sci. 33(1): 105-116
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1991-2017

25
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Asbestos-like Carcinogenicity

And: By what mechanism could     
the diameter of a fibre affect its hazard? …

Data compiled by 
[F. Herzberg, BfR]

F. Herzberg, D. Kehren, A. M
eyer-Plath
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Let’s don’t talk about diameter but introduce a more relevant fibre property: 
Flexural Rigidity

13

Required
Bending Force

Geometric Property

Axial Second Moment of Area

Material Property

Elastic Modulus

By what mechanism could Rigidity affect fibre hazard? …

Fibre Cross-section Area

Rigidity

A. Meyer-Plath

We propose Fibre Rigidity as additional Toxicological Parameter
… since Alveolar Macrophages perform the  Test !

14

Particle Toxicology Fibre Toxicology 

Flexible Fibre Rigid Fibre 

[Donaldson et al. Particle Fibre 
Toxicol. 2010, 7:5]

What could be the benefit of considering a fibres Rigidity?

A. Meyer-Plath
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Transfer of toxicological findings
from MWCNTs to other HAR Materials using Rigidity
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Fibre Rigidity [Nm²]
for universal rigidity-related toxicological hazard grouping

Elastic Modulus Second Moment of Area
Our Hypothesis:    
Rigidity will allow  
using & extending

this valuable data to other materials.

Asbestos-like Carcinogenicity
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Problem: 
High costs per data point
Many animal lives sacrificed.

=> Only a small subset of materials can be tested

HARM-related Risk – So we also need to measure Rigidity!

16

Risk

Hazard

Biodurable Little Soluble

Respirable Thin

Non-
Clearable

Long

Exposure

Rigid

Dynamic 
Solubility

Flexural 
Rigidity

Factor MeasurandProperty

:
:
:
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:

Diameter

Character

•

•••

• : Individual particle based, but averaged. • : Individual particle specific.••• : Ensemble based.

•Diameter        
& Length  
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•

A. Meyer-Plath
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HARM-related Risk – The Extended Fibre Toxicology Paradigm

17

Risk

Hazard

Biodurable

Respirable

Non-
Clearable

Exposure

Factor Character

A. Meyer-Plath, R. Packroff

The extended
Fibre Toxicology Paradigm

“The elongated shape of fibres 
is a carcinogenic principle, 

provided the fibres are 
sufficiently ,           ,      

and .”
Proposal by BAuA

thin long

biodurable

rigid

The property Rigidity may require even more refinement …

Rigidity-extended Fibre Toxicology

18 Cell drawings inspired by [Schinwald A. et al., Particle and Fibre Toxicology 2012, 9:34]

to Pleura, Pericardium, 
Peritoneum …

tangible         tangled              short    intermediate                long                                   protruding                   translocating

 Flexible Fibres 

 Particle Toxicology  Fibre Toxicology 

Acc.: [Sera T. et al. Appl Physiol 2013;115:219-
228]

MesotheliomaFibrosis Lung Cancer & AsbestosisFibrosis

A. Meyer-Plath

Our Hypothesis
Rigidity may be of central importance for the understanding of the toxicology of biodurable HARM.

 Rigid Fibres 
 Phagocytosis-frustating Rigidity  Transloca on 

enabling Rigidity    
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Let’s not forget :  The Exposure Factor of HARM-related Risk

19

Diameter        
& Length  

Pairs

Risk

Hazard

Biodurable Little Soluble

Respirable Thin

Non-
Clearable

Long

Exposure Dusty 
Material

Rigid

Loosely 
Agglomerated

Dynamic 
Solubility

Flexural 
Rigidity

Apparent 
Density

MeasurandProperty

:
:
:
:
:

CharacterFactor

•

•

•••

• : Individual particle based, but averaged. • : Individual particle specific.••• : Ensemble based.

•

A. Meyer-Plath

Our Test Method Developments

20

Test Method

Diameter        
& Length  

Pairs

Dynamic 
Solubility

Measurand

W. Wohlleben*, A. Meyer-Plath, K. Kämpf, J. Schumann , H. Sturm, R. Fortini, D. Broßell

Flow Cell Dissolution*: Ion 
Leaching & Residual Mass

 

nanoGR          RV 
U

 
A*Results of 

*

Flow by Flow through

nanoGRAVUR (BMBF)

Electron Microscopy with 
Large Image Acquisition 
or Active Fibre Tracking, 
Fibre Analysis Software

Poster DNS-05 
OECG TG (BMUB)

•••

• : Individual particle based, but averaged. • : Individual particle specific.••• : Ensemble based.

•
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Example: How is the Diameter to be measured?

2121

100 nm3 nm 6 nm 12 nm 25 nm 50 nm

Nanofibre Nano-
fibre

The fibre must be resolvable!
Chose the pixel resolution accordingly!

3 nm                        6 nm                       12 nm          

25 nm                      50 nm                      100 nm

A. Meyer-Plath

What is the acceptable minimum 
Number of pixels per diameter ?

and determine the 
necessary pixel resolution.

How to define the diameter in 
low SNR situations?

SEM Magnification is not a useful parameter 
in times of varying image pixel dimensions.

Pixel resolution must be specified according 
to the diameter to be measured. 

Statistics of Diameter and Length Pairs using BAuA’s FibreDetect Software

Problem
The Image Pixel Dimension x limits the accessible Aspect Ratio

Large images or Active Fibre Tracking during SEM imaging are required for HAR !

22 D. Wenzlaff , K. Kämpf, A. Meyer-Plath

: Pixels per Diameter,      Aspect Ratio  

Length Diameter ,     Diameter Resolution
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Fibres > 5 m

Long

Ri
gi

d

Length and Diameter Measurement with Paired Values 
Re

sp
ira

bl
e

D. Wenzlaff , K. Kämpf, A. Meyer-Plath

Poster DNS-05
Kerstin Kämpf
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Toxicologically relevant, 
Phagocytosis-frustrating 

FractionN
=3

37

N=337

Example

Our Testing Method Developments

24

Test Method

Diameter        
& Length  

Pairs

Dynamic 
Solubility

Flexural 
Rigidity

Apparent 
Density

Measurand

W. Wohlleben*, A. Meyer-Plath, K. Kämpf, J. Schumann , H. Sturm, R. Fortini, D. Broßell

Flow Cell Dissolution*: Ion 
Leaching & Residual Mass

 

nanoGR          RV 
U

 
A*Results of 

*

Flow by Flow through

Tensile Testing 
and Modal Analysis

Poster MPN-02 
F2365: Rigidität

nanoGRAVUR (BMBF)

Electron Microscopy with 
Large Image Acquisition 
or Active Fibre Tracking, 
Fibre Analysis Software

Poster DNS-05 
OECG TG (BMUB)

Combination of 
DMA & BAuA’s Nano-PMC

Ratio of Agglomerate Mass 
and Aerodynamic Diameter
[Brossell at al. DOI:10.1080/02786826.2015.1045964]

•

•••

• : Individual particle based, but averaged. • : Individual particle specific.••• : Ensemble based.

•

•
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The World of HARM is too big to be Hazard-tested in Animal Studies !
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We will only manage to assess 
the hazard potential of HARMs

by reliable Toxicological Grouping Strategies. 

These rely on the availability of 
Reference Test Methods and Materials !

[BAuA]

[BAuA]

[BAuA] [BAuA]

[BAuA]

[BAuA]

[BAuA] [BAuA] [BAuA][BAuA]

Please Support the Development of Tests and Materials 
for Toxicological Grouping of HARM!

