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Abstract
Development and market introduction of new nanomaterials trigger the need for an adequate risk assessment of such prod-
ucts alongside suitable risk communication measures. Current application of classical and new nanomaterials is analyzed 
in context of regulatory requirements and standardization for chemicals, food and consumer products. The challenges of 
nanomaterial characterization as the main bottleneck of risk assessment and regulation are presented. In some areas, e.g., 
quantification of nanomaterials within complex matrices, the establishment and adaptation of analytical techniques such as 
laser ablation inductively coupled plasma mass spectrometry and others are potentially suited to meet the requirements. As 
an example, we here provide an approach for the reliable characterization of human exposure to nanomaterials resulting from 
food packaging. Furthermore, results of nanomaterial toxicity and ecotoxicity testing are discussed, with concluding key 
criteria such as solubility and fiber rigidity as important parameters to be considered in material development and regulation. 
Although an analysis of the public opinion has revealed a distinguished rating depending on the particular field of application, 
a rather positive perception of nanotechnology could be ascertained for the German public in general. An improvement of 
material characterization in both toxicological testing as well as end-product control was concluded as being the main obsta-
cle to ensure not only safe use of materials, but also wide acceptance of this and any novel technology in the general public.
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Introduction

The increased application of nanomaterials (NMs) in pro-
duction (Bekker et al. 2013; Kreider et al. 2015) and con-
struction (Hanus and Harris 2013; Hincapie et al. 2015), as 
well as in a wide range of nano-enabled consumer and medi-
cal products (Vance et al. 2015) has resulted in an enhanced 
exposure of humans and the environment. Besides the inges-
tion of NMs with food (Szakal et al. 2014), direct dermal 
contact (Gulson et al. 2015) and inhalation (Donaldson and 
Seaton 2012) represent scenarios that humans may encoun-
ter. The latter is currently considered the most relevant. 
Environmental exposure derives mostly from material aging 
and waste (Mitrano et al. 2015; Neale et al. 2013). Despite 
the widespread sources of NM release (Lankone et al. 2017; 
Wagener et al. 2016), it is subject to debate whether there 
is relevant human exposure to NMs in daily life (Ding et al. 
2017; Goehler and Stintz 2014). With respect to toxicity, a 
multitude of studies have failed to reveal a risk of materials 
in the nano-dimension per se (Gebel et al. 2013; Krug 2014). 
Generic mechanisms such as dust overloading of the lungs 
(Laux et al. 2017a) and frustrated phagocytosis (Murphy 
et al. 2012) are considered relevant for NMs, too. Regulatory 
and standardization measures for nano-scale materials have 
not been implemented consistently (Garduno-Balderas et al. 
2015). Nevertheless, the question remains to what extent 
and how existing test guidelines should be adapted for NMs 
in order to differentiate their effects to those of bulk mate-
rials. Several novel analytical techniques have been devel-
oped recently and those may alleviate the current lack in 
NM characterization (Antonio et al. 2015; Buchner et al. 
2014). A missing size estimation of NMs often prevents the 
comparison of their toxicity to bulk material (Krug 2014). 
The ongoing scientific discussion has resulted in uncertain-
ties for the general public regarding a potential risk of NMs 
(Gupta et al. 2013), in particular when used in food products 
(Hallman and Nucci 2015). Different stakeholders, repre-
senting the areas material research, regulation, toxicology, 
ecotoxicology and risk communication, have reviewed these 
topics in the aftermath of a workshop organized by the Ger-
man Federal Institute for Risk Assessment (BfR) together 
with the Fraunhofer-Alliances Food Chain Management and 
Nanotechnology.

Industrial use and standardization 
of nanomaterials

Due to their unique size-dependent properties, NMs exert 
a ground breaking impact on diverse application areas 
ranging from construction industry via daily life products 

to applications in medicine and healthcare. The cur-
rent world market of an estimated 150–200 billion euro 
is mainly represented by classical NMs such as carbon 
black, silicon dioxide  (SiO2), titanium dioxide  (TiO2) and 
silver (Ag) that account for more than 90% of the produc-
tion volume, while the use of new NMs such as fuller-
enes, carbon nanotubes and dendrimers still remains at 
a low level (Fig. 1) (Haas 2013). Among the new players 
nanocellulose (Cowie et al. 2014) and graphene (Cheng 
et al. 2017; Ricci et al. 2017) are the most promising can-
didates, the former being produced by generating indi-
vidual cellulosic fibers from renewable sources such as 
wood or algae. Further transformation of fibers leads to 
micro- and nanofibrils (Rebouillat and Pla 2013) that may 
be used, for example, as a light-weight filler (Fig. 2), for 
packaging coatings, as a replacement of plastic packag-
ing, and in cement. Applications of graphene range from 
the increasing replacement of indium tin oxide for energy 
conversion in touch screen applications (Janas and Koziol 
2014), the preparation of high-strength epoxy/graphene 
nanocomposites for automotive applications (Wei et al. 
2015) to functional inks for flexible electronics embed-
ded into textiles or other everyday commodities (Capasso 
et al. 2015). Established methods for graphene production 
comprise unzipping of carbon nanotubes (Kosynkin et al. 
2009) and molecular assembly by carbon molecular beam 
epitaxy (Park et al. 2010). Similar to graphene, most NMs 
can be manufactured either top down by disintegration of 
larger units or bottom up by assembly of molecular enti-
ties.  SiO2, the NM with the highest production volume 
(Haas 2013), is usually produced purpose-specific, either 
by pyrogenic flame synthesis, e.g., for the use as thick-
ener, or by precipitation, in case of its final use in paints, 
coatings or papers. The versatile applications of  TiO2 

