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RESEARCH ARTICLE

Creating sets of similar nanoforms with the ECETOC NanoApp: real-life
case studies

Gemma Janera , Didem Ag-Selecib , Jacques-Aur�elien Sergentc , Robert Landsiedeld and
Wendel Wohllebenb,d

aLeitat Technological Center, Barcelona, Spain; bBASF SE, Department Material Physics and Analytics, Ludwigshafen am Rhein,
Germany; cSolvay SA, HSE/Toxicological and Environmental Risk Assessment Unit, Brussels, Belgium; dBASF SE, Department
Experimental Toxicology and Ecology, Ludwigshafen am Rhein, Germany

ABSTRACT

The ECETOC NanoApp was developed to support industry in the registration of sets of nano-
forms, as well as regulators in the evaluation of these registration dossiers. The ECETOC
NanoApp uses a systematic approach to create and justify sets of similar nanoforms, following
the ECHA guidance in a transparent and evidence-based manner. The rational and decision rules
behind the ECETOC NanoApp are described in detail in “Janer, G., R. Landsiedel, and W.
Wohlleben. 2021. [Rationale and Decision Rules Behind the ECETOC NanoApp to Support
Registration of Sets of Similar Nanoforms within REACH. Nanotoxicology 15 (2): 145–122. https://
doi.org/10.1080/17435390.2020.1842933]”. The decision criteria apply to human health and
environmental hazards and risks. Here, we focus mostly on human health hazards; the decision
rules are applied to a series of case studies, each consisting of real nanoforms: two barium sul-
fate nanoforms, four colloidal silica nanoforms, eight ceria nanoforms, and four copper phthalo-
cyanine nanoforms. For each of them, we show step by step how the ECETOC NanoApp rules
are applied. The cases include nanoforms that are justified as members of the same set of simi-
lar nanoforms based on sufficient similarity of their intrinsic properties (Tier 1). They also include
other nanoforms with a relatively high (but insufficient) similarity of intrinsic properties; their
similarity could be justified by functional properties (Tier 2). The case studies also include nano-
forms that are concluded not to belong to the same set of similar nanoforms. These outcomes
of the NanoApp were overall consistent (sometimes conservative) with available in vivo data.
We also noted that datasets for various nanoforms were limited and use of the NanoApp may
require the generation of data relevant to the decision criteria.
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1. Introduction

In order to provide advice to registrants preparing

registration dossiers that cover nanoforms, ECHA

published the “Appendix for nanoforms applicable

to the Guidance on Registration and Guidance on

Substance Identification”. This guidance explains

how to create and justify sets of nanoforms, and

details reporting requirements for the registration

of either individual nanoforms or sets of nanoforms

(ECHA, 2019a). A ’set of similar nanoforms’ is a

group of nanoforms with clearly defined boundaries

that allow to conclude that the hazard assessment,

exposure assessment and risk assessment of these

nanoforms can be performed jointly.

Historically, different initiatives in this area have

been launched to group nanomaterials with similar

characteristics for the purpose of their evaluation

(Burden et al. 2017; Giusti et al. 2019), among them

the German-funded NanoGRAVUR (Wohlleben et al.

2019), the ECETOC-funded DF4Nano (Landsiedel et

al. 2017; Gajewicz et al. 2018) and the European-

funded projects NANOSOLUTIONS (Fadeel et al.

2018), MARINA (Oomen et al. 2015; Bos et al. 2015)

and GRACIOUS (Stone et al. 2020).

Within an ECETOC project, a tool was developed

to support industry in the registration of sets of

nanoforms, as well as regulators in the evaluation of

these registration dossiers. The ECETOC NanoApp
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considered the concepts developed in existing group-

ing frameworks and took them a step forward by

developing a systematic approach to create and justify

sets of similar nanoforms, following the ECHA guid-

ance in a transparent and evidence-based manner.

The rational and decision rules behind the

ECETOC NanoApp are described in detail in Janer,

Landsiedel, and Wohlleben (2021). The approach is

based on pairwise similarity assessments to ensure

that each of the nanoforms within a set is suffi-

ciently similar to all other nanoforms within that

set. Briefly, the similarity assessment consists of

three Tiers (Figure 1). In the first Tier, similarity is

assessed based on thresholds for maximal differen-

ces in intrinsic properties (mostly corresponding to

those required for REACh registration). If similarity is

sufficient for all of the properties considered, nano-

forms can be grouped as a set. If not, depending

on their level of dissimilarity in intrinsic properties,

it is concluded either that they cannot be included

into the same set (if differences of intrinsic proper-

ties are large) or that a Tier 2 assessment is needed

(if differences of intrinsic properties are small, but

above the thresholds set in Tier 1). In the second

Tier, additional data are required to assess whether

nanoforms are similar based on their functionality

(extrinsic properties) and can it hence be justified

to group them in the same set. In rare cases a

repeated-dose short-term in vivo inhalation study

(STIS, Landsiedel, Gamo, and Hirose 2019; Jeon, Yi,

and Yu 2019) may be required as a third Tier. In

some scenarios, a wider dissimilarity can be

accepted in a set of similar nanoforms, as long as

the worst-case nanoform is selected as representa-

tive of the whole set for testing to fill in informa-

tion requirements in REACh.

Tier 2 properties were selected, depending on the

Tier 1 property not reaching sufficient similarity (see

Janer, Landsiedel, and Wohlleben 2021 for details),

and considering the need to evaluate potential

impacts in nanoform exposure, toxicokinetics, human

toxicity, fate, and ecotoxicity and ultimate risk to

environment and humans (Figure 1).

The case studies presented here, focus mostly on

hazard to human health especially by inhal-

ation exposure.

This is a follow-up manuscript that illustrates

how the decision rules are applied to a series of

Figure 1. Tiered approach for building and justification of sets of nanoforms. Properties considered in different Tiers are listed.
The expected association between Tier 2/3 properties and exposure, fate, toxicokinetics, toxicity and ecotoxicity is indicated in
dark gray (strong/direct), and light gray (for weaker/indirect).
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real materials that are considered for grouping into

sets of nanoforms.