26

Electron Microscopy 

Dissolution 
Progress Testing

Tensile or 
Flexural Rigidity Testing

Volume and Mass 
Measurement

Test Method

Diameter        
& Length  

Pairs

Dynamic 
Solubility

Flexural 
Rigidity

Apparent 
Density

Measurand

Fibre Ensembles of 
known, preferably narrow 

Diameter or Length Distribution, 
very High Aspect Ratio Samples

Standard Solvents and Materials

Fibres of known Elastic Modulus 
and Density or of known Rigidity

Standard Agglomerates

Reference Material

Thank You!
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The REACH Committee has accepted nanomaterial specific changes to the REACH-Annexes proposed by the European Commission with effect of Jan. 1st, 
2020. With these amendments to the annexes amongst others transparency in registration dossier and chemical safety report will be achieved and 
characterization and the information requirements for nanomaterial will be complemented. However validated, standardized and harmonized test 
methods for nanomaterials are lacking for several endpoints. Therefore the Malta Initiative was started as a common activity of the European 
Commission and Member States (MS) to work on filling these gaps. The purpose is to adapt existing or develop new OECD test guidelines and guidance 
documents to be applicable for nanomaterials as the guidelines are mutually accepted by all OECD members worldwide. 

The way from the idea to the TG and its application in (EU) Regulation 

Area Endpoint in REACH  Existing Test Guideline or 
Standard 

Content related  
EU Research projects Activities within Malta Initiative 

P
c
h
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m
 
 

Annex VII 
7.7 Water solubility 

OECD TG105 - considered not to 
be applicable for nanomaterials 

NanoFASE, NanoREG, NanoREG2, 
Prosafe, ACENANO, CERASAFE, 
GRACIOUS, HISENTS, NanoFARM, 
PATROLS, SKHINCAP, NanoMile, SUN 

DK - Determination of solubility and dissolution rate of 
nanomaterials in water and relevant synthetic biologically 
mediums 
 

Annex VI 
2.4.3. Description of surface 
functionalization 

NanoREG, QualityNANO, ACENano, 
Solnanotox, GRACIOUS, CERASAFE, 
HISENTS, npSCOPE, PATROLS 

DK - Identification and quantification of the surface chemistry and 
coatings on nano- and microscale materials 

Annex VII  
7.14 Dustiness  

Calibrate, CERASAFE, EC4SafeNano, 
GRACIOUS, NanoReg2,  

FR - New TG on Determination of the Dustiness of Manufactured 
Nanomaterials 

Annex VI 
2.4.5. Surface area 

ACENANO, CERASAFE, npSCOPE JRC - New TG on Determination of the Specific Surface Area of 
Manufactured Nanomaterials 

E
N
V
 

Annex IX 
9.3 Fate and behaviour in the 
environment 

OECD TG305 - additional GD for 
nanomaterials needed 

NanoFase 
 

ES - Studies on bioaccumulation of nanomaterials in fish 
 

Annex VII 
9.2 Degradation 

OECD TG301 / 306 / 307 / 308 / 
309 / 310 / 311 - in many cases 
not relevant for nanomaterials 

NanoFASE , ACENANO, GRACIOUS, 
NanoFARM, NanoMile 

AT - Aquatic (Environmental) Transformation of Nanomaterials 
 

H
H
 

Annex VIII 
8.8.1 Assessment of the toxicokinetic 
behaviour 

OECD TG417 / 428 - amendments 
for nanomaterials required 
ISO 10993-16  

NanoREG, HISENTS, MARINA 
 

NL - Development of new Test Guideline on toxicokinetics or 
Amendments to OECD TG 417 to accommodate nanomaterials 
 

Annex VII 
8.1 Skin irritation or skin corrosion - 

8.3 Skin sensitization - i  

OECD TG430 / 431 / 435 / 439 – 
not considered applicable for 
nanomaterials 
OECD  in vivo local lymph node 
assays 

SKHINCAP CH - Applicability of the TG 442D in vitro skin sensitisation for 
nanomaterials 

Commenting round(s)  
by OECD MS and Stakeholder 

draft TG 

WNT 

Standard Project 
Submission Form 

final TG 

Publication 

supporting 
Information 

Initiative by MS or  
Stakeholders 
(e.g. WPMN) 

national Coordinator,  
EU-COM, 

Secretariat 

Including round 
robin for validation 

Mutual acceptance of data 

EU Regulation 
 

e.g. REACH 
Regulation 

(from 2020) 
with nano  

requirements 
 

 
 

REACH Test 
Method 

Regulation  
EU 20.. 

WNT 

JM 

EPOC 

Council 

f

Input from research projects 

TG development 

Endpoints currently covered by the Malta Initiative 

ENV/JM/MONO(2006)20/REV1: OECD Series on Testing and Assessment, No. 1, 
Guidance Document for the Development of OECD Guidelines for Testing of Chemicals 

draft TG 
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incubation of adherent 
THP-1 cells  with AgNPs
(0.1 and 1 mg mL-1

for 4 and 24 h)

• wash/rinse PBS
• detaching of cells 

with Accutase
• wash PBS
• centrifuge

digestion of cells 
with HNO3/H2O2 3:1
over night, RT

staining with cisPt -> cell viability
staining with metal-tagged antibodies (Ab)
(CD45-154Sm, CD36-166Gd, CD11c-160Gd)
fixation with 4 % PFA
DNA-staining with Ir intercalator
wash PBS followed by water

differentiation of 
THP-1 cells into 
macrophages (48h)

external calibration by 
using AgNO3 standard 
solutions with known 
concentrations

external calibration by 
using AgNPs suspension
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OECD Test Guidelines Development for Chemicals 
Safety Assessment of Nanomaterials

Kathrin Schwirna, Doris Völkera, Jukka Ahtiainenb, Alexandra Schmidtc, Harald Breschc, 
Kerstin Kämpfd, Volker Bachmannd, Thomas Kuhlbuschd

aGerman Environment Agency (UBA), Wörlitzer Platz 1, 06844 Dessau-Roßlau, Germany; bDrumsö Ecotox Consultancy, Kuikkarinne 7A 19, FI-
00200 Helsinki, Finland; cFederal Institute for Materials Research and Testing (BAM), Unter den Eichen 87, 12200, Berlin, Germany; dFederal

Institute for Occupational Safety and Health (BAuA), Friedrich-Henkel-Weg 1-25, D-44149 Dortmund, Germany

The OECD test guidelines (TGs) for testing chemicals have been widely used for regulatory purposes all over the world since the establishment of the Mutual Acceptance of 
Data (MAD) principle in 1984. This MAD principle ensures that, if a chemical is tested under the Good Laboratory Practice (GLP) conditions accordingly to an OECD TG, the 
data should be accepted in all OECD countries. The TGs have been developed, harmonized, internationally validated (round robin tests) and adopted by OECD countries to 
be used for the physical-chemical characterisation, fate estimation, and hazard identification for risk assessment of various chemicals. In addition to the TGs, OECD 
Guidance Documents (GDs) usually provide guidance on how to use TGs and how to interpret the results. These GDs do not have to be fully experimentally validated, and 
hence they are not under MAD, but they are based on relevant published scientific research. 

But are the existing TGs and the related GDs applicable and adequate for the regulatory testing of nanomaterials? In general, for nanomaterials it is accepted that most of 
the "endpoints" or more precisely measurement variables are applicable. However, for some endpoints new or amended TGs are needed. In addition, several GDs are 
needed to give more precise advice on the test performance in order to gain regulatory relevant data on nanomaterials. 

