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SUPPORTING INFORMATION
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Materials

The results and discussion sections of the main manuscript and Tables 3 and 4 in the main manuscript
present and discuss physical-chemical properties in detail. The following sections provide additional
information on the production process of ENMs and NEPs, their visual appearance and
micromorphology.

1.1

Benchmark Materials

Benchmark materials were selected from the JRC repository of the OECD sponsorship program for
the testing of nanomaterials except for Mn2O3 (Skyspring nanomaterials, Houston, USA) and CuO
(PlasmaChem, Berlin). Both material were from fresh batches of the same grades previously tested in
the SUN project.(Pantano et al. 2018; Hristozov et al. 2018; De Jong et al. 2018; Gosens et al. 2016)
ZnO nanomaterials (NM110 and NM111 from the JRC repository) were re-characterized to optimize
the comparability within our dataset, despite earlier data from JRC reports.(Singh et al. 2011) Multiwall Carbon Nanotubes (mwCNT) were obtained in two NFs, NM400 and NM402, from the JRC
repository, and were re-characterized despite earlier existing data from JRC reports.(Rasmussen et al.
2014)

1.2

Case Studies: Powders and Suspensions (ENM)

The case study materials cover a wide range of the materials that are prioritized by the French R-nano
reporting with high tonnages, and include some novel materials.
Wet phase synthesis with precipitation in water or solvents, then drying to the commercialized powder,
is used to produce the DPP, Fe2O3 and CuPhthalocyanine pigments (all from BASF Colors and
Effects), as published previously. The batches are identical to previous studies on individual aspects of
the safety assessment.(Pizzol et al. 2019; Amorim et al. 2018; Neubauer et al. 2017; Pang et al. 2017;
Arts et al. 2016)
The cementitious materials were successively micronized and nanostructured (all at Zoz GmbH,
Wenden, Germany) to increase reactivity in the cement hydration, starting from granulated
blastfurnace slag (GBS), to then obtain ground granulated blastfurnace slag (GGBS), then high-energy
milled in order to create activated nanostructures (HKP_GGBS_hr). Portland cement (CEM), of grade
CEM I 52.5R, was obtained from, HeidelbergCement AG, Heidelberg, Germany.(Funk et al. 2019) The
nanostructured additives GGBS and HKP_GGBS_hr (High Kinetic Processing-GGBS, highly reactive)
were obtained by processing of a commercial granulated blastfurnace slag (GBS, ThyssenKrupp Steel
Europe AG, Duisburg, Germany). For comminution in the first step to obtain GGBS, 5 kg of GBS were
dried at 60°C and milled (drum mill Comb03-A03, Zoz GmbH, Wenden, Germany) with 44 kg
corundum balls (ball diameter between 5/4” and 7/8”, total filling level of 66.7 vol.-%) at 50 rpm for 4 h.
In a second step, GGBS was further comminuted, nanostructured and activated to HKP_GGBS_hr by
®
high kinetic processing (Simoloyer CM08-8lm, Zoz GmbH, Wenden, Germany).
Wet phase synthesis by Stoeber processes generates the colloidal SiO 2 materials, which are
commercialized as aqueous suspension. The materials tested here were the same grade but
reproductions by different batches of the same sizes and surface modifications as in earlier
studies.(Arts et al. 2016; Wohlleben et al. 2016; Landsiedel et al. 2014) We included a pyrogenic
(NM203) powder from the JRC repository, which have been extensively characterized
previously.(Farcal et al. 2015; Schneider et al. 2011)
The CeO2 NM211 and NM212 materials were produced by precipitation, and were obtained from the
JRC repository. Many physical-chemical parameters were published in from earlier studies.(Keller et
al. 2014) The nanoforms of TiO2 NM102, NM104, NM105 were obtained from JRC repository, and

were complemented by a surface-coated non-nano-form of TiO2 (pigment white, for paints and
coatings) from Kronos; its production process has not been disclosed.
Nominally monolayer graphene and multilayer graphene (ACS nanomaterials) were produced by
undisclosed processes. Carbon Black (Ensaco) is produced by pyrolysis and was a grade optimized
for conductive quality, not for rubber/tire applications. WS2 forms are stiff inorganic nanotube-like
fibres (length 1 to 20 µm) generated from Tungsten oxide and H2S or sulfur by high-temperature
sulfidation (Apnano, Israel). In contrast to CNTs, the production process does not involve toxic catalyst
substances possibly influencing biological properties.(Visic, Panchakarla, and Tenne 2017; Zohar et
al. 2011)
In contrast to the other materials, Kaolin is a naturally occurring nanomaterial of platelet shape,
differing in thickness and lateral dimensions. Kaolin is mined and commercialized after purification
(BASF SE) for paper, paint and polymer reinforcement applications. The IRMM385_Kaolin was
assessed before by the NanoDefine project, and was provided by JRC Geel, Belgium.(Babick et al.
2016)
BaSO4 is produced by precipitation, grinding and washing. The NM220 was provided by the JRC
repository Ispra, and was extensively characterized before. The IRMM381 non-nano-form was
assessed before by the NanoDefine project, and was provided by JRC Geel, Belgium.(Babick et al.
2016)
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Figure SI_1 Representative electron microscopy (SEM or TEM as appropriate) of the pristine NM
(Tier 1)