2. The case studies

Four case studies are presented, each consisting of

different nanoforms of a substance (Table 1).

Similarity across the nanoforms in each of these

case studies is evaluated following the rules of the

ECETOC NanoApp. The descriptors used in the

assessment and the outcomes of the evaluations

are provided for each of the relevant Tiers of the

ECETOC NanoApp. And the conclusion on the possi-

bility to group any of the nanoforms into a set of

similar nanoforms is presented.

Most of the characterization data for the nano-

forms in these case studies had already been pub-

lished earlier (see references in Table 1). Additional

data analyses were conducted to generate the size

percentiles needed for the assessment (d50 and

d90) as well as the aspect ratios. The methodology

for size percentiles can be derived from the

NanoDefine Method Manual (Mech et al. 2020).

Since the methods differ in the metric of the size

distribution, and considering that any metrics con-

version may distort the comparison between NFs,

we chose to use only TEM for powders, and only

Analytical Ultracentrifugation for colloidal silica, in

accord with the Methods Manual. The size percent-

ile data was not required by national inventories

(French decree 2012/232 or Belgian Royal Decree of

27 May 2014), and was not routinely reported, but

the NanoDefine algorithms generate raw data that

can be exploited for this purpose. These data are

now also needed of the REACh registration of nano-

forms (2018/1881) since January 2020 and have also

to be reported in SDS since January 2021 for an

appropriate description. For some of the case stud-

ies, the materials were also tested in different func-

tional assays to complete the data matrix needed

for the assessments. Test methods used are

described in the supplementary material (see

Supplementary Material Section 1).

2.1. Barium sulfate nanoforms

Two barium sulfate nanoforms are included in this

case study. One of the nanoforms corresponds to

NM-220 Barium sulfate NPs (NF1), a reference

material for the Nanomaterial Testing Sponsorship

Program of the OECD. The second nanoform (NF2)

was generated in a different production plant using

the same synthesis protocol and was used as test

Table 1. Overview of the case studies and nanoforms included.

Substance
(CAS number)

Nanoform code in
this manuscript

Codes used earlier for nanoform
identification Relevant published data

Barium sulfate
(7727-43-7)

NF1 NM-220 Landsiedel et al. (2014), Klein et al. (2012)
NF2 NM-220 reproduced batch Konduru et al. (2014), Schwotzer et al. (2017)

Colloidal silica
(7631-86-9)

NF3 55 nm-SiO2 Maser et al. (2015), Wiemann et al. (2018)
NF4 30 nm-SiO2 Maser et al. (2015), Wiemann et al. (2018)
NF5 15 nm-SiO2 Maser et al. (2015), Wiemann et al. (2018)
NF6 9 nm-SiO2 Maser et al. (2015), Wiemann et al. (2018)

Cerium oxide
(1306-38-3)

NF7 nCeO2 Stueckle et al. (2017), Demokritou et
al. (2013)

NF8 CeO2 Landsiedel et al. (2014), NanoCare Final
Scientific Report (2009)

NF9 CeO2-A Schaefer et al. (2012), NanoCare Final
Scientific Report (2009)

NF10 CeO2-B Schaefer et al. (2012), NanoCare Final
Scientific Report (2009)

NF11 CeO2-D Schaefer et al. (2012), NanoCare Final
Scientific Report (2009)

NF12 CeO2-NM212 Singh et al. (2014), Gosens et al. (2014),
Keller et al. (2014), Geraets et al. (2012),
Hund-Rinke et al. (2018)

NF13 CeO2-NM211 Singh et al. (2014), Gosens et al. (2014),
Keller et al. (2014), Geraets et al. (2012),
Hund-Rinke et al. (2018)

NF14 CeO2-Al Landsiedel et al. (2014), NanoCare Final
Scientific Report (2009)

Pigment Blue 15:3
(147-14-8)

NF15 – –

NF16 – –

NF17 – –

NF18 – –
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material for repeated dose inhalation toxicity stud-

ies (Konduru et al. 2014).

2.1.1. Potential sets of similar nanoforms according

to the ECETOC NanoApp

Table 2 summarizes the descriptors of these nano-

forms that are used to evaluate similarity under Tier

1. The two nanoforms of this case study fulfill all

the conditions laid out by the Tier 1 Rules, as a con-

sequence, they can be concluded to belong to a

same set of similar nanoforms.

The results for the pairwise comparisons for the

barium sulfate materials as presented by the

ECETOC NanoApp is shown in Figure 2.

2.1.2. Hazard data available to evaluate adequacy

of the outcome of the ECETOC NanoApp conclusion

Barium sulfate NF1 was evaluated in the short-term

inhalation study (STIS) protocol (Landsiedel et al.

2014; Klein et al. 2012), whereas Barium sulfate NF2

was used in 4-week, 13-week (Konduru et al. 2014;

Schwotzer et al. 2017), and 2-year repeated dose

toxicity studies (Tentschert et al. 2020). In all studies

the aerosol particles were in the respirable range

with an MMAD <3 mm.

A common dose of 50mg/m3 was used in the

STIS (5-day), 4- and 13-week studies. Beyond the

differences in exposure duration, the exposure pat-

tern and evaluations were mostly the same.

Measured lung deposition for NF1 and NF2 was

consistent (considering the moderate increase in

measured lung deposition between 4 and 13 weeks

for NF2). Lung clearance for NF1 and NF2 was also

similar (77% in 21 days versus 95% in 34 days,

respectively; equivalent to half-times of 9.9 and

7.9 days, respectively). Also, in terms of adverse

effects in the lungs the pattern observed in these

three studies support the similarity of the two

tested nanoforms. No adverse histopathological

findings were recorded for NF1 (5-day study) and

for NF2 in the 4-week study. The slightly elevated

values for BALF neutrophils and some biochemical

markers observed for NF1 after 5-day exposure, did

not reach statistical significance when compared to

the controls, but are consistent with the minimal

increases in BALF cell counts and biochemical

Table 2. Tier 1 similarity conclusions for BaSO4 nanoforms.