References:
OECD, 2009: GD 1 Guidance Document for the Development of OECD Guidelines for Testing of Chemicals (as revised in 2009).

OECD, 1998: OECD Series on principles of Good Laboratory Practice and compliance monitoring number 1.

OECD, 2005: GD 34 Guidance Document on the Validation and International Acceptance of New or Updated Test Methods for Hazard 
Assessment.

Research and activities of UBA at: https://www.umweltbundesamt.de/en/topics/chemicals/nanotechnology

Why do we need OECD TGs ?

For testing intrinsic properties of chemicals (substances)
Binding OECD countries and selected non-members

Avoid duplication of testing
Reduction of animals testing
160 million euros saved each year (2010)
“easily” adopted to EU regulation (440/2008) for EU 
regulatory needs

Difference between OECD TGs and GDs

Test Guideline
Regulatory need explained by the 
SPSF*
Covered by MAD
Fixed test protocol with validity 
criteria
Thorough experimental
validation needed with fixed 
protocol

Takes time and resources and is 
more cumbersome to update

SPSF = Standard Project Submission Form

Guidance Document
Regulatory need
Not covered by MAD
Can be a test method, or it 
provides technical guidance 
for the use of test guidelines
Lower level of scientific 
validation needed, e.g. can 
be based on published 
resent literature

Faster to develop and revise

List of current projects on TG development for the 
physical-chemical characterisation of nanomaterials 
approved by WNT
• TG on particle size and size distribution of manufactured nanomaterials 
(lead by Germany)
• TG on specific surface area of manufactured nanomaterials (lead by EU JRC)

Spherical like 
particles Fibres

OECD TG on particle size and size 
distribution of manufactured 

nanomaterials

Method: 
- Method A
- Method B
- …

Method: 
- Method A
- Method B
- …

- To identify nanomaterials
- To measure particle size 

distribution up to 1000nm
- Robust, reliable, and repeatable

In addition the TG will give 
recommendation for the 
measurement of nanomaterial with 
other shapes.

Development of a OECD TG on particle size and size 
distribution of manufactured nanomaterials

The development of the TG on particles size and size distribution of manufactured 
nanomaterials is accompanied by an international advisory group taking into 
account recent progress in relevant European and international research projects 
as well as standardisation activities of ISO and CEN.  

Expert 
Group

Procedure for TG or GD Development

Stakeholders (authority, 
NGO, industry, academia) 
initiative

TG/GD proposal 
(SPSF*) by MC#

Validation
process

Draft 
TG/GD Commenting 

rounds

National Coordinators of 
the Test Guideline 
Programme (WNT)

OECD 
Secretariat

Final approval by WNT 

Joint Meeting, 
policy level and 

publication

*SPSF = Standard Project Submission Form/ #MC = Member Country
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Reference samples for Magnetic Force Microscopy

Hug, H. et al. (1998). Quantitative magnetic force microscopy on perpendicularly magnetized samples.     
       Journal of Applied Physics. 83. 5609-5620. 10.1063/1.367412. 
[2] Sievers, S. et al. (2012). Quantitative Measurement of the Magnetic Moment of Individual Magnetic     
       Nanoparticles by Magnetic Force Microscopy. Small, 8: 2675-2679. doi:10.1002/smll.201200420 
[3] M. Gerken, PTB AG 2.52 and A. Solignac, CEA, France 

Magnetic probes detect the magnetic stray field of magnetic nanostructures or domain patterns

The signal is mapped with a sensor with a characteristic sensing function relating the field 
distribution over the active sensor area and the scalar sensor signal (Hall voltage, phase shift) 

The image results from a 2D scan that maps the sensor system as a function of sensor position 

This work was supported by the EMPIR JRP 15SIB06 NanoMag through EU and EMPIR participating 
countries within EURAMET 

 

 

 

1) Stray field orientation varies on the  
      scale of characteristic pattern dimensions 
2) 3D field vectors with high field contributions in  
      all  spatial directions 

z = 5nm z = 20nm 
z = 100nm 

Wavevector [1/m] 

  

2H( , )/M( ) 

Wavevector [1/m] 

2H( , )/M( ) 

Wavevector [1/m] 

2H( , )/M( ) 

 

 

 

 

 
 

  

Deconvolution possible, if    I)  sensor response is linear with respect to the field and  
                                                  II) is a weighted sum of contributions from different parts of sensor volume  

Calculable stray field distribution, e.g.: 
        -  homogeneously magnetized spheres - current carrying coils 
        -  perpendicularly magnetic materials with            - lithographically defined patterns  
                                                                                                - intrinsic domain pattern or  
                                               - written magnetic pattern 

Magnetic field contributions over the spatial wavelength area relevant for the sample under test
Well known features (domain wall width, edge properties, saturation magnetization, …) 

stray field distribution above a typical 
commercial magnetic scale  
pole width: 1mm 
z-distance: 6.725 m 

) Rapid decay of stray field with distance  from sample 

Correlation transform 

field transfer function for perpendicularly  
magnetized samples 

Sensor transfer function  can be determined from  
well known magnetic field distribution. 

Stray field of arbitrary samples can be determined from 
the measured signal  by a deconvolution with the 
known transfer function. 

Sensor transfer function 

MOIF image of a periodically up 
and down magnetized scale 

MFM images of magnetite magnetic nano- 
particles (MNP) poured onto a Si substrate [2] 

light  

analyzer polarizer 

mirror  sample 
Farady indicator film 

To enable quantitative magnetic field  
     measurements on scales from millimeters  
     down nanometers 
 

To Support research and development in areas   
     like magnetic data storage, magnetic sensing,  
     magnetic scales for positioning systems 
 

To support fundamental physics, e.g. detection  
     and analysis of Skyrmions  
 
 
 
 
 

5 mm

Litographically patterned hard 
magnetic thin films 

PMA films with maze domain pattern, 
MFM tip and  its sensor transfer  function Current carrying coils 

2.5 m 2.5 m 2.5 m 

Quantitative field measurements  
require sensor calibration based on  
nanoscale reference samples 
 
 
 
 
 

Hall sensors on cantilevers 
 
 
 
 

 

 

magnetically coated tip 
at lift height d 

2.5 m 

Physikalisch-Technische Bundesanstalt Sibylle Sievers

National Metrology Institute WG 2.52 

Femtosecond Measurement Techniques and Nanomagnetism

Bundesallee 100

38116 Braunschweig, Germany phone: +49 531 592-1414

www.ptb.de e-mail:    sibylle.sievers@ptb.de

S. Sievers and H. W. Schumacher
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Nanocrystal Synthesis
Synthesis of the poly(acrylic)acid (PAA) functionalized Eu:GdVO4 nanocrystals 

was performed via solvothermal synthesis. 

www.bam.de

Nanocrystals as Labeling Reagents
for Bioimaging of Clinical Cell Assays
Jessica Saatz1, Bianca Grunert2, Norbert Jakubowski1

1 Bundesanstalt für Materialforschung und –prüfung (BAM), Berlin, Germany
2 nanoPET Pharma GmbH, Berlin, Germany
Contact: Jessica.saatz@bam.de

References
1  Ornatsky, O., et al., Highly multiparametric analysis by mass cytometry. Journal of Immunological Methods, 2010. 
361(1): p. 1-20.
2 Iversen, T.-G., T. Skotland, and K. Sandvig, Endocytosis and intracellular transport of nanoparticles: Present 
knowledge and need for future studies. Nano Today, 2011. 6(2): p. 176-185.
3 Gundlach-Graham, A. and D. Günther, Toward faster and higher resolution LA–ICPMS imaging: on the co-evolution 
of LA cell design and ICPMS instrumentation. Analytical and Bioanalytical Chemistry, 2016. 408(11): p. 2687-2695.