1.3

Case Studies: Nano-Enabled Products (NEP)

The cement pastes were prepared with technically relevant amounts of additives and a constant water
to cement ratio (w/c) of 0.4 according to DIN 1045-2:2008 to ensure complete hydration and hardening
and to prevent incomplete binding. For the preparation of the nanomaterial-containing cements pastes
(CEM with SiO2, or TiO2), the nanomaterials were dispersed homogenously in the mixing water with
the addition of a superplasticizer (MasterGlenium® SKY 592, BASF Construction Solutions GmbH,
Trostberg, Germany) prior the addition of cement. In the case of the blast furnace slag composites
(CEM with GGBS or HKP_GGBS_hr), the slag and the cement were dry mixed in advance by a
continuous ploughshare mixer. The components of each composite were then stirred with mixing
water at room temperature for at least 2 min, and were casted in 100x100x100 mm³ cubes (Figure
SI_2_a to d)) according to EN 12390-2:2009, and were stored according to DIN EN 196-1:2016 for at
least 28 days under wet conditions at room temperature.
The automotive coating NEPs were prepared by dispersing at 3% by weight three nanosize pigments
(DPP_nano, Fe2O3 and CuPhthalo_nano) in a mixture of acrylic and polyester polymers. The pigments
were stirred in a standard solvent-borne coating with a disperser. The coating was applied on a steel
test panel by spray application and hardened in an oven. The resulting plates measured 10 cm x 9 cm.
Different NEP nanocomposite plates (5 cm x 5 cm) that perform well for lightweight mobility
applications were generated using epoxy and thermoplastic (PA and PP) polymers. Epoxy plates were
mixed and cured with MWCNT (Nanocyl 7000, 0.38% (w/w) = 0.22% (v/v)), WS2 nanotubes (ApNano,
1.5% (w/w) = 0.22% (v/v)), multilayer graphene (ACS, 1% (w/w) = 0.6% (v/v)), carbon black (Ensaco
conductive grade, 3.4% (w/w) = 2% (v/v)), and SiO 2 (Aerosil, 3% (w/w) = 1.5% (v/v)). For the 2D and
1D materials respectively, a lower concentration was chosen to represent the real-world benefit of
lower-dimensionality material that achieve percolation and thus conductivity at reduced filler
content.(Neubauer, Wohlleben, and Tomović 2017). The thermoplastic nanocomposites were
prepared by combining PA with Kaolin (25% w/w) and PP with CuPhthalo_nano (0.5% w/w) employing
hot melt extrusion process.

Figure SI_2 Illustrative photographs of the test specimen of nano-enabled product (NEP): (a-d)
cement/concrete cube (10 cm edge length), (e-h) polymer (5 cm edge length) and (i-k) coating plates
(9 cm edge length).
(a-d) High purity Portland hydrate cement/concrete composites with (a) silica NPs (SiO 2), (b) no filler,
(c) ground granulated blast furnace slag (GGBS) and (c) high kinetic processing-GGBS (HKP-GGBS).
(e-h) Selection of polymer plates: (e) polypropylene filled with Fe 2O3, (f) unfilled epoxy, (g) epoxy
embedded with carbonaceous NPs and (h) unfilled polypropylene. (i-k) Three acrylic coating plates
embedded with (i) Fe2O3, (j) DPP_nano and (k) Cu-Phthalo_nano.

Figure SI_3 Representative electron microscopy characterization of (a-f) cement/concrete specimens,
(g-p) polymer and (q-v) coating plates.

(a-f) SEM analysis of high purity Portland hydrate cement/concrete composites with (a) no-filler
(CEM_hyd) and with 5 other different additives: (b) ground granulated blastfurnace slag (GGBS), (c)
high kinetic processing-GGBS (HKP-GGBS), (d) silica NPs (SiO2), (e) titania NPs (TiO2) and (f) mix of
HKP-GGBS, sand and coarse grain (FuturBeton).
(g-v) Cross-sectional TEM evaluation of different plates: (g-n) epoxy plates embedded with (g, h)
graphene, (i, j) carbon nanotubes, (k, l) carbon black, (m, n) tungsten disulphide; (o, p) polyamide
plates filled with high content of Kaolin; (q-v) acrylic coating incorporating (q, r)) DPP, (s, t) Fe2O3 and
(u v) Cu-Phthalo nano-pigments.
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Methods

2.1
2.1.1

Properties, which describe the „what they are: physical structure“
Primary particle geometry and primary particle dimensions

Both properties are recommended by ECHA best practice as an essential description of a nanoform. If
a material has been identified as a nanomaterial with the NanoDefine methodology, electron
microscopy may already be present. The nanoGRAVUR-relevant descriptors of the "minimum external
dimension" and the "aspect ratio" can then be read directly from the pdf report of the NanoDefineretool. Otherwise, SEM or TEM must be measured. Image analysis should use the NanoDefiner etools,
as
documented
in
the
"NanoDefine
Methods
Manual"
(http://www.nanodefine.eu/index.php/nanodefine-publications/nanodefine-technical-reports).
2.1.2

Rigidity (esp. for fibers)

We suspect that rigidity is a crucial property for grouping of fibers, possibly even for classification (by
carcinogenicity). So far no method for the experimental determination of the rigidity for the regulatory
or industrial routine operation is foreseeable. Table 3 in the main manuscript therefore uses a diameter
value as a replacement criterion, an interim value for potentially critical rigidity for multiwall CNT. In the
current nanoGRAVUR scheme, rigidity is not determined experimentally and is not used quantitatively.