NF1 NF2 Tier 1 Rule Outcome

Main constituentsa BaSO4 (96.9%) BaSO4 (98.2%) -Ratio of content for each constituent between the two
nanoforms <1.5

Crystallinity (%) Barite
(100%)

-Ratio of each of the crystalline forms between the two
nanoforms <1.5.

-OR data showing that the toxicological profile of
crystalline forms present in the nanoforms are similar.

Impurities/additives (%) Polyacrylic acid
(3.1%)

Polyacrylic acid
(1.8%)

-Total impurities/additives <3% in both NFs
-OR ratio of each of the individual impurities/additives

(above 2% in any of the two NFs) <2.
Surface treatments None -Surface treatment agents are identical between the two

nanoforms.
-The ratio of the surface treatment agents between the

two nanoforms <1.5.
CLP-based on composition Not classified -The content of each constituent triggers the same CLP

classification for the two NFs.
Shape Spheroidal -Platelets cannot be part of a set with other shape

categories.
-For mixed-shape category NFs that contain platelets, the

ratio of % of platelets between the two NFs <3.
AR 1.22 1.41 -Ratio of aspect ratios <2.
Assembly structure NO NO -None of the nanoforms has an assembly structure.

-OR both of the nanoforms have the same
assembly structure.

D50-d1 (nm) 17.5 25 -Ratio of each of these percentiles (d50, d90 for dimension
1 and dimension 3) between the two nanoforms <1.5D90-d1 (nm) 31.7 40

D50-d3 (nm) 17.5b 25b -d90 value for the largest dimension of all NFs <5 mm.
D90-d3 (nm) 31.7 b 40b

SSA (m2/g) 33 38 -Ratio of SSA between two nanoforms <1.5.
Production process Same synthesis protocol -Production processes for the two NFs under comparison

are not expected to lead to different aggregation states.

Green cells in the ‘outcome’ column indicate that each of the Tier 1 Rules was fulfilled.
aMain constituents refer to all particle constituents, except for additives, impurities, and surface treatment agents.
bThe available TEM reports only provided size percentiles for one dimension. Considering that the particles are spheroidal, with relatively low aspect
ratios (<1.5 in both cases), we approximated the size percentiles for the third dimension to be equal to those of the first dimension.

4 G. JANER ET AL.



markers in the 4-week study for the NF2. In general,

these responses increased after 13-week exposure,

further supporting that exposure duration rather

than material differences, explained the minimal

but somehow higher response in the 4-week study

with NF2 when compared to the STIS with NF1

nanoform (see Supplementary Material Table S2 for

further details on these studies). Therefore, these

data are consistent with the conclusion of the

ECETOC NanoApp that considers that these two

nanoforms could be grouped into the same set of

similar nanoforms.

2.2. Silica nanoforms

Spheroidal colloidal silica nanoforms are not cov-

ered by the REACh dossier for Synthetic Amorphous

Silica based on their different production process

resulting in a spheroidal material rather than in a

nanostructured material. Four spheroidal colloidal

silica nanoforms are, however, included in this case

study. These consist of nanoforms differing mostly

in their particle size and their specific surface area.

2.2.1. Potential sets of similar nanoforms according

to the ECETOC NanoApp

Table 3 summarizes the descriptors of these nano-

forms that are used to evaluate similarity under Tier

1. None of the combinations for the four nanoforms

of this case study fulfill all the conditions laid out

by the Tier 1 Rules. Differences in at least one of

the size descriptors and/or in specific surface area

are larger than the Tier 1 thresholds for all possible

combination of these nanoforms. In fact, for some

of the pairwise assessments, the differences in these

intrinsic properties are so large that they lead to a

definite conclusion that they cannot be grouped

into the same set of similar nanoforms (see ‘red’

outcomes for size or specific surface area –SSA– in

Table 4). For other nanoforms comparisons, differ-

ences in size descriptors and SSA are not as high,

and the possibility to be grouped into a same set

of similar nanoforms exists (see ‘yellow’ outcomes

for size or SSA in Table 4) and depends on the out-

comes of the functional assays required under the

Tier 2 assessment.

The functional assays performed are summarized

in Table 4. The results of the environmental dissol-

ution tests would imply that when grouping NF3 in

a set with any of the other silicas, that of the small-

est size would need to be selected as representative

nanoform for further regulatory testing. Reactivity

data obtained from the FRAS assay would preclude

grouping of NF3 with NF5, and both reactivity and

in vitro toxicity data would preclude grouping of

NF3 with NF6. These combinations were in fact

already excluded due to the differences in size

descriptors and specific surface area. Grouping of

NF6 with any of the other silicas is also prevented

due to differences in their d50 values for size.

Altogether, the data on the functional assays, sup-

port the formation of a set of nanoforms with NF3

and NF4 (with the condition that NF4 is selected as

worst-case representative of the set for regulatory

Figure 2. Overall conclusions for barium sulfate nanoforms. The green thumb indicates that a match was possible based on lim-
ited differences in intrinsic properties. If a Tier 2 justification had been needed, a ‘J’ would be present in the green thumb, as
indicated in the legend for a justified match.

NANOTOXICOLOGY 5

https://doi.org/10.1080/17435390.2021.1946186


testing), or a set of nanoforms with NF4 and NF5.

The overall results for the pairwise comparisons for

the silica materials as presented by the ECETOC

NanoApp are shown in Figure 3. Note that the com-

bination of NF3 and NF4 is only possible when the

user accepts to use the worst-case NF for further

regulatory testing (left panel).

2.2.2. Additional toxicological data available to

evaluate adequacy of the outcome of the ECETOC

NanoApp conclusion

NF3 and NF5 have been tested in an intratracheal

instillation study (Maser et al. 2015; Wiemann et al.