Methods

Introduction
Early and sensitive detection of diseases like 
breast cancer is crucial for their optimal 
treatment. Clinically established Single Cell 
Mass Cytometry allows the sensitive detection 
of several biomarkers at once by measurements 
of cell suspensions using mass spectrometry 
(MS). [1] In comparison, laser ablation inductively 
coupled plasma (LA-ICP) MS works as a 
bioimaging tool for tissue samples, able to use 
the same metal affinity tagging reagents. 
Opposed to fluorescence immunoassays, this 
method might permit quantification of the 
analytes in the future.

Aim
This project aims at the development of new 
labeling reagents optimized for multiparametric
analysis and bioconjugation to biomarker 
associated antibodies. Nanocrystals (Eu:GdVO4-
PAA) offer high stability, as well as sensitivity in 
MS allowing signal amplification compared to 
other tagging reagents available and give the 
option for multimodal imaging of single cells or 
tissues (e.g. fluorescence microscopy, magnetic 
resonance imaging (MRI) and LA-ICP-MS 
(Imaging Mass Cytometry). 

Conclusion
Eu:GdVO4-PAA synthesis shows great 
reproducibility in composition and size
Surface functionalization with poly(acrylic)acid 
(PAA) groups allows bioconjugation
A549 cells could be efficiently labeled with the 
nanocrystals
LA-ICP-MS proves the nanocrystals can be 
detected with high sensitivity and allow high 
spatial resolution analysis.

Acknowledgement
This work was funded by the by the MNPQ-program of the federal
Ministry of Economic Affairs and Energy (BMWi) (MNPQ project 1176
07/13)

Figure 2: Concept of endocytosis
Nanocrystals might be enclosed within early endosomes, phagosomes or 

macropinosomes to be internalized by cells [2]

VEuGdIr

Results
Multimodality

Nanocrystals demonstrate contrast enhancing properties in MRI with increasing Gd3+

concentrations + fluorescence by excitation with UV light due to doping with Eu3+ (Fig. 1)

Cell assay and LA-ICP-MS analysis
Human lung cancer cells (A549) were cultivated in Dulbecco s Modified 

Eagle s medium (10% FCS, 1% Penicillin) at 37 C with 5% CO2

Cells seeded on coverslips were incubated with nanocrystals for 6 h by 

addition of nanocrystals directly to fresh culture medium 

Cells were washed, fixed and dehydrated by an alcohol series and Ir-

intercalator staining (of nucleic acids)

LA-ICP-MS (New wave 213, ESI and Element XR, Thermo Fisher Scientific) 

resolution 6 m * 6 m/s with 3 m overlap, repetition rate 20 Hz, fluence 

0.5 J/cm2

Figure 3: Microscopic image and intensity distribution maps of 158Gd, 153Eu, 51V, and 193Ir in A549 cells - LA-ICP-MS, resolution 6 m * 6 m/s

Figure 4: Imaging by laser ablation ICP-MS [3]
Magnetic Resonance Imaging

MR images were obtained using a 1 T nanoScan PET/MRI (Mediso Medical 

Imaging Systems)

Imaging experiments were performed with a T1-weighted sequence, as the 

contrast should be primarily enhanced by the T1-relaxation time.

LA-ICP-MS
Incubation of A549 cells with nanocrystals results in their uptake, possibly by endocytosis (Fig.2 and Fig.3)

Spatial distribution of 158Gd, 153Eu and 51V and 193Ir signals measured by LA-ICP-MS correlate well, confirming that the cells were efficiently labeled with 

the nanocrystals (Fig.3). High intensities of Gd, Eu and V allows high spatial resolution (down to 4 m * 4 m/s was tested).

Figure 1:
(A) T1-weighted images of nanocrystals 

measured at 1 T.
(B) Fluorescence of nanocrystal solution with UV 

excitation (254 nm)

Gd3+ Concentration [mM]

A

B

GdVO4 Tb:GdVO4 Eu:GdVO4
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M. Dialameha,b,c,d, C. Fleischmanna, J. Bogdanwicza, N. De Leoc, L. Boarinoc, W. Vandervorsta,d

a Imec, Kapeldreef 75, 3001 Heverlee, Belgium
b Politecnico di Torino, Corso Duca degli Abruzzi, 24, 10129, Turin, Italy

c  Istituto Nazionale di Ricerca Metrologia (INRIM), Strada delle Cacce 91, 10135 Turin, Italy
d Instituut voor Kern-en Stralingsfysica, KUL, Celestijnenlaan 200D, 3001 Leuven, Belgium

Toward a reference sample for atom probe tomography 

Introduction Atom probe tomography (APT) is an analytical technique capable of providing in-depth elemental information at sub-nanometer resolution (lateral and depth). Despite the
recent progresses in instrumental development, the uncertainty assessment and widespread comparison of APT data are still lacking, mainly due to the absence of appropriate standards and
reference materials. To address these limitations, we have developed a novel sample preparation, based on standard lithography and etching techniques, that yields repeatable APT samples with
minimized variation in the tip geometry (radius, taper angles and heights). As an initial test vehicle, we have optimized the procedure for the preparation of APT tips starting from a boron-doped
(~1E20 atoms/cm3), epitaxially grown SiGe (25% Ge) layer (100 nm) on a 300 mm Si (100) wafer. The complementary characterization of the same (or similar) wafer using different (reference-free)
analysis techniques is done to extract the layer thickness, composition and dopant concentration. This complete characterization together with the repeatable sample preparation, will form the
cornerstone to establish a potential reference sample for APT as well as initiate an interlaboratory study (e.g. under theVAMAS umbrella).

Atom probe tomography (APT)
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SIMS: 21.4 %

HRXRD: 23.1 %

Characterization techniques:  Reference free GIXRF, SIMS, XRD and 4PP.

Prepare reference samples for APT using an alternative preparation 
technique (no FIB).

Define the uncertainty budget in APT compositional analysis by 
measuring well characterized/similar reference tips

Launch an interlaboratory comparison study (VAMAS) for APT using 
the prepared reference samples.

Underpin fundamental studies (e.g. laser - tip interaction and the role 
of tip shape on the APT quantification).

Study the link between experimental parameter and APT quantification 
(using comparable tip shapes).

Ni cap

Si cap

SiGe

Bulk Si

Characterization of potential reference sample 

Si CAP

Sheet resistance (4PP)

Preparation of potential reference sample 

Finite element simulation of the electric field around
the tip apex for various Micropost geometries (D, L):

Finite element simulation of electric 
field lines and ion trajectories:

Normal 
field of view

Full tip imaging

100 nm

D=1 m
L= 50 m 

Measurands:

Ge concentration
B concentration

0
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k f
[-]

Diameter of Micropost [ m] 

d = 40 nm d = 60 nm d = 70 nm d = 80 nm

Based on finite element simulations:
“Nanowire on micropost” geometry enables full tip imaging.
Field of view is mainly driven by the length L and diameter D of the micropost.
The dimension of the nanowire was fixed (l=600, d=80 nm ) to maximize the electric field.

Sample preparation is based on standard lithography and etching 
techniques used in micro electronics.