2.2
2.2.1

Properties which describe the „what they are: chemical composition“
GHS CLP human toxicity (bulk material)

The GHS codes (globally harmonized system) of the same composition in a non-nano-form ("bulk"), as
established in the CLP (classification and labelling of products) directive can be taken as a first
indication of a potential hazard from nanomaterials of the same substance. Both physical and health
hazards (Chapter 2 and Chapter 3, CLP) are considered. It is assumed that the nanomaterial has the
same or more GHS codes than the bulk material. Both the harmonized and the self-ratings are
considered, as published on the ECHA website (https://echa.europa.eu/information-on-chemicals).
Level 1 Harmonized Classifications (e.g., Pyr Sol 1, Carc 1B) are considered critical. Self-rated class 1
or higher classifications are considered as an indication of a hazard. This information is useful for
targeted but does not serve the comparison between two NFs, as the property is always the same for
both NFs. The GHS codes are especially important for grouping by consumer safety, which however
was not formalized to the same extent as the grouping by environmental safety and by occupational
safety.
2.2.2

GHS CLP ecotoxicity (reference material, bulk)

This parameter is used to integrate the material toxicity in the assessment. For (nearly) insoluble
nanomaterials, it uses information for the bulk materials with a particle size >1 μm. For nanomaterials
whose toxicity is significantly caused by released ions, the orientation factor is the toxicity of a soluble

salt. Toxicity is represented by the EC50. In the worst case scenario, toxic substances whose toxicity
falls below the value that characterizes the ecotoxicity classes with the lowest ecotoxicity listed in
various regulations (100 mg/L, 1000 mg/kg) are considered toxic. This information is useful for
targeted but does not serve the comparison between two NFs, as the property is always the same for
both NFs. More details are discussed elsewhere.(Hund-Rinke et al. 2018)(Kühnel et al, 209,
submitted)
2.2.3

Solubility in water

The OECD TG "OECD test guideline for the testing of dissolution rate of nanomaterials in aquatic
media", currently being drafted, describes a "screening dissolution test", ideally suited to recognize
easily soluble substances. It describes a minimum of two test concentrations, three pH values in 5 mM
bicarbonate buffer, and a separation of undissolved matter from ions by ultrafiltration or
ultracentrifugation after 24h. We follow the same logic but simplify requirements for the purpose of
comparing between NFs.
The data shown in Table 3 was acquired with initial ENM concentrations of 100 mg/L in pure water
and 1000 mg/L in ecological media, but for future studies nanoGRAVUR recommends to adhere to the
draft OECD guidance, specifically ultrafiltration over 5 kDa membranes for separating the ions from
the remaining particles, and screening only in H2O at pH 7, only at 10 mg/L, to remain consistent at
the same time as increasing efficiency.

Since the ion concentration is measured in equilibrium, it is possible that poorly soluble materials are
not recognized as being soluble but will prove biosoluble outside of equilibrium (in environmental
compartments or in a physiological environment). The benchmark material is described in the draft TG
2
as "Copper(II)oxide (<50 nm, SA: 29 m /g, non-coated) available through the JRC", and is sufficiently
similar to the CuO in nanoGRAVUR.
2.2.4

Physico-chemical hazards (bulk)

The globally harmonized system (GHS) is used. No specific requirements. This information is useful
for targeted testing by specific scenarios in tier 3, but is irrelevant for the Tier 2 comparison between
two NFs, as the property is always the same for both NFs.

2.3
2.3.1

Properties, which describe „what is the NEP”
Product classes and application scenarios

For the purpose of downstream professional user or consumer protection, the following four product
classes are distinguished: powder, suspension, spray and solid. With regard to the application
scenarios, the different routes of exposure are considered, and for consumer protection are weighted
with regard to the main route(s) of exposure (application) and also including further routes (misuse or
accident).
2.3.2

Specific NEP: Dispersion state of the ENM

This property describes whether the primary particles are bound to each other or in a continuous
matrix (liquid or solid). The criteria listed relate to a specific application subdivided into the product
classes (see 2.3.1). If the framework is applied to nanomaterials before integration in NEPs, one
should assess whether the particles or fibers are present as sintered aggregates, which cannot be
broken up with realistically expected forces. The quality of the SEM or TEM scan is used to evaluate

whether sintered necks are recognizable. This is the case for fumed silica (NM203), but not for
colloidal silica (SiO2_untreated)
As a future quantitative method, it would be conceivable to carry out either wet dispersion with a
certain ultrasound energy density (and "optimal additives" for stabilization until measurement), or dry
dispersion in the aerosol, but data for deriving band boundaries are not sufficiently available.
(Retamal, Babick, and Stintz 2017; Göhler and Stintz 2015).
2.3.3

Specific application in the NEP: Content of the ENM

The gravimetric content should be known from the composition of the NEP, or must be determined,
mostly via element-selective methods (e.g. ICP-OES, XRF). If nothing is known about the NEP,
grouping is probably not the most direct route to risk assessment, even though some of the same
characteristics may be relevant, but then in other assessment schemes (Oomen et al. 2018).