2018). Toxicological responses were qualitatively

similar, but the smaller NF5 nanoform induced

more pronounced effects than the larger

NF3 nanoform.

An increase in polymorphonuclear neutrophils

and lymphocytes in BALF was observed for both

materials, but more pronounced in the case of NF5.

Elevated total protein levels and enzymatic activities

for LDH and ALP were also observed for both mate-

rials, with higher values in the case of NF5, for

which also GGT and NAG were increased. Increases

in lung and spleen weights, and in neutrophil

counts in blood were only observed in the case of

NF5 (Wiemann et al. 2018). A mild multifocal granu-

lomatous inflammation with thickening of the

alveolar walls was observed for NF3, with increased

severity in the case of NF5. In addition, enlarged

lymph nodes and lymphoreticular hyperplasia of

the mediastinal lymph nodes was observed for NF5

(Maser et al. 2015). None of these two materials

induced genotoxic effects in treated rats, evaluated

by means of the Alkaline Comet assay in lung cells,

and the relevant genotoxic effects were observed in

the lung cells and the micronucleus tests in bone

marrow cells (Maser et al. 2015).

Table 3. Tier 1 similarity conclusions for colloidal silica nanoforms.

NF3 NF4 NF5 NF6 Tier 1 Rule 3 vs. 4 3 vs. 5 3 vs. 6 4 vs. 5 4 vs. 6 5 vs. 6

Main constituentsa Silica (>99%) -Ratio of constituent content <1.5
Crystallinity (%) Amorphous (100%) -Ratio of each of the crystalline

forms <1.5.
-OR data showing similar

toxicological profile.
Impurities

/additives (%)
<1% -Total impurities/additives <3%

-OR ratio of individual impurities/
additives (>2% in any of the
two NFs) <2.

Surface treatments None -Surface treatment agents are
identical.

-The ratio of the surface treatment
agents between the two
nanoforms <1.5.

CLP-based on
composition

No classified constituent -Constituent content triggers the
same CLP classification for the
two NFs.

Shape Spheroidal -Platelets cannot be part of a set
with other shape categories.

-For mixed-shape category, the
ratio of % of platelets between
the two NFs <3.

AR 1.25 -Ratio of aspect ratios <2.
Assembly structure NO -None of the nanoforms has an

assembly structure.
-OR both of the nanoforms have

the same assembly structure.
D50-d1 (nm) 67 21 13 3.4 -Ratio d50 for dimension 1< 1.5
D90-d1 (nm) 93 39 22 8.9 -Ratio d90 for dimension 1< 1.5
D50-d3 (nm) 67 21 13 3.4 -Ratio d50 for dimension 3< 1.5
D90-d3 (nm) 93 39 22 8.9 -Ratio d90 for dimension 3< 1.5

-d90 value for the largest
dimension of all NFs <5mm.

SSA (m2/g) 50 100 200 300 -Ratio of SSA between two
nanoforms <1.5.

Production process Stober process -Production processes for the two
NFs under comparison are not
expected to lead to different
aggregation states.

For each pairwise combination of nanoforms, green cells indicate Tier 1 rules that were fulfilled, while orange cells indicate Tier 1 rules that were
not fulfilled.
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The conclusion of the ECETOC NanoApp is that

these two materials would not belong to a same

set of nanoforms and is consistent with the differ-

ent potency observed in these intratracheal studies

for these two materials. It is, however, challenging

to predict to which extent these differences in

potency (not in type of adverse effects) would have

translated into different dose levels in repeated

dose inhalation toxicity studies. Inhalation leads to

a more evenly distributed lung exposure compared

to instillation (Pritchard et al. 1985), which may

affect clearance mechanisms (Osier and

Oberd€orster, 1997). In addition, the instillation

method by itself may induce inflammation

responses that are otherwise not observed after

inhalation, and generally more severe lesions are

induced after instillation when compared to inhal-

ation (ECETOC TR 122).

The four spheroidal colloidal silica in the case

study gradually differed in size and specific surface

area. Therefore, it is to be expected that the other

two nanoforms (NF4 and NF6) would also have

induced similar responses, with gradual differences

in potency. In vitro toxicity studies with these four

materials support such gradual differences in tox-

icity (Wiemann et al. 2018). The ECETOC NanoApp

Table 4. Tier 2 similarity conclusions in relation to size and specific surface area for colloidal silica nanoforms.

NF3 NF4 NF5 NF6 Tier 2 rule 3 vs. 4 3 vs. 5 3 vs. 6 4 vs. 5 4 vs. 6 5 vs. 6

D50-d1 (nm) 67 21 13 3.4 Ratio dXX for dimension
Y< 3 (as long as both
NFs are >10 nm, the
threshold is increased to
<5 if a worst-case NF is
selected for testing)

�

D90-d1 (nm) 93 39 22 8.9 �

D50-d3 (nm) 67 21 13 3.4 �

D90-d3 (nm) 93 39 22 8.9 �

SSA (m2/g) 50 100 200 300 -Ratio of SSA <3 (or <5 if a
worst-case nanoform is
selected for testing)

� �

Dissolution in
lysosomal simulated
fluid
(half time, days)

656 438 328 283 -Ratio of dissolution half-
times <3. Except in the
following two scenarios:
-A worst-case nanoform is
selected for testing
(threshold for dissolution
is <5).
-Dissolution half-times
higher >1 year in the two
nanoforms, are always
considered similar.

Dissolution in
freshwater (half
time, days)

2.76 0.88 0.55 0.59 � � �

Reactivity – FRAS
assay (nmol/mg; %
positive control)

0.4; 0.11% 1.3; 0.40% 2.8; 0.86% 4.2; 1.28% -Reactivity (as % of positive
control) of the two
nanoforms differs in
<10%.
-In assays with wide
dynamic ranges (>100):
ratio of each of the
crystalline forms between
the two nanoforms <5.

In vitro toxicity in
macrophages (LDH,
Glucuronidase,
TNFa in NR8383
cells; NOAEC)

45 22 22 11 -Ratio of the selected dose
descriptor for each of the
in vitro toxicity assays
between the two
nanoforms <3.