Dimensions (D, L) of the Micropost were identified based on the 
finite element simulations to maximize:

Electric field enhancement (F 1x1010 V/m): kf < 20
Field of view (for full tip imaging): kf >8

Geometrical considerations:
Length L and Diameter D of micropost

Acknowledgments
This work has been carried out in the frame work of Project 14IND01 “3DMetChemIT”, funded by the EMPIR programme, co-financed by the Participating States and from the European Union’s Horizon 2020 research and 
innovation programme.

Si 

B (~1E20 atoms/cm3) 
doped SiGe (75:25)

Si cap 

Reference wafer

100 nm

50 nm

Geometrical design of the APT reference sample

reference sample 

Micropost

Nanowire

L

d
l

D

No Ga induced damage

Constant diameter over entire tip length

High field of view

Reproducible and repeatable sample geometry

Up-scalable towards full wafer processing 
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Sample preparation using FIB

Motivation of this work 

1) Maximizing electric field enhancement at tip apex: 2) Maximizing field of view:

F: electric field at the apex
V: electric potential
R: tip radius
Kf : field factor

L

Si

Ge

B

D=19 m
L= 50 m 

Uniformity of SiGe thickness (XRD)

APT depth profile
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Variation in measured Ge concentration with experimental conditions
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D H

Direct comparison between AFM and  SEM 
measurements  

 

Uncertainty budget established for AFM measurements Uncertainty budget established for SEM measurements 

Traceability

nanoparticle 

Measured profile True 
value 

Measured 
height 

A 

B 

Substrate 

AFM tip

Scanning direction 

Context

D

D

Measurements performed on a series of nanosilica samples ranging from 1 to 100 nm  

Conclusions 

 2,6 nm  1,5 nm 

Repeatability 
Calibration
Scanning speed 
Z noise level
Repeatability
Roughness S

roughness 

Silica NP : Dm=79 nm 
FD-304 NP : Dm=26.3 nm 

(calibation certificate : 27.8 nm ± 0.75 nm) 

AFM SEM

mean roughness plane

AFM SEM

Repeatability 
Calibration
Resolution (e-beam R50)
EHT effect
WD effect
Interaction EHT/WD

Influence of WD and EHT on the measurement of the 
mean of nanoparticle diameter (DOE, ANOVA) 

Aspect ratio measured for each batch of NP 
(100 NP measured for each population).  
Error bars represent the sphericity distribution. 

Comparison of minimal Feret diameter obtained with a fitted ellipse (SEM) 
and height measurement (AFM) taking into account the theoretical 
deformation on a same set of FD 102, FD 304 NP, 30 R 50 and OT R3 NP. 

Aspect Ratio = 0.8 Aspect Ratio = 0.95

a) b) c) d)

HAFM > DSEM HAFM < DSEM HAFM > DSEM HAFM < DSEM
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S. Fouilloux, J. Daillant, A. Thill
Colloids and Surfaces A: Physicochem. Eng. Aspects 393 (2012) 122 127
Single step synthesis of 5 30 nm monodisperse silica nanoparticles: Important experimental 
parameters and modeling

Internal thickness : 0.138 mm    Datasheet : 0.142 mm     Determined from Water transmission : 0.141 mm 

Empty Kapton capillary Kapton capillary filled with water
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Advanced  screening  method  using  volumeme-Advanced  screening  method  using  volumme-
specific surface area (VSSA) for nanomaterial specific surface area (VSSAspecific surface area (VSSA
identification of powders
Kuchenbecker, P.; Hodoroaba, V.-D.; Lindemann, F. (all BAM)
Wohlleben, W. (BASF)
Introduction
Determining the particle size of submicron and nanoparticles is challenging, but necessary. For the identification as nano-
or non-nanomaterial according to EC recommendation (2011/696/EU), the size of the individual particles is decisive. For
most common measurement methods for particle size determination it is necessary to initially disperse the particles in a
suitable liquid. Many common methods such as dynamic light scattering (DLS), centrifugal liquid sedimentation (CLS) or
ultrasound attenuation spectroscopy (US) can reliably determine the size of nanoparticles, if they are properly separated
and stabilized (e.g. in reference suspensions). However, with decreasing particle size, the adhesion forces increase strongly
(see top right), making it more difficult to successfully deagglomerate the particles and to assess the result of this process.
Therefore, the preparation of the dispersion determines substantially the measurement uncertainty (see below right).
Preferably, fast and cost-efficient methods are desired to gain information about particle sizes, especially for the
identification of nanomaterials. In order to not have to use hardly available and expensive methods such as SEM / TEM for
all powders, a screening method is useful.
For this purpose, this poster presents the method of the volume-specific surface area (VSSA) by gas adsorption and
density measurement.

Volumeme-e-specific surface area (VSSA) method

Volume-specific surface area (VSSA) = [g/ cm3] x SSA [m2/g]

Density by
He-Pycnometry

Specific surface area (SSA) by
gas adsorption method

60 m2/ cm3 is the cutoff
between nano- and non-
nanomaterials

VSSA of monomodal spherical particles
with d = 100 nm 60  m2/ cm3

Advantages:
- Agglomeration-tolerant

- integral property

- without major sample preparation, 

except for degassing

- He-pycnometry and gas adsorption

method are basic and routinely applied

in ceramic laboratories

- positive classification as nanomaterial

by means of VSSA  is allowed by the EU

definition

Disadvantageses:
- the cutoff of 60 m2/ cm3

is valid only for

spherical

non-porous and 

monodisperse 

particles

Correctionss neededd foror:
- shape factor
- separate internal from external surface
- taking into account polydispersityCorrections

1. Shape dependent cutoff value, as introduced by Roebben et al. 2014

3. For the case of inner porosity: separation of inner area fraction from outer surface

Taking into account the curses of measured isotherms and the value of the BET-parameter c (equation (1)  ISO 9277). If there are indications of micropores, the 
t-plot or the S-method should be used to extract the area fraction of the micropores (ibid, Annex C).

2. Deviation from sphericity for particles having 3 similar dimensions

Examples

References:
1. G. Roebben, H. Rauscher et al. , Towards a review of the EC Recommendation for a definition of the term "nanomaterial" - Part 2: Assessment of collected information
concerning the experience with the defintion. European Commission, Joint Research Centre, 2014
2. W. Wohlleben, J. Mielke et al. , Reliable nanomaterial classification of powders using the volume-specific surface area method, J. Nanopart. Res., 2017, 19, 61
3. ISO 9277:2010 Determination of the specific surface area of solids by gas adsorption – BET method.
4. ISO 9276-part 1, 2, 5 and 6:  Representation of results of particle size analysis

Contact: petra.kuchenbecker@bam.de

Material Density  by
He-pycnom.

[g/ cm3]

BET

[m2/ g]

Area fraction of 
micropores

acc. to 3.
[m2/ g]

VSSA

[m2/ cm3]

D VSSA
Cutoff value

acc. to 1.
[m2/ cm3]

Screening 
Decision
by VSSA

d50,0
by SEM

(minFeret)
[nm]

Confirma-
tory 

Decision
by SEM

shape spheres, cubes needles , fibers platelets

D 3 2 1

VSSA  = [g/ cm3] x SSA [m2/g] x F          with F the shape descriptor work is in progress

4. Influence of the polydispersity (e.g. according to ISO 9276-5: logarithmic normal probability distribution)

VSSA =  x with d50 the median [nm],  p the dimensionality of the distribution and the standard deviation of the density distribution

www.bam.de

Material d50,0
by DLS

[nm]

by DLS
Density 

distribution
model

(approx.)