Fig. 1  Production of nanomaterials up to 2010. Different symbols 
represent estimations by different sources reviewed in Haas (2013)
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nanoparticles include photocatalysis in transparent hybrid 
polymer coatings (Lee et al. 2010), besides its long known 
use as UV filter in cosmetic products and textiles. More 
recent developments include protective acrylic coatings of 
buildings, to which  TiO2 is added following a modification 
with  Al2O3 and second polyhedral oligomeric silsesquiox-
anes for a better dispersion in water-based formulations 
(Godnjavec et al. 2012).

The definition of an NM is based on different criteria, 
according to its foreseen purpose in industry, research, or 
regulation. According to the International Organization for 
Standardization (ISO) “nanotechnology” is the “application 
of scientific knowledge to manipulate and control matter pre-
dominantly in the nanoscale (i.e., approximately from 1 to 
100 nm) to make use of size- and structure-dependent prop-
erties and phenomena distinct from those associated with 
individual atoms or molecules, or extrapolation from larger 
sizes of the same material”. ISO also classifies and catego-
rizes NMs systematically. It defines an NM as material with 
any external or internal structures or surface structures in the 
nanoscale (ISO 2015). Furthermore, the European Commis-
sion (EC) has recommended a definition of the term “nano-
material” specifically to be used for regulatory purposes 
(EC 2011). According to this recommendation, a material, 
regardless of its origin (i.e., natural, incidental or manufac-
tured), is considered being an NM if it contains 50% or more 
of unbound, agglomerated or aggregated particles with one 
or more external dimensions in the size range between 1 and 
100 nm. As an exemption from this rule, for fullerenes, gra-
phene flakes and single-wall carbon nanotubes the lower size 
limit remains ineffectual, while the upper limit of 100 nm 
still applies. Furthermore, the 50% threshold referring to the 
number of particles with a size between 1 and 100 nm may 
be lowered down to 1% in specific cases and whenever war-
ranted due to concerns triggered by environmental, health, 
and safety concerns or by competitiveness. Once adopted for 
regulatory purposes in order to establish legal clarity, the EC 
recommendation requires appropriate analytical measures 

to determine number-based particle size distributions at the 
nanoscale and well beyond 100 nm. Currently, this require-
ment still represents a considerable challenge. Even more 
so, as NMs suffer from the tendency to agglomerate in the 
atmosphere or in liquid media, a feature that often hinders 
their identification by particle analysis techniques. Agglom-
eration may also lead to the loss of nanoscale-mediated 
properties such as increased surface area (and reactivity), 
translucency and specific particle motion behavior while 
being in dispersion.

Regulation of nanomaterials in the areas 
of chemicals, biocides, consumer products 
and food

Within the European Union, all chemicals and their use in 
products for which no other specific regulation exists are 
subject to the Regulation EC No 1907/2006 concerning the 
Registration, Evaluation, Authorization and Restriction of 
Chemicals (REACH) (EC 2006). This includes high-volume 
substances such as  SiO2 or  TiO2, both of which are mostly 
used in the manufacturing of, e.g., coatings or composites. 
NMs are not explicitly mentioned in the REACH framework, 
but since it applies to chemical substances in any form and 
configuration, NMs are being covered as well. The European 
Chemicals Agency (ECHA) has published guidance docu-
ments on the information requirements and safety assess-
ments according to REACH. This also comprises specific 
requirements for substances that fall into the recommenda-
tion of the EC for the definition of NMs, such as data on 
physicochemical properties, toxicology and toxicokinetics as 
well as appropriate safety assessments. A nanospecific occu-
pational exposure evaluation is also included and recom-
mendations on protective personnel equipment are given for 
the case that residual exposure cannot be avoided by applica-
tion of other means. As suitable dose metrics for inhalation 
exposure to NM, mg/cm2,  cm2/m3 and particle number/cm3 

Fig. 2  Example for the application of nanocellulose as a filler in coatings for light-weight structures
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are proposed, the latter being of particular relevance also for 
fibers (ECHA 2016). A fiber is considered hazardous when 
thinner than 3 µm and longer than ~ 20 µm and no biodeg-
radation in the lungs by dissolving or breaking is possible 
(Donaldson and Tran 2004). For materials such as carbon 
nanotubes, silicon carbide and fluoro-edenite retention in the 
parietal pleura has been associated with the development of 
cancer following inhalation (Donaldson et al. 2010; Grosse 
et al. 2014).