In vitro toxicity in a
second mammalian
cell line (LDH and
ATP in Calu-
3; NOAEC)

100 100 100 100

Dispersion stability (in
Daphnia
medium ADaM)

96 99 100 100 -Percentage (of initially
dispersed particles) stable
in suspension of the two
nanoforms differs
in <40%

Only intrinsic properties that did not match Tier 1 conditions are included in the table. The color code for intrinsic properties for each pairwise combin-
ation of nanoforms is: yellow, when Tier 2 rules are fulfilled (i.e., similarity is sufficient provided that it will be supported by the triggered functional
assays); an asterisk denotes that, for that combination, a worst-case NF would need to be used for regulatory testing; red, when Tier 2 rules are not ful-
filled (i.e., similarity is too low and grouping into a set cannot be justified regardless of the results of the functional assays). The color code for the func-
tional assays for each pairwise combination of nanoforms is: green, when Tier 2 rules are fulfilled; an asterisk denotes that Tier 2 rules are fulfilled
provided that a worst-case nanoform is selected for regulatory testing; red, when Tier 2 rules are not fulfilled.
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concluded that NF4 and NF5 could be grouped,

and that NF3 and NF4 could also be grouped, as

long as NF4 would be selected as representative

material for further regulatory testing. In both cases,

it can be assumed that differences between these

pairs of nanoforms would be considerably lower

than those observed in the intratracheal studies

described above. The identification of NF4 (smaller

than NF3) as worst-case nanoform for this second

potential set of similar nanoforms is also consistent

with the outcomes of the described intratracheal

studies. In the case of NF4 and NF5, the need to

pre-select a worst-case nanoform for testing was

not triggered, due to lower differences in dissol-

ution values. The fact that differences in most func-

tional assays were smaller for the combination of

NF4 and NF5 than for the combination of NF3 and

NF4, also supports their higher similarity.

2.3. Cerium dioxide nanoforms

Eight cerium dioxide nanoforms are included in this

case study. These consist of nanoforms differing in

their production process (precipitation versus pyro-

lytic), impurities, size and specific surface area.

Currently, only the CeO2 nanoforms produced by

the precipitation process are covered by the

REACh dossier.

2.3.1. Potential sets of similar nanoforms according

to the ECETOC NanoApp

Table 5 summarizes the descriptors of these nano-

forms that are used to evaluate similarity under Tier

1. Two potential sets of similar nanoforms are dir-

ectly derived from Tier 1 rules. These correspond to

a first set including NF7 and NF8, and a second set

including NF9, NF10, and NF11. The remaining com-

binations of nanoforms require assessment with

Tier 2 rules, except one of the nanoforms (NF14),

which cannot be grouped with another nanoform

into a set due to its content of impurities.

As shows in Table 6, some combinations become

excluded as potential sets of nanoforms just by

looking at the rules for size descriptors. Particularly,

NF13 cannot be grouped with NF12, NF7 and NF8

because the ratio between their corresponding size

percentiles is above 3, a variation that is not

accepted when one of the nanoforms has d50 size

percentile below 10nm. The conclusion for the

remaining combinations of nanoforms would then

depend on the values of the functional assays

necessary to justify the no-match for Tier 1 rules in

relation to production process (environmental dis-

persion stability and dustiness), as well as size and

specific surface area (dissolution, reactivity, in vitro

toxicity, and dispersion stability).

Although the available data matrix is not com-

plete, it allows to already exclude grouping of some

materials due to their differences in dispersion sta-

bility and dustiness. Thus, the three pyrolytic mate-

rials for which all the data was available (NF9, NF10

and NF11) could not be grouped with the precipi-

tated NF12. In addition, also due to differences in

dispersion stability, it would not be possible to add

any of the remaining pyrolytic materials (NF9, NF10

and NF11) to the set formed already under Tier 1

conditions by NF7 and NF8. For other material com-

binations (i.e., potential grouping of NF7 and NF8

with NF12), in vitro toxicity in macrophages and

dustiness data would still be required to conclude.

Figure 3. Overall conclusions for silica nanoforms. Left: allowing worst-case NF for grouping; Right: not allowing worst-case NF
for grouping. Red thumbs indicate a definite no-match. In this case, this is due to differences in size descriptors and SSA. Green
thumbs with a ‘J’ indicate that a match is possible, due to the moderate differences in intrinsic properties, which do not result on
relevant differences in functional properties.
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Although the NanoApp excluded grouping of

NF14 with other nanoforms based on Tier 1 proper-

ties. Some Tier 2 data are available for this material

and, for completeness, are also presented in Table

5. In the hypothetical event that this material had

matched Tier 1 conditions, the differences in the

(partly available) in vitro toxicity data and/or surface

reactivity would have precluded its grouping with

at least NF7, NF8, NF10, NF12 and NF13.

The overall results for the pairwise comparisons

for the ceria materials as presented by the ECETOC

NanoApp is shown in Figures 4 and 5.

This paragraph describes a hypothetical situation

that does not apply in this real case study, but that

helps the reader understanding how the in vivo

short term inhalation data could be used in the

NanoApp. In the case described above, if the d90

values for NF12 and NF13 would have been within

the 3-fold threshold, their grouping would have

been possible, with two possible ways to proceed:

either taking NF13 for regulatory testing (as worst-

case representative), or conducting short-term inhal-

ation toxicity studies to evaluate relative differences

between these two materials. Such studies should

have evaluated toxicity, organ burdens and lung

clearance. There are in fact STIS available for these

two materials (Keller et al. 2014; described further

down in subsection a). These would have partly

supported similarity of these nanoforms in terms of

toxicological outcomes (similar LOAELs), but would

not have sufficed by themselves because they did

not evaluate systemic biodistribution. Systemic bio-

distribution was evaluated in 4-week studies with

these nanoforms and showed no relevant differen-

ces (Geraets et al. 2012), so it could be assumed

that this would also have been the outcome in

the STIS.