VSSA calculated for
ideal spheres

acc. to 4.
[m2/ cm3] 

D VSSA 
measured

[m2/ cm3]

Estimated
value F
(shape

descriptor)

Estimated VSSA 
cutoff value

acc. to 2.
[m2/ cm3]

Screening
Decision
by VSSA

Consideration of deviation of sphericity (2.) and polydispersity (4.)

VSSAcutoff =  60 m2/ cm3 x  with D the number of small particle dimension

Outlook : Suitable reference materials for VSSA method including corrections are under discussion at BAM.
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ESI vs. drop-on-grid (bi-modal SiO2 - ERM FD102)

ESI deposition efficiency (Tri-modal (50 + 100 + 350 nm) PSL)

Conclusions

Acknowledgement

NanoDefine
NanoDefine
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et al

et al Microsc Microanal
et al Sci Total Environ

ESI depositiondrop-on-grid

Particle
modes /nm

Nr. of sprayed
particles

Nr. of deposited
particles

Deposition 
efficiency (%)

350 296.800 320.533 108
100 12.740.000 18.351.122 144
50 65.380.000 54.805.011 84

ESI vs. drop-on-grid
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nm

nm
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Two-Photon Polymerization

Fabrication of micro-structures with a resolution 
down to at least 100 nm is now feasible, where pulses 
of femto-second lasers can locally cure very small 
volumes (voxels) of photo-initiator-enhanced resins. 
The high-resolution in fabrication of this technology 
is due to the fact that two-photon absorption is a 
non-linear, “illegal” optical process. [1] 

Figures A to E: 

Figure A represents the SAXS pattern of Resovist® without the influence of an external magnetic field. Figure B, shows the 
SAXS pattern after putting Resovist® between two magnets in an attractive configuration as shown in figure D (horizontal 
magnetic field). Figure C shows the SAXS pattern with Resovist® placed between two tilted magnets (60 in an attractive
configuration, shown in figure E, showing no evidence of capillary forces affecting the sample. Our working hypothesis is that
the Resovist® aligns in a chain conformation along the field lines.

References:
1                Three-Dimensional Microfabrication Using Two-Photon Polymerization: 
Fundamentals, Technology, and Applications. By Tommaso Baldacchini. William 
Andrew; 1 edition (September 29, 2015).
2 A.F. Thünemann et al, Anal. Chem. 2009, 81, 296–301.
3 Magnetism and Magnetic Materials. By J. M. D. Coey. Cambridge University Press 

(25 Mar 2010)

Project‘s Prelude

We aim to enhance the capabilities of our 
upcoming Two-Photon-Polymerization 
(2PP) 3D printer, to let it produce arrays of 
precisely aligned nanoparticles. As 
heterogeneous functional nanostructures 
can be built with arrays of oriented 
nanoparticles; enhanced functionality can 
be achieved in the fields of 
electrochemistry, energy storage, 
nanoelectronics, amongst others.[1]

The feasibility of orienting nanoparticles 
using magnetic and electric fields is under 
investigation using Small Angle X-ray 
Scattering (SAXS). A set of ad hoc 
functional sample holders, sample stages 
and other In-Situ SAXS solutions are being 
developed, and incorporated in the state-
of-the-art SAXS machine, the “Multi-scale 
Analyzer for Ultrafine Structures” (MAUS).

As a proof of concept, we started a few 
experiments to orient superparamagnetic 
nanoparticle solutions (Resovist®), where 
the outcome will help to understand the 
mechanics of field-particle interactions, 
and help to further evolve the adequate 
needed set of corrections and analyses to 
the SAXS data, in particular those for 
oriented samples.

Resovist®

Resovist® is an organ-specific Magnetic Resonance 
Imaging (MRI) contrast agent. It consists of an 
aqueous suspension of superparamagnetic iron oxide 
nanoparticles coated with carboxydextran, containing 
540 mg/mL Ferucarbotran, corresponding to 28 
mg/mL of iron. The radii of the majority of the 
nanoparticles (>99%) range from 4 to 13 nm (less than 
1% of the particles have radii up to 21 nm). [2] 

Proof of Concept Experiments

Resovist® was selected as it contains superparamagnetic iron oxide nanoparticles (and we had it lying around), 
which can be magnetized easily. The sample stages developed until now consist of two cylindrical magnets, 
with diameter of 30 mm and height of 15 mm. The samples’ response is investigated In-Situ using a flow-
through capillary. [3] Future developments will include more complicated magnetic field structures, as well as 
more variable-field options

A B C

D

E
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Motivation

The surface chemical composition of nanomaterials should be investigated to get 
a better idea and prediction of its  interaction with its environment. ToF-SIMS and 
XPS have proven to be powerful tools to determine the general chemical 
composition. The superior surface sensitivity of ToF-SIMS furthermore allows us 
to study mainly the utmost atomic layer and thus gives us an idea of the 

®

interactions involved. Here, we present initial data on the analysis of Hyflon -
polystyrene core-shell nanoparticles (NPs) which can be used as a model system 
due to the known preparation and a rather good chemical separation of core and 
shell.
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The System investigated by SEM
®

Hyflon  cores            Hyflon-PS NPs
100nm

pinhole

XP spectroscopic investigation (hí = 1486.6 eV)

Hyflon  cores

Hyflon -PS core-shell nanoparticles
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Conclusion

The inhomogeneity of the shell observed by EM is confirmed by XPS and ToF-SIMS 
due to the observed fluorine signals. Sputtering mainly shows a negative 
correlation between shell and core signals in ToF-SIMS. It is also interesting to see 
that the core signals are visible even in the spectra of the core-shell particles. This 
could be due to the very high ionisation yield of flourine containing signals which 
leads to the detection of the core-signals even when a small amount of core-shell 
particles are defective. Finally, the highly concentrated particles show a near to 
ideal point-to-point reproducibility shown by PCA. For single particle detection 
however, diluted particles seem to be ideal. 
 Outlook

In the future, we want to verify the shown initial ToF-SIMS data by changing the 
sputter-ions to oxygen. The experiments will also be done with NM that has an 
inorganic core and an organic shell for better signal separation. The preparation is 
crucial for a working analysis and we have yet to find a procedure that works for our 
systems as seen by PCA.
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In this work, -phase UCNP consisting of NaYF4 as the host 
crystal, containing 18% Yb3+ and 2% Er3+ as sensitizer and 
activator, respectively, were used. The monodisperse 
luminescent UCNP with a diameter of 30 nm were synthesized 
via a thermal decomposition procedure.

In the present work, we aim to explore how far the upconversion nanoparticles (UCNP) emission intensity can be enhanced by the aid 
of plasmonic interactions using a gold shell. The distance between the UCNP core and the gold shell is varied by adding a sil ica spacer 
of different thicknesses. Different synthetic routes were used until the final desired thickness was achieved.

Aim of this work

Introduction

Results

STEM image of NaYF4 doped
with 18% Yb3+ and 2% Er3+. The
average diameter: 30 1 nm.

XRD measurements of the UCNP
confirm that the crystal structure
of the particles is -phase.

UCNP are widely used fluorescent reporters in biological 
applications and in vivo imaging.[1,2] due to high photostability, 
specific and narrow emission bands, long luminescence 
lifetimes, and low toxicity. However, the use of these 
nanoparticles requires a surface modification to render UCNPs 
water dispersible. This is often done with silica coating which 
leads to fluorescence quenching. To enhance the fluorescence, a 
gold shell cab be used.
In this work, multi step silica coatings were performed followed 
by adding a gold shell on the nanoparticles as shown in the 
following figure:.