2.4
2.4.1

Properties, which describe „where they go: release / exposure“
Dustiness

Dustiness or dustiness of a material is a test method specific characteristic for describing the dust
evolution behavior of powders in typical handling processes (e.g., falling, mixing, dumping). It is
typically expressed in terms of mass-specific dust fractions [mg/kg, #/kg].
Today, there are numerous national and international standards that deal with methods for
determining dustiness (eg: EN 15051-2: 2013, EN 15051-3: 2013, DIN 55992-1, DIN 55992-2, VDI
2263-9, DIN 33897-3, BGI 5047). An overview of the classical methods can be found in (Hamelmann
and Schmidt 2003). Most widely used are the method for the continuous fall in the counterflow (CCD:
Continuous drop down) and the repeated case within a rotating drum (RD: rotating drum). Since
classical methods such as CDD, RD sometimes require significant amounts of test material, numerous
new methods have been developed in the last 15 years (see also ISO / TS 12025: 2015) which are
gaining increasing international recognition. These are essentially the Small Rotating Drum (Schneider
and Jensen 2008) as well as shaking and fluidized bed methods (Ogura, Sakurai, and Gamo 2009;
Plitzko et al. 2010). At present, the comparability of the methods has not yet been conclusively
clarified. Therefore, for example, a grouping based on data determined using a consistent
methodology should not be substantiated with mixed methods.
From the point of view of nanoGRAVUR both the use of the EN 15051 methods (CDD, RD) as well as
of alternative methods (SRD (small rotating drum), FLU (fluidized bed), DEM (dustiness equivalent
method based single drop down)) with comparable low dry dispersion intensity are recommended. To
assess the dusting tendency, method-specific property boundaries are to be used which are to be
determined by means of suitable benchmark materials (for example BaSO 4, NM203_SiO2, NM400).
For CDD and RD band boundaries are specified in EN 15051-2: 2013 and EN 15051-3: 2013
respectively.
The dustiness equivalent method (DEM) is based on single drop-down powder dispersion (0.5 g –
1.5 g powder sample mass per measurement) within a commercial fall shaft disperser
(MEGAGRADIS, Sympatec GmbH, Clausthal-Zellerfeld, Germany) and subsequent size analysis by
laser diffraction spectrometry (HELOS/KR-H2487, Sympatec GmbH, Clausthal-Zellerfeld, Germany)
according to ISO 13320:2009. The intrinsically measured volume-weighted size distributions (based
on Fraunhofer theory) over the diffraction equivalent diameter (corresponds to the projection area
equivalent diameter) are used for computing dustiness equivalents. Therefore, the projection area
equivalent diameter xgeo is at first converted into the aerodynamic diameter xad by assuming that the
effective particle density equals the tapping density (c.f. (Barthel et al. 1998)):
𝜌𝑒𝑓𝑓 2
𝑥𝑎𝑑 = √
∙𝑥
𝜌𝑎𝑑 𝑔𝑒𝑜

To calculate dustiness data (i.e., for the inhalable, thoracic and alveolar dust fraction) equivalent to the
CCD dustiness method of EN 15051, the volume-weighted size distributions over the aerodynamic
equivalent diameter are afterwards combined with the separation functions for health relevant fractions
according to EN 481:1993 up to a cut-off diameter of 37 µm (i.e., the technical cut-off diameter of the
CDD method). Finally, the resulting quantities are expressed in the metric proposed by ECHA (i.e., in
mg/kg metric).
Benchmark materials are defined independently for fibers and for particles:
FLU: OECD test material NM400/NM401 and commercial TCI C2154. NM400 has a low tendency to
dust (150/mg/h) while TCI2154 is heavily dusting (8000/mg/h).
SRD: BaSO4_b (high dustiness) respirable mass-based: 1039±107 mg/kg; number-based
84.000±6.200/mg, was used by the CEN standardization project dustinano.

2.4.2

Sanding-induced particle release

To classify release data of different test methods for moderate mechanical stress situations, a
comprehensive release testing program was performed on the base of three different setups for the
simulation of sanding procedures. Detailed information on the setups and instruments operated by
BASF (Neubauer, Wohlleben, and Tomović 2017), IUTA (Kuhlbusch and Kaminski 2014) and TUD
(Gohler et al. 2013; Gohler et al. 2010)(ISO/DIS 21683:2018) can be gathered from the literature. For
the purpose of release testing, the following conditions for sanding were applied:

Table SI_1 Comparison of conditions for sanding process simulation by BASF, IUTA and TUD for
particle release characterisation.
setup

SAN-BASF

SAN-IUTA

SAN-TUD

kind of procedure

disc type sanding

disc type sanding

peripheral longitudinal sanding

mean cutting velocity

2.0 m/s

1.8 m/s

1.8 m/s

cutting power

N/A

N/A

1.3 W

paper graining

P400

P80 (P320 for coatings)