2.3.2. Additional data available to evaluate

adequacy of the outcome of the ECETOC

NanoApp conclusion

NF8, NF12, NF13, and NF14 had been tested in STIS

(Landsiedel et al. 2014; Keller et al. 2014). NF7 had

been tested in another short-term inhalation study

but differing from STIS in overall study design

(exposure pattern and evaluations) (Demokritou et

al. 2013). In addition, NF12, NF13 and a non-nano

form of CeO2 (NM-213) had been tested in a 4-

week inhalation toxicity study, which mostlyT
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followed OECD TG 412, except a reduction of

organs selected for pathology (Gosens et al. 2014;

Geraets et al. 2012). NF12, NF13 and the non-nano

NM-213 were also tested in a series of standard

tests for aquatic toxicity in algae, daphnids, and fish

embryos (Hund-Rinke et al. 2018). NM-213 had not

been included in the case studies above as it is not

a nanoform: its mean and SD for ferret size is

615 ± 430 nm and its SSA is 3.7m2/g. However, for

completeness, it is included in the discus-

sion below.

a). Short-term inhalation studies

The four nanoforms tested in STIS had a NOAEC

below 0.5mg/m3 and the same type of qualitative

responses. The dose–response curves were rather

comparable (Figure 6), and only suggest slight

differences in potency with somewhat higher

effects (either at the end of the exposure or at the

end of the recovery period) in some BALF parame-

ters for NF14> NF8�NF13> NF12.

A statistically significant increase in absolute and

relative lung weights was recorded at 25mg/m3

NF13 when compared to the control group (Keller

et al. 2014). Slightly elevated values were also

recorded at the highest dose of NF12 and NF14,

although they did not reach statistical significance

(Keller et al. 2014; Landsiedel et al. 2014). The histo-

pathological evaluations showed mostly presence of

particles in alveolar macrophages/histiocytes, BALT

and/or lymph nodes for all these four materials,

which are not considered adverse per se. At the

highest dose (25mg/m3) of NF13 and NF12, alveolar

Figure 4. Overall conclusions for ceria nanoforms. Red thumbs indicate a definite no-match. In this case, this is due to differences
in size descriptors, or results of some of the functional assays (dispersion stability and dustiness). Green thumbs (without a ‘J’)
indicate that a match is possible due because Tier 1 conditions are fulfilled. Yellow thumbs indicate that a definite conclusion still
depends on the data that has not been provided (in this case from functional assays).

NANOTOXICOLOGY 11



histiocytosis and free eosinophilic granular material

with particles, interpreted as remnants of destroyed

macrophages and considered as adverse findings,

were observed after the exposure period. These

mostly regressed after the end of the exposure and

only minimal alveolar histiocytosis remained at the

second evaluations point (21 days after the end of

exposure) (Keller et al. 2014). At this evaluation

point minimal histiocytosis was also observed in

some animals at the medium dose (5mg/m3) of

NF12 and in some animals from all dose groups of

NF8 (with increasing incidence and severity with

increasing dose). Microscopic findings in the case of

NF14 were described as single or aggregated par-

ticle-loaded alveolar macrophages. Given that

studies were evaluated in different years and by dif-

ferent histopathologists, it is challenging to con-

clude whether these findings for NF14 are

comparable to the histiocytosis reported for other

materials. But altogether, considering the differen-

ces in doses tested for these four materials (only up

to 10mg/m3 in the case of NF8 and NF14), the inci-

dences and the overall type of effects, these NFs

are considered comparable in these short-term

inhalation toxicity studies.

NF7 was tested at a single dose level (2.7mg/m3)

that was administered by whole body inhalation for

2 hours/day during 4 consecutive days (Demokritou

et al. 2013). This would correspond to a dose level

of 0.72mg/m3 in the STIS protocol (6 h/day during

Figure 5. Illustrative screenshots on how the ECETOC NanoApp summarizes the reasons for the overall conclusions for some NF
comparisons. Red thumbs on specific parameters indicate a definite no-match, whereas yellow thumbs on specific parameters indi-
cate missing information. A) Impurities, size and specific surface area do not allow grouping of NF8 and NF14 (NFs identified in
the table heading). B) Size and specific surface area do not allow grouping of NF8 and NF10, the panel on the right (blue oval)
describes that environmental dispersion stability, needed to justify lack of impact of differences in size, resulted in excessive differ-
ences between NF8 and NF10. C) Size and aggregation state provisionally prevent grouping of NF7 and NF12. If missing data
gaps would be addressed (i.e., dustiness for NF7, as indicated in the red box at the bottom with ‘Missing information’), such
grouping might become possible.
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5 consecutive days). Histopathology was not eval-

uated, and only some cellular (PMN and alveolar

macrophages) and biochemical parameters (albumin

and LDH) in BALF were reported. The percentage of

PMN in BALF was approximately 7.7-fold higher

than the levels in the controls, and the LDH values

were approximately 2-fold higher than the levels in

the controls. No effects on albumin levels or alveo-

lar macrophages counts were observed. The magni-

tude of the effects observed for PMN would

suggest a similar potency to the four ceria materials

tested in STIS: the estimated dose that induced a

similar response for NF8, NF12, and NF13 in the

STIS protocol were in the range of 0.5 to 1mg/m3.

As described above, NF14 had somewhat higher

potency than these other NFs, and also when com-

pared to NF7. In the case of LDH, the results were

in the range of those for NF8, NF12 and NF13, with

estimated values inducing similar effects in the

range of 0.2 to 5mg/m3. Although this inhalation

study for NF7 is not directly fully comparable with

the STIS studies used for the other nanoforms, the

results are compatible with a similar toxicity of all

these materials.

b) 4-week inhalation study

Two CeO2 nanoforms (NF12 and NF13) and the

non-nano CeO2 NM-213 were tested in the 4-week

inhalation study. No clear size- or surface area-

related differences on pulmonary deposition and

distribution in extrapulmonary tissues were

observed, which is explained by similarity in their

MMADs generated for animal exposure (Geraets et

al. 2012). The three nanoforms induced a clear

dose-related increase in neutrophile content and

biochemical parameters in BALF (ALP, GT, LDH,

NAG, and total protein), that were still present after

the 28-day recovery period (Gosens et al. 2014).