Gold coating for plasmonic 
enhancement

Gold clusters are formed on the APS functionalized UCNP@SiO2
nanoshells through reduction of HAuCl .³ Semi-closed or closed 
gold nanoshells are formed upon further reduction using a 
procedure published by Graf et. al..

Emission of the UCNP 
in cyclohexane upon 
excitation at 980 nm.  

G H I

G. UCNP@SiO2@small Au clusters, the total SEM diameter is 472 nm. H & I are UCNP@SiO2@Au closed
shell the total SEM diameter is 522 nm, the UCNP@SiO2 total diameter is 472 nm and the diameter of 
UCNP core is 32 nm. The average gold shell thickness is 25 nm.

Conclusion and outlook:

The synthetic conditions for obtaining UCNP@SiO2@Au core-shell 
nanoparticles with precisely tuneable silica shell thicknesses were 
investigated. A gold shell on the UCNP@SiO2 nanoparticles is
expected to give rise to a noticeable enhancement of particle 
brightness and fluorescence, given that the thicknesses of the 
silica shell and the gold coating can be controlled and fine-tuned. 
First single particle studies revealing shortening of the Er3+ 

lifetimes suggest that plasmonic enhancement occurs.

A B C

Stepwise silica coating of the UCNP. A, The total average diameter is 47 nm and the average shell
thickness is 8.5 nm. B, The total average diameter is 57 nm and the shell thickness is 13,5. C, The total 
average diameter is 74  nm and the shell thickness is 22 nm. 

E FD

D, The total average diameter is 80 nm and the shell thickness is 25 nm. E, The total average
diameter is 178 nm and the shell thickness is 74 nm. F, The total average diameter is 472 nm and the
shell thickness is 221 nm.

Emission specta of UCNP sample (core only),
UCNP@SiO2 (A) with an average silica shell
thickness of 8,5 nm, and UCNP@SiO2 (D)
with an average silica shell thickness of 25
nm.
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Length Standards for nano Metrology 

Introduction                      The direct self-assembly (DSA) of block copolymers (BCPs) is widely used as patterning and nanofabrication technique, combining the top-
down and bottom-up approaches to the BCP capability of phase separate into the small size and high-density features of different shape. These 
characteristics suggest the possibility of using the BCPs in order to address the gap in nano-structured lateral standards for nano-metrology, consequently 
supporting the miniaturization processes involved in the semiconductor industry and in nanostructured device fabrication.  
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Self-Assembly Fine Tuning of BCP masks 

BCP Synthesis 

Directed self-assembly 
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Morphological Analysis 

AFM Calibration 
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Aprile et al. ACS Appl. Mater. & Interfaces 9, 15685, 2017 
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Introduction 
The particle size distribution is considered the most relevant information for 
nanoscale property identification and material characterization. In order to 
measure particle size distributions, a plenitude of techniques are available. Most 
of them rely on the assumption of spherical particles or are not capable to 

Sample preparation 

Uncertainty analysis 

Data  
evaluation 

Image acquisition 

SOP Validation:  
Round Robin Test 

Different methods: s. picture 
Protocol depends on material 
Can lead to large errors 

material preparation length / m diameter / nm method 
1 MWCNT Aerosol 0.60 33 SEM 
2 SiC Dry 10 - 100 100 – 600 SEM 
3 NanoAg Dispersion 20-60 120 SEM 
4 TiO2 Aerosol 5-10 10 SEM/TEM 
5 SWCNT Dry 5-50 <2  TEM 

2D projection of  
3D object 

n:
st

d

SOP
R

Error estimation for median: 

About 200 fibers have to be counted. 

Sources of errors in data evaluation:  
Statistical sampling 
2D projection of 3D objects 
Classification error 
Differences between evaluators 

TG will contain quality criteria for sample preparation 
high single fiber content 
Preparation must not change the sample! 

Length and diameter distributions 
are determined for single fibers 

Pixel size should be half of the smallest diameter 
to be analyzed or smaller 
Brightness and contrast have to be optimized for 
fiber detection 

Goal: 
Validate SOP for the method 
Determine interlaboratory reproducibility 
Planned for 2018/2019 

Different evaluators 

Vibration 

Airation 

Powder bed 

Aerosol 

Dispersion 

Dry powder 

Class I: single fibres 
 

Class II: Cluster, Aggregates/  
Agglomerates 

Resolution of the methods 
SEM: Resolution > 5 nm 
TEM : Resolution  < 1nm  
 

EU ‚nano‘ definition 

WHO  
definition:  
respirable  
fibres 

WHO
definition: 
respirable
fibres

Fiber length is  
underestimated. 

Rel. Error (length) < 10 % 
Rel. Error (width) > 20 % 

pixel size = 8.3 nm pixel size = 0.5 nm 

Fiber width  
= 10 nm 

Concurrent determination of length and 
diameter for regulatory context necessary 

Materials: 

bootstrap method 

Shaker 
pixel size = 12.4 nm 

ngle fibersn

Conclusion and Outlook 
For harmonizing the determination of the length and 
width distributions of fibers the new OECD test 
guideline will address:  

sample preparation (optimized for each  material, 
general quality criteria given) 
image acquisition (appropriate resolution to picture 

fibres as a whole) 
data evaluation (determine diameter and 
length concurrently  applicability of different  
regulatory definitions) and  
uncertainty analysis (quality of the results 
critically depend on the sample preparation 
and data evaluation) 

classification rules have to be formulated and 
followed accurately in order to optimize 
reproducibility of the method 
SOP will be validated in an international 
round robin test, planned for 2018/2019 
Reference materials needed for validation 
and quality control 

Protocol for  
measurement of  

length and diameter 
distribution 

of fibers  
with SEM/TEM 

measure the diameter and length of elongated particles simultaneously. Such 
techniques are therefore not applicable to nanoscale fibers, i.e., materials with a 
diameter below 1000 nm and a length-to-diameter ratio greater than 3. For 
fibrous materials an imaging technique (SEM, TEM) has to be applied in order to 
perform a morphological analysis and to obtain the material characterization 
required for regulatory purposes. 
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LEFT: Schematic representation (not in
scale): (a) uncoated structure, (b)
structure coated with a film, and (c)
coated structure, with top membrane
removed.

Experimental
parameters to be
recorderd from
thickness line
scans

RIGHT.
Dark field microscope images
of chip coated with 50 nm thick
Al2O3 grown by ALD
Gap height 500 nm
Penetration depth ~130 m

LEFT.
An AFM image of the
first two lines (top).
An averaged line profile
showing the scale lines
(down).
The  averaging area is
shown in the AFM
image.
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The need of a reference for APT-AFM tip reconstruction 
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Dedicated reference structures:
High aspect ratio pillar.
Tip-sample convolution is turned to the users
advantage.
Extract the shape of the AFM probe using the blind tip
reconstruction method.[2]

Atom probe tomography (APT) holds 
great potential:

High spatial resolution (~0.2-0.3 nm). 
High elemental sensitivity in 3 dimensions.
3D information.

Requirements:

Figure 8: Schematic depiction of the working principle of
atom probe tomography.

The challenge is to understand and resolve tip
convolution artefacts.
Knowledge on the tip shape is critical to asses the
reliability of the AFM measurement.

A cylindrical structure (radius  100 nm) and hard 
material.
Sidewalls (cone angle  0 ) allow reconstruction of 
high-aspect-ratio (HAR) probes.
Height should correspond to the region of interest 
of the APT tip (1 m). 