P600

analyses per sample

6

≥3

6-8

metric

fractional particle number
concentration

fractional particle number
concentration

fractional area-specific release
numbers

Due to the different experimental design and metrics of the methods, received release data are not
directly comparable. Assuming that a linear relationship holds true, the release data of each
experimental setup (Ri) were scaled by release data gathered by each setup for the benchmark
material epoxy.
𝑅𝑖,𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑅𝑆𝐴𝑁−𝐵𝐴𝑆𝐹
𝑅𝑆𝐴𝑁−𝐼𝑈𝑇𝐴
𝑅𝑆𝐴𝑁−𝑇𝑈𝐷
=
=
=
𝑅𝑖,𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 7.1∙105 cm-3 2.4∙103 cm-3 2.2∙106 cm-2
Figure SI_4 summaries the thus received scaled relative release quantities for each composite.
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Figure SI_4 Relative sanding-induced particle release quantities (scaled by release quantities for
epoxy) received by three different experimental methods; release data based on condensation particle
counting (CPC), error bars are intensified due to simple error propagation calculation for noncorrelated errors.

According to Figure SI_4 the scaled relative release quantities of the different setups correlate well
among each other and establish a consistent ranking of release quantity via the matrix material:
𝑅𝐿𝑎𝑐𝑘,𝑖 < 𝑅𝑃𝐴,𝑖 < 𝑅𝑃𝑃,𝑖 < 𝑅𝐴𝐿,𝑖 < 𝑅𝐸𝑝𝑜𝑥𝑦,𝑖 < 𝑅𝐶𝐸𝑀,𝑖
The experimental finding that the ranking is given by the matrix material, not be the embedded NF, is
strong support of the grouping by matrix.
2.4.3

Agglomeration of the ENM upon NEP application

The methodology is not yet so mature that band boundaries could be derived. Projection analysis of
particles on SEM / TEM images of bulk samples. The projected area 𝐴𝑝𝑟𝑜𝑗 of particles is determined
using image analysis software (e.g. GIMP), which converts a number of pixels within the manually
drawn outline of the particle into an area. For fibers we determine the projected area from the product
of length and diameter. In each case, the total projected areas of the agglomerates 𝐴𝑎 and the
individual fibers 𝐴𝑝 are determined.
2.4.3.1 Descriptors
The volume-based degree of agglomeration 𝑋𝑉 is the quotient of the total volume of the agglomerates
𝑉𝑎 and the sum of 𝑉𝑎 and the accumulated volume of the primary particles 𝑉𝑝𝑝 :
𝑋𝑉 =

𝑉𝑎
𝑑𝑎 𝐴𝑎
=
.
𝑉𝑎 + 𝑉𝑝 𝑑𝑎 𝐴𝑎 + 𝑑𝑝 𝐴𝑝

The factors 𝑑𝑎 and 𝑑𝑝 are the diameters of the spheres with equivalent surface 𝐴𝑎 and 𝐴𝑝 .
2.4.3.2 Benchmark materials
GBS: BaSO4_b
Fibers: ARIGM001 (𝑋𝑉 = 0.003), NTX-3 (𝑋𝑉 = 0.913)
2.4.3.3 Band boundaries
Particles: A concrete band boundary is still being discussed.
For fibers analysed by the shaker method:
< 0.04
0.04 - 0.4
> 0.4

(low)
(medium)
(high)

Note: A high degree of agglomeration is considered beneficial in terms of risk potential.
2.4.4

Resilience of the NEP matrix

2.4.4.1 Method
Tensile elongation according to ISO 527 (for plastics)
2.4.4.2 Descriptors
Elongation at break or tensile strength
2.4.4.3 Benchmark materials
•

•

Epoxy resin and cement
- brittle
- leads to exposed nanomaterials on the surface of fragments.
Polyamide PA
- soft / tough
- leads to relatively coarser fragments with little or no exposed nanomaterials

2.4.4.4 Band boundaries
Elongation at break: 10% (Hirth et al. 2013)
Tensile strength: suitable for read-across, but no band boundary has been derived for grouping.
(Schlagenhauf et al. 2015)
Both criteria are basically compatible with each other. In direct comparison of similar materials the
tensile strength is more meaningful. (Neubauer, Wohlleben, and Tomović 2017)
2.4.5

Critical shapes upon release

2.4.5.1 Methods
Electron microscopy – Scanning and electron microscopy (SEM/TEM) is used to morphologically
characterize particles collected on air samples. Discovered fibrous objects are measured.
2.4.5.2 Descriptors
Critical dimensions are (extended WHO criteria):
aspect ratio
length
diameter

>5:1
(as proposed by the ECHA guidance on nanoform registration)(ECHA 2017)
L >5µm
20nm >d <3µm

2.4.5.3 Benchmark materials
Currently, there is no commonly available MWCNT material (e.g. OECD NM series), which has shown
a 0% WHO share in the Shaker procedure. Currently, we propose the material ARIGM002 as a
benchmark material for the lower band boundary.
NM400 – MWCNT WHO share 0.4 %
NM401 – MWCNT WHO share 20.4%
2.4.5.4 Band boundaries


Workplace: From the number of particles found with critical dimensions, the average
concentration can be extrapolated during the sampling time, given known sampling conditions
3
and filter area. Workstation band boundary is concentration <10,000 critical fibers (F) per m
3
3
3
(low), 10,000 F/m to 100,000 F/m (medium) and >100.00 F/m (high).