BMC values (BMR of 20% or 100%, depending on

the parameter) were calculated for LDH, total pro-

teins and PMNs in BALF, and based on mass

A

B

Figure 6. Comparison of changes in BALF parameters after 5 days exposure to NF8, NF12, NF13 and NF14. Effects are shown as
BMCs using a logarithmic scaling. BMCs were calculated using the benchmark dose software (PROAST, proastweb.rivm.nl, Slob,
2002). Critical effect concentrations correspond to the following predetermined changes in the responses over the controls: 400%
for PMN, 100% for total protein, LDH, GGT and ALP, and 20% for alveolar macrophages and total cell count. Evaluations 3 days
(A) and 24 days (B) after the end of exposure. Data on all parameters were available for all materials at both time points, n.r.
denotes the lack of a significant trend in the dataset. Total cell counts and protein levels are not included in (B) as no significant
trends were found, except for a slight increase in total protein levels for NF8.
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concentrations, showed that NF13 had the highest

toxicity, followed by NF12, and finally NM-213 had

the lowest toxicity. Although these parameters indi-

cated the induction of lung inflammation at all

dose levels, they were not associated with histo-

pathological evidence of lung tissue damage after

the last day of exposure. Microscopic findings com-

mon to all the materials were macrophages contain-

ing particles in the lungs and tracheobronchial

lymph nodes that persisted at the end of the recov-

ery period. In the case of NM-213 and NF12, macro-

phage/particle aggregates were also found in the

trachea and larynx of the animals exposed to the

high dose. Increased lung weight and increased

septal cellularity was observed in NF12 and NF13

exposed animals (Gosens et al. 2014). Therefore, in

line with the conclusions from the BMC data for

BALF parameters, the microscopic data for lungs

also suggests a relative higher toxicity of NF13, fol-

lowed by NF12, and finally NM-213.

c). Ecotoxicology studies

CeO2 NM-213 (non-nanoform), NF12 and NF13

were tested in a series of standard tests for aquatic

toxicity in algae (OECD TG 201), daphnids (OECD TG

202), and fish embryo (OECD TG 236) (Hund-Rinke

et al. 2018). The EC50 values based on nominal con-

centrations were above 100mg/L for the daphnids

and fish embryo tests in both materials. Higher tox-

icity was observed in algae, but there were no stat-

istically significant differences between the EC50

values recorded for the NF13 and NF12: 8.5 (CI

7.7� 9.3) mg/L and 5.6 (CI 3.0� 10.4) mg/L, respect-

ively (Hund-Rinke et al. 2018). Relatively lower algae

toxicity was recorded for NM-213, with an EC50

value of 43.8mg/L (no confidence intervals were

reported; Hund-Rinke et al. 2018).

d). Overall conclusions on ceria materials

Available data therefore suggests that NM-213

(beyond the fact that is not a nanoform) should not

be grouped in a set of similar nanoforms with any

of the other ceria materials, due to its lower toxicity

in both rodent inhalation studies and algae.

Although the basic characterization data is not

complete for this material, the differences in size

and SSA by themselves already preclude its group-

ing with any other nanoform in this case study.

NF12 and NF13 showed similar type of toxico-

logical responses and biodistribution in rat inhal-

ation studies, and similar toxicological potency in

aquatic organisms. However, potency in rat inhal-

ation studies was slightly higher for NF13 than for

NF12. Therefore, grouping of NF12 and NF13 into a

same set of similar nanoforms, might be justified

only if NF13 would be used in subsequent toxico-

logical studies for fulfill regulatory data require-

ments. The ECETOC NanoApp concluded that they

could not belong to the same set of similar nano-

forms due to differences in their d90 values (3.4-

fold), which in this case were not allowed to exceed

3. All the remaining data from intrinsic and func-

tional properties, including in vivo data, would have

allowed their grouping into a similar set. However,

the fact that NF13 had d50 values below 10 nm

combined with the differences in this parameter

between the two materials, would have required

the choice of NF13 as worst-case representative of

this set of similar nanoforms.

NF12 and NF8 showed qualitatively similar

responses in the STIS, with only slight differences in

potency. Therefore, available data does not clearly

support or opposes to the possibility of grouping

these nanoforms into a same set of similar nano-

forms. The ECETOC NanoApp could also not con-

clude for these materials, as dustiness and

macrophage in vitro studies were not available. All

other available data would support their grouping

into a set of similar nanoforms.

2.4. Pigment blue 15:3 nanoforms

Four Pigment Blue 15:3 nanoforms (CAS N: 147-14-

8) are included in this case study. These consist of

organic nanoforms produced through the same

process but with slightly different parameters in the

synthesis and finishing steps, leading to differences

mostly in their particle size, shape, specific surface

area, and impurities.

2.4.1. Potential sets of similar nanoforms according

to the ECETOC NanoApp

Table 7 summarizes the descriptors of these nano-

forms that are used to evaluate similarity under Tier

1. All the combinations for the four nanoforms of

this case study fulfill all the conditions laid out by

the Tier 1 Rules. Without any additional data, the

user could decide to group all nanoforms into a set.

Nevertheless, some additional Tier 2 data presented

in Table 8 which confirmed Tier 1 assessment. The
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overall results for the pairwise comparisons for the

Pigment Blue 15:3 materials as presented by the

ECETOC NanoApp is shown in Figure 7. The justifi-

cation by Tier 1 is confirmed by the results of the

Tier 2, although such confirmation is not required

by the NanoApp, and was performed only for valid-

ation purposes here: The environmental dispersion

stability of the four nanoforms, tested in the OECD

GD318 medium selected for the NanoApp (1mM

Ca, pH7, with NOM), remains within the defined

range (Table 8), as does the abiotic reactivity. The

dissolution of all four nanoforms remained below

the detection limit of 0.05% (Table 8), and is thus

no obstacle against registration as a set as well.