1. 1.C Fleischmann, K Paredis et al. 2018, in review with Ultramicroscopy.
2, J.S. Villarubia 1994, Surface Science 321, 287-300.

Figure 1: Schematic depicting (to scale) the APT-AFM 
concept. Inset shows the optical image when the tips are 

aligned.

AFM tip

APT tip

Figure 2: Determination of the atom probe tip 
shape through SEM (2D) as opposed to AFM (3D).

Figure 3: Asymmetric atom probe tip after laser-
assisted APT analysis as measured by AFM.

Figure 4: Non-hemispherical shape (a) of the atom probe tip as measured by AFM 
(b). The tip is blunted on the laser side, resulting in a larger local radius affecting 

the local electric field and therefore the ion trajectories. 

The challenge is:
To align and measure a sharp atom 
probe tip with an even sharper scanning 
probe microscopy tip.
Understand tip-sample interactions and 
convolution artefacts.
Perform highly reliable measurements 
with high resolution. 

Figure 7: By measuring a well-defined
reference structure the shape of the AFM
probe can be retrieved.

Figure 6: Line profile 
comparison of the APT tip 

shape as measured by SEM and 
3 different AFM probes. 

Atom probe tomography principle:
Voltage/laser pulses trigger atom-by-atom 
field evaporation.
Position sensitive detector and time-of-
flight mass spectrometer reveal spatial and 
chemical information.

Figure 5: Convolution artifacts in APT-AFM 
result in an apparent larger shank angle of the  

APT tip. [1]

Imaging using different AFM
probe shapes shows:

Convolution artifacts using
conventional probes.

The correct shank angle using 
a fib-milled HAR-probe.
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Goal
This project aims to evaluate the flexural rigidity (E) of carbon 
nanotubes (CNTs) by detecting the resonance frequency of 
fibers with an experimental setup inside a Dynamic Scanning 
Electron Microscope (DySEM) [2].

www.bam.de

Development of a Method
for Measuring the Rigidity of Nanofibers
Renata Fortinia, Dominic Kehrenb, Asmus Meyer-Plathb, Heinz Sturma

a BAM - Federal Institute for Materials Research and Testing
b BAuA - Federal Institute for Occupational Safety and Health

Introduction
Airborne fibers that reach the respiratory 
system may cause serious, asbestos-like 
health problems in lungs. Incomplete 
phagocytosis of fibers by alveolar 
macrophages and cell lesions may induce 
chronic inflammation. Flexural rigidity is 
a material property that is believed to 
govern the hazard of fibers. Here a 
method is presented that aims at 
measuring the flexural rigidity of fibers 
with diameters down to the nanoscale.
The mechanical rigidity of fibers may 
change from the original value due to 
manufacture and aging.

References
1  Donaldson, Murphy, Duffin, Poland, “Asbestos, carbon nanotubes and the pleural mesothelium: a review of the hypothesis regarding the role of 
long fibre retention in the parietal pleura, inflammation and mesothelioma”, 7:5 (2010)
2  Schröter, Ritter, Holschneider, Sturm “Enhanced DySEM imaging of cantilever motion using artificial structures patterned by focused ion beam 
techniques” 26 (2016) 035010.

Fig. 1: Example of a 
frustrated phagocytosis 
during digestion of rigid 
fibers [1]

The Method
Based on Euler-Bernoulli beam theory, the Young‘s 
Modulus of CNTs can be obtained using the resonance 
frequency of mechanically excited fibers.
To acquire the resonance frequency during excitation, the 
signals of secondary electrons (SE) are filtered and treated 
by a lock-in amplifier, that sorts out the corresponding 
amplitude and phase values.
This method could be applied to any nanofiber that has a 
shape similar to a symmetric beam.

Estimation of resonance frequency and Young’s modulus for CNTs 
with different dimensionsCNT

Acknowledgement
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CNTs on piezo quartz.

Fig 4 (left) and (right): Carbon Nanotube fixed on the tip 
of a 12 MHz piezo quartz 

Electron Beam
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Fig 3: SE signals of the fiber at resonance frequency ( )

Piezoelectric Quartz 
Crystal

Input Frequency

LOCK-IN-AMPLIFIER

Euler-Bernoulli beam theory

Fiber

Experimental Set Up

Fig 2: SEM image of a carbon fiber of 7 m diameter without input frequency (left) and 
at resonance frequency of 15.2 KHz at the fundamental mode (right).
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Flexible gold-coated Si nanowires 
for SERS analytical measurements

Requirements: 

• large area;

• favorable chemical detection 
level;

• stability and reproducibility;

• homogeneity.

   Scanning electron microscopy (SEM) 
provides a morphological characterisation of 
the high aspect-ratio nanowires. Morphology is 
crucial in this surface-sensitive technique. 
Determination of the active areas:
• hot spots at the tip-to-tip sites
• ensembles of two to five nanowires produce 

larger enhancement

MORPHOLOGY

[1] Kara S., et al. 2016, RSC Adv., 6, 93649–93659

SURFACE-ENHANCED RAMAN 
SPECTROSCOPY

FUNDAMENTALS

       Large-scale unconventional methods are used 
for the realisation of novel 3D plasmonic 
nanostructures. Au-coated flexible silicon nanowires 
has been successfully tested [1]. 

Combination of nano spheres lithography (NSL) 
and metal-assisted chemical etching (MACE).

FABRICATION

Quantitative evaluation of the degree of order of 
the nanosphres is achieved through image 
processing based on Delaunay triangulation.

By elaborating the colour maps it is possible to 
calculate the correlation length , the distance in 
which the coherency of the order is preserved. 
Low velocities trigger the surface tension that pulls 
nanoparticles together, resulting in the maximum 
and in the lowest number of defects.

The projects has received 
funding from the EMPIR programme co-financed by the 
Participating States and from the European Union’s 
Horizon 2020 research and innovation programme.

Long-range ordered gold-coated silicon nanowires for 
surface-enhanced Raman spectroscopy

The self-assembly of the nano spheres is affected by 
the dynamic conditions during spin coating.

HOMOGENEITY
          The homogeneity was evaluated through 
the calculation of the relative standard deviation 
(RSD) on the Raman color map of the most 
ordered substrate up to 4 mm  .

• RSD < 20% states acceptable 
homogeneity level over large area (mm  ); 

• minimum area that ensures good 
repeatability (500 x 500) m

SERS measurements were carried out using 7-mercapto-4-
methylcoumarin (MMC) as probe molecule on four substrates 
corresponding to different values of  for which we completed 
the fabrication to obtain flexible nanowires.

The linear increasing trend of the intensity of the SERS signal at 
1593 cm , due to the conjugated -C=C- stretching mode of 
MMC, can be motivated by the increase of the order of the 
nanostructures that influence both the density of the nanowires 
and the bending configuration for the formation of the hot spots.

2

Intra-map RSD: pixel-to-pixel variability within 
single maps
Inter-maps RSD: repeated measurements of equal 
areas

2

2
-1

[2] Le Ru E. C., et al. 2007, 111, 13794–13803 

      By pre-patterning of topographical micro-sized templates on the substrate with direct laser 
writing (DLW), it is possible direct to the self-assembly of the nano spheres and boost the 
degree of order over large area together with the enhancement and the homogeneity.
Moreover topographical templates can be used for microfluidics application and multiplexed 
analysis.

FUTURE PERSPECTIVE

Enhancement 
factor equal to 
1.6 • 10
calculated on 
substrate NW1 
with the following 
formula [2]

6
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