For laboratory tests (shaker method), the following band boundaries are discussed:
percentages of the WHO objects to the total number of objects with the following limits: 0%
(low), >0% to 1% (medium), and >1% (high)

2.5
2.5.1

Properties which describe „where they go: in relevant media“
Ion-releasing

In the grouping project of the UBA (FKZ: 3714 67 417 0) a methodology was proposed which is very
compatible with the OECD draft TG dissolution (see above for solubility in water), and whose limit
value lies at the detection limit of ion analysis (ICP-OES). (Hund-Rinke et al. 2018) With the expected
advances in analytics, this is a temporally moving grouping. Instead, it is proposed here to apply
exactly the same methodology through ultrafiltration after 24 hours, but to use the relevant (possibly
more complex) medium. As a limit, 0.1 mg/L of ions at 100 mg/L particle concentration is proposed
because this corresponds to the current Limit of Detection (LOD) of a multi-purpose elemental
analysis.
2.5.2

Dissolution in relevant media

In nanoGRAVUR, an already known method for dissolution under non-equilibrium conditions was
adapted to nanomaterials.(Koltermann-Jülly et al. 2018) Choice of medium depending on exposure
scenario, in particular validated for inhalation with pH 4.5 with 2 mL/h, 1 mg nanomaterial in flow
ultrafiltration cells, ion detection by ICP-MS + remaining-solids TEM after 7 days. The duration of 7
days is pragmatically fixed, and the limit was derived from the point of view of human toxicology. For
ecotoxicology so far no statement can be made (results are evaluated, and OECD task force has been
initiated in 2019). Benchmark materials for human inhalation can be derived:


Non-persistent and high dissolution k>100 ng/cm²/h (ZnO NM110)



Non-persistent, significant transformation k=1-100 ng/cm²/h (BaSO4 NM220)



Low dissolution, significant transformation k<1 ng/cm²/h (SiO 2 NM203)



Low dissolution, low transformation k<1 ng/cm²/h (CeO2 NM212)

2.5.3

Transformation „change of what they are “

The solids remaining after a dissolution test can also be analyzed. For this purpose, a preparation
protocol was developed in nanoGRAVUR, which separates the salts and organics of the relevant
medium (otherwise they become particles as drying artefacts), and the particles potentially
transformed in their physical structure and / or chemical composition (= changed in "what they are ").
Particles are prepared on a grid for TEM and image analysis to describe their size distribution, or by Xray-Photoelectron Spectroscopy (XPS) with line shift analysis or Selected Area Diffraction (SAD) to

identify the chemical composition or crystal modification. An SOP is publicly available from
nanoGRAVUR.
Metric: TEM + NanoDefiner Image evaluation: size distribution (D50 and polydispersity), average
aspect ratio.
Benchmark materials for acidic pH 4.5: ZnO NM110 (particles disappear), BaSO4 NM220 (Ostwald
ripening: particles grow), CeO2 NM212 (slight change).
Benchmark materials for neutral ADaM: BaSO4 NM220 (Ostwald ripening: particles grow, become
more crystalline).
2.5.4

Homo-agglomeration

In order to investigate the homo-agglomeration of NM in the relevant media, the following analyses are
carried out in accordance with the newly established OECD TG318. Depending on the case study
considered, the media can be varied, in this case DI water, medium with 5 mg/L Suwannee River
humic acid + 0.01M CaCl2 solution and a medium with 0.5 mg/L Suwannee River humic acid + 0.1 M
CaCl2 solution.
The selected nanomaterials are first dispersed according to the nanoGRAVUR SOP. Subsequently,
the nanomaterials are added to the different media (target concentration 100 mg/L, if this does not
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leave the range specified by the TG318 range of agglomerates number of 10 /L - this can be verified
by the TG318 Annex (Excel) via the DLS data) (Abdolahpur Monikh et al. 2018) Subsequently, a) the
hydrodynamic diameter (D50 in nm) is determined by DLS at different times (direct, 2h, 6h, 24h) and
b) at the same times the supernatant of the samples will be taken and the concentration of
nanomaterials in the supernatant will be determined by ICP-MS. For organic ENM the UV/Vis
detection (TG318) can be used. This allows statements about agglomeration and sedimentation.
Band boundaries
In this case, nanomaterials which show more than 90% of the original concentration in the supernatant
after 6 h are considered to be stable; the range between 10-90% is regarded as medium and materials
<10% as unstable. Which limit values and whether the change in the hydrodynamic diameter (D50
value in nm) is used as a relevant parameter at the times mentioned is still under discussion, since
with increasing agglomeration and sedimentation the uncertainty of the measurements by means of
DLS increases in the supernatant.
Benchmark materials
There are currently no benchmark materials defined.
With the media of the TG318 Ag NM300 is "stable", whereas TiO 2 NM105 is "intermediate". The semisoluble Ag material should be replaced in the medium term by a less soluble material, perhaps by
colloidal silica such as SiO2_untreated.
2.5.5

Affinity (hetero-agglomeration)

Since it is known that in the environment the concentration of naturally occurring particles far exceeds
the concentration of the ENM, it has been suggested in the literature that transport processes are
much more determined by hetero-agglomeration than homo-agglomeration. The affinity of ENM to
other particles would therefore be crucial (Geitner et al. 2016; Hendren et al. 2015) No methods were
developed or tested in nanoGRAVUR, but we suspect that in the future parameters such as affinity 
will also be relevant for groupings (Geitner et al. 2017; Geitner et al. 2016) An alternative method
could also capture the affinity microscopically, with qualitative evaluation relative to a benchmark
material.
In the current nanoGRAVUR scheme, the affinity is not used.