This confirms that the Tier 1 decision is consistent.

3. Discussion and conclusions

This manuscript illustrated how the NanoApp works

with four different case studies, each consisting of

two to eight real nanoforms; it was evaluated

whether they could be assembled in sets of similar

nanoforms. Data availability was the main criteria

used in the selection of the case studies. These

examples address a range of variations of nano-

forms, but some were not covered: e.g., none of

the nanoforms had surface treatments and no

nanoforms with mixed crystallinities were included.

The results of the NanoApp were scrutinized for

their consistency with results of available in vivo

studies. Most of the in vivo data available for these

case studies referred to inhalation toxicity studies.

Nanoforms of a single substance which have

been investigated in ecotoxicological studies dif-

fered considerably in their intrinsic properties, so

the NanoApp would usually reject the possibility to

group them into a same set of similar nanoforms.

This is the case for the three silver nanoforms com-

pared by Hund-Rinke et al. (2018), due to differen-

ces in morphology and the three zinc oxide

nanoforms compared by Hund-Rinke et al. (2018)

due to differences in surface treatments or particle

size distribution (based on TEM data from JRC,

Singh et al. 2011). Also, the five titania nanoforms

compared by Schwirn and V€olker (2019) were dis-

similar due to differences in doping and/or crystal-

linity. The conclusions of the NanoApp would have

been consistent (or in some cases conservative e.g.,

when comparing the ZnO nanoforms NM-110 and

NM-113) with the available ecotoxicity data. Chen

et al. (2018) compared the species sensitivity distri-

butions for different variations of nanoforms of sil-

ver, and concluded that based on available data, all

kinds of silver nanomaterials entering into the

environment would share similar maximum accept-

able concentrations, regardless of surface coatings,

shapes, and sizes. They attributed such similarity

partly to the likely physical-chemical transforma-

tions in the aquatic media, and partly to the gen-

eral mechanism of toxicity (toxicity of released Ag

ions) shared by all these nanoforms. Some of the

Table 7. Tier 1 similarity conclusions for Pigment Blue 15:3 nanoforms.

Pig. Blue 15:3 NF15 NF16 NF17 NF18
15 vs.
16

15 vs.
17

15 vs.
18

16 vs.
17

16 vs.
18

17 vs.
18

Main constituents 29H,31H-phthalocyaninato(2-)-N29,N30,N31,N32 copper (>98%)
Crystallinity (%) Monoclinic; P21/c (Nr. 14)

(¼ beta form)
Impurities /additives (%) <2%
Surface treatments None
CLP-based on composition None
Shape Spheroidal
AR 2 2.7 2.5 1.7
Assembly structure None
D50-d1 (nm) 38 45 44 51
D90-d1 (nm) 56 67 71 80
D50-d3 (nm) 38 45 44 51
D90-d3 (nm) 56 67 71 80
SSA (m2/g) 68 55 55 54
Production process Phthalic anhydride–urea process

For each pairwise combination of nanoforms, green cells indicate Tier 1 rules that were fulfilled. For simplicity the rules are not included (for details see
Tables 2 and 3).
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nanoforms included in such study might have

matched Tier 1 criteria (relatively small variations in

size or shape), but most of them would have been

excluded from a set based on only their intrinsic

properties, a conclusion that in this case would

have been overconservative. In several cases, read-

across for specific endpoints would still be possible

for nanoforms that are considered not suitable to

group into a same set of similar nanoforms, but

read-across is beyond the scope of the NanoApp.

This study should illustrate the use of the

NanoApp and the outcome of assigning real nano-

forms to sets of similar nanoforms according to the

decision criteria implemented in the NanoApp. It

should be noted that these decision criteria are

specifications of the guidance provided by ECHA.

This study is not a validation of these rules, since

much more data would need to be generated for

this purpose.

In fact, there are not too many nanoforms of a

single substance with openly available data to allow

substantiated decisions on their similarity according

to these rules. This is one critical learning from this

case study: Assembling sets of similar nanoforms

requires data on the individual nanoforms and

these data may not readily be available but may

need to be generated for this purpose. On the

other hand, this case study exemplified that if suffi-

cient data are available on nanoforms, the

NanoApp helps define sets of similar nanoforms

which correspond to the outcome of in vivo toxicity

studies or are even more conservative. It is

expected that more data on intrinsic and extrinsic

properties and hazards of nanoforms become

Table 8. Tier 2 similarity conclusions for Pigment Blue 15:3 nanoforms.

Pig Blue 15:3 NF15 NF16 NF17 NF18 15 vs. 16 15 vs. 17 15 vs. 18 16 vs. 17 16 vs. 18 17 vs. 18

Static dissolution in
phagolysosomal
simulated fluid (% dissolved)

<0.05 <0.05 <0.05 <0.05

Reactivity – FRAS assay
(nmol/mg; % positive control)

0.4; 0.1 0.5; 0.2 0.4;0.1 0.5;0.2

Dispersion stability
(in OECD Medium GD318:
with NOM, 1mM Ca, pH7)

23 23 20 9

For each pairwise combination of nanoforms, green cells indicate Tier 1 rules that were fulfilled. For simplicity the rules are not included (for details see
Table 4).

Figure 7. Overall conclusions for Pigment Blue 15:3 nanoforms. Green thumbs indicate that a match is possible due because Tier
1 conditions are fulfilled. Yellow thumbs indicate that a definite conclusion still depends on data that has not been provided (in
this case from functional assays in Tier 2).
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available in the future. That will allow the reevalua-

tion and may trigger adaptations of the decision

rules of the NanoApp (and also the rules provided

in the ECHA guidance document). Meanwhile, the

NanoApp proved to be a useful tool to support

assembling and justifying similarity of the nano-

forms used in this case study.
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