2.5.6

Mobility - soil

Method
To investigate the influence on mobility in soil compartments, soil column experiments based on the
OECD TG312 in unsaturated soils are carried out. The changes to the OECD TG are pointed out in an
SOP.
The experiments are carried out with a reference soil Refesol 01A
Descriptors
The concentration of nanomaterials in individual soil layers as well as in the eluate (measurement after
2h, 4h, 24h, 48h) is determined by ICP-MS.
Based on the data, mobility profiles are created in the soil columns.
In addition, before the experiments, the agglomeration and the zeta potential of the nanomaterials in
aqueous suspension will be determined.
Band boundaries
At the moment it is not possible to get beyond a qualitative statement. Whether the results can be
used for a read-across has yet to be clarified. How the results of the zeta potential and agglomeration
can be transferred to the soil ecosystem has not yet been conclusively clarified.
Benchmark materials
There are currently no benchmark materials defined.
2.5.7

Mobility – systemic availability

Systemic availability is not a material property, but rather an in vivo toxicological finding. The homoagglomeration in serum-containing medium was used as an extrinsic material property that correlated
well with in vivo findings (one false positive, no false negatives) in the case studies of Arts et al..(Arts
et al. 2016) This descriptor was also acquired in the context of nanoGRAVUR, and there was no
contradiction to the in vivo findings. However, as nanoGRAVUR has not tested any systemically
available particles, such as quantum dots of certain surface modifications,(Choi et al. 2010) no
methodology can be conclusively recommended.

2.6
2.6.1

Properties which describe „what they do“
Reactiviy, abiotic

Methods were reviewed recently.(Hellack et al. 2017):
ESR: The reactivity of the nanomaterials is determined by the ability to form reactive oxygen species
(ROS), often referred to as oxidative potential (OP). For measurements with ESR, two complementary
approaches are used to detect different ROS species and a more general reactivity of NMs. For the
first approach, the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is used to detect the NM
induced hydroxyl radical formation (OH•) in the presence of hydrogen peroxide (H 2O2). Thus, in
particular, the metallic NM-induced ROS formation is quantified by Fenton-like reactions. For the
second approach, the spin probe 1-hydroxy-3-carboxy-pyrrolidine (CPH) is used, with which
predominantly superoxide radicals (O2•) and / or possible electron transfers are detected. Briefly, 100
µl of NM suspension was mixed with 100 μl CPH (1 mM in DFO-containing PBS) and incubated for 10
min at 37 °C before analysis by EPR spectroscopy.(Hellack, Nickel, and Schins 2017; Hellack et al.
2014)
The Analysis was done by ESR 300 Spectrometer MiniScope (Magnettech, Berlin, Germany) at room
temperature. The CPH, and the DMPO were obtained from Alexis (Switzerland). The precision and

accuracy of the radical detection was based on repeated measurements and detection of internal
standard CuSO4 solution (2.5 μM) and NM300 suspension (5 w/w%) (coefficient of variation, CV < 10
%) (Hellack, Nickel, and Schins 2017; Shi et al. 2003). Following EPR settings were used: magnetic
field: 3365 G, sweep width: 100 G, scan time: 30 s, number of scans: 3, modulation amplitude: 1.975
G, receiver gain: 1000.
FRAS
The principle of the Ferric Reduction Ability of Serum (FRAS) assay is well established to assess
oxidative damage, including its application to particle surface reactivity (Rogers et al. 2008). This
assay has shown potential to separate active from passive NMs,(Pal et al. 2014; Hsieh et al. 2013),
and to be specificially useful for grouping purposes.(Arts et al. 2016; Arts et al. 2015)
The assay was used in several nanosafety projects, especially the 137-material-comparison of Hsieh,
Bello et al.(Hsieh et al. 2013) but by relatively few laboratories, and is not standardised yet (Hellack et
al. 2017). An SOP including a dose-response-relationship was published in 2017 by nanoGRAVUR
(Gandon et al. 2017) and is freely available http://iopscience.iop.org/1742-6596/838/1/012033 . In
short, the antioxidative components present in human blood serum (HBS) serve as reporter
molecules(Rogers et al. 2008) The assay separates the oxidative damage from the read-out of the
reporter molecules, as schematically shown in Figure 1: (1), HBS is incubated with nanomaterials,
which are then (2) removed by centrifugation. Afterwards (3) an aliquot of that pre-incubated HBS is
mixed with a solution containing a Fe3+ complex and is again incubated. The ability of the preincubated HBS to reduce Fe3+ to Fe2+ is detected optically by a color change from transparent to
blue. Any damage to anti-oxidative species in HBS by nanomaterials during step (1) will reduce the
blue color in the final step (3). Within the nanoGRAVUR project, testing was performed in triplicate for
both surface dose metrics and mass dose metrics. Based on the calibration of the antioxidant content
of the serum against a known concentration of Trolox, a water soluble Vitamin E, the resulting units of
oxidative damage are „Trolox-equivalent units (TEU)“ as nmol TEU per m² of dispersed ENM
surface.(Pal et al. 2014; Hsieh et al. 2013)
Descriptors:
ESR: To determine the reactivity by means of ESR, both methods (DMPO and CPH) are used. For
this, the spin trap + H2O2 or spin probe (without addition of H2O2) is added to a NM suspension (water
or medium) and then the sample is measured. The results are related to blank.
FRAS: To improve sensitivity, two descriptors are extracted: the maximum biological oxidative damage
in mass metric (mBOD)., and the maximum biological oxidative damage in surface metric (sBOD).
Whether a nanomaterial is rated as significantly reactive is assessed by FRAS relative to a negative
benchmark, with the cutoffs: sBOD > 5 nmolTEU/m²ENM; mBOD > 2 nmolTEU/mgENM. ESR values are
rated as significantly reactive in which the measured value is higher than the blank, including three
times the standard deviation of the measurement, specifically values > 1.3 (i.e. 30% above the blank).
For ESR, values larger than the reactivity of a reference material, e.g. Mn2O3 are considered "very
reactive". For FRAS, the dynamic range is wider, and already values above 10% of the positive
controls are scored as “very reactive”.
Band boundaries, human toxicity:
The results of the ESR and FRAS measurements are combined in a scoring system. In this case, 1/3
point is given for each “reactive” descriptor, and 1 point for each “very reactive” descriptor. A NM thus
can get a maximum of 4 points (1 EPR mDMPO + 1 EPR mCPH + 1 FRAS sBOD + 1 FRAS mBOD).
The mixed metric was a pragmatic choice of measurable descriptors that differentiate well between
NFs. The aggregated score is rounded to integer values for Table 4. The resulting bands are: 1: low,
2: mid-low, 3: mid-high, 4: high.
However, specifically for grouping purposes, it is contemplated to use a uniform surface dose of 1
2
m /mL, giving a maximum of 3 points (1 sDMPO + 1 sCPH + 1 FRAS sBOD), but was not used here.

In future, one may thus perform a single-surface-dose variant of the ESR and FRAS assays (with a
uniform surface dose, e.g. 1m²/L).
Band boundaries, ecotoxicity
The application of reactivity as a criterion of ecotoxicity grouping (across all (nano)materials) is viewed
skeptically. The toxicity of the released ions seems to be much more important.
Benchmark materials
BaSO4 (neg), Mn2O3 (pos) FRAS and CuSO4 (pos) ESR are proposed as benchmark materials.
2.6.2

Reactivity, in vitro

The value of in vitro testing for a grouping of human inhalation toxicity has been described several
times, (Arts et al. 2016), in particular with the nanoGRAVUR case studies. (Wiemann et al. 2016)
Therefore, the nanoGRAVUR scheme also features the NR8383 macrophage assay with the wellknown assessment scheme.(Wiemann et al. 2016). In vitro testing with NR8383 rat macrophages and
the mode of evaluation were described in detail (Wiemann et al. 2016). In brief, cells were cultured
under standard conditions (37 °C; 5 % CO2) in F-12K medium supplemented with 2 mM glutamine,
penicillin/streptomycin (100 U/10 mg/mL; and 15 % (v/v) fetal calf serum (FCS). For measuring the
particle-induced release of lactate dehydrogenase activity (LDH), glucuronidase activity (GLU), tumour
necrosis factor α (TNF) and hydrogen peroxide (H2O2) into the medium, cells were detached
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mechanically, seeded into 96-well plates (3x10 cells per well) and incubated in F-12K medium
supplemented with 5 % FCS for 24 h. Cells were then incubated in F-12K medium (serum-free) with
the particles for 16 h (LDH, GLU, and TNF-α), or in KRPG buffer for 1.5 h (H2O2). LDH was measured
with a cytotoxicity kit (Roche, Germany) and GLU activity was measured with p-nitrophenyl-dglucuronide (Sigma Aldrich, Germany). Both, LDH and GLU, were normalized to the lysate from Triton
X-100 lysed cells (100% value). TNF was measured with a specific ELISA (bio-techne, Wiesbaden,
Germany). H2O2 was quantified with the Amplex red assay (Sigma-Aldrich, Germany), using the
formation of resorufin.
Statistical analysis: Macrophage data were generated in triplicates; three independent repetitions were
carried out. Data were expressed as mean ± standard deviation (SD) and analyzed with Graph Pad
Prism software (Version 6; GraphPad Software Inc., USA). To test for significance, test values were
compared to those from non-treated vehicle controls using 2-way ANOVA and Dunnett’s post hoc
multiple comparison test. Test results with p ≤ 0.05 were assessed as significant (*).
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