The use of an NM as active or non-active ingredient of a 
biocidal product must also be authorized based on a sepa-
rate, nanospecific risk assessment and requires specifying 
the intended application areas such as the antimicrobial fur-
nishing of products (EC 2012). In case of the bactericidal 
nanosilver (nano-Ag), hints on its accumulation in humans 
as well as on the development of bacterial cross-resistances 
towards antimicrobials that are applied in the treatment of 
patients have led to the recommendation to refrain from its 
application in consumer products (BfR 2009; Schäfer et al. 
2013).

Cosmetic products are an example of a specific regula-
tion of consumer products. The European regulation for 
cosmetic products requires a notification of the EC along 
with information on the toxicological profile of the NM as 
well as relevant safety data (EC 2009). Of note is that the 
legislation has a somewhat different definition of NM to that 
of the EC recommendation, explicitly mentioning manufac-
tured materials and forgoing the definition of a fraction in 
the nanoscale. The use of NMs as UV filters, colorants and 
preservatives must be explicitly approved based upon spe-
cific safety assessments. Here, the Notes of Guidance for the 
testing of cosmetic substances and their safety evaluation, 
as issued by the Scientific Committee on Consumer Safety, 
are applicable (SCCS 2012). In addition, specific charac-
teristics of NMs need to be considered as well (SCHER 
2009). For the dermal application of nano-TiO2 in concen-
trations of up to 25%, used as UV-filter in sunscreens on 
healthy or sunburnt skin, the risk assessment revealed the 
lack of dermal absorption and thus no adversity in humans 
(SCCS 2014). However, this does not apply to similar prod-
ucts that might be inhaled, such as powders or spays. The 
risk assessment for NMs is still to be developed further and 
requires in particular the consideration of the toxicokinetic 
behavior of respirable particles. The EC has authorized the 
use of nano-TiO2 as UV-filter in cosmetic products under 
specific conditions only, and in adherence to an appropriate 
and nanospecific risk assessment. Notably, a possible risk is 
attributed to cosmetic spray products generating respirable 
aerosols (EC 2016).

For NMs in agriculture, food and feed, authorization is 
granted by the EC and member states of the European Union. 
The risk assessment is based on the sectorial guidance 

documents of the European Food Safety Agency (EFSA), 
and the corresponding guidance document for nanotech-
nology and nanoscience in the food and feed chain (EFSA 
2011). The uses covered in such evaluations comprise, for 
instance, applications as ingredients in animal feed, food, 
food additives and for food packaging materials. According 
to the EFSA guidance, the characteristics of an engineered 
nanomaterial (ENM) should ideally be determined at five 
different stages: (1) as manufactured material (pristine state); 
(2) upon delivery in food/feed products; (3) as being pre-
sent in the food or feed matrix; (4) as being present in the 
medium for toxicity testing, and (5) as being present in fluids 
of the human or animal body. Six case scenarios were estab-
lished for exposure assessment based on particle persistence 
and ingestion (Table 1) (EFSA 2011). The EFSA guidance 
is currently being updated.

Despite current technical difficulties in food and feed 
risk assessment procedures EFSA evaluates the nanoscale-
fraction solely on the basis of available information. An 
inventory of existing nanotechnology applications in the 
agricultural, feed and food sector revealed nano-encapsu-
lates and Ag as the NMs most frequently used (RIKILT and 
JRC 2014). Food additives and food contact materials were 
asserted as the major fields of application (Fig. 3).

For risk assessment, EFSA demands a full report of phys-
icochemical parameters and the respective analytical meth-
ods, the choice of which depends on the type of NM and the 
measurement environment. Applied methods should be dem-
onstrated to be fit for purpose and suited to deliver reproduc-
ible results. Nevertheless, this represents a relatively new 
field in analytical chemistry. Therefore, it is without surprise 
that food labeling requirements, which have been imposed 
for transparency reasons (EC 2013), are hampered by the 
analytical challenges associated with the implementation of 
the EC recommendation for the definition of NMs.

It should be kept in mind that regulatory authorities will 
require reliable routine methods for any monitoring in com-
pliance with the specification of the respective NM. Regard-
ing safety studies with NMs used in food, members of the 
EFSA Nano Network note that unrealistically high dosing 
can lead to outcomes that may not be related to the inherent 
toxicity of the material but to the high amounts adminis-
tered. Therefore, attention should be paid to the application 
of physiologically relevant test doses. Similarly as for mate-
rials used in cosmetics and food, the risk assessment of NMs 
according to the Novel Food Regulation (EC 2015) and the 
legislations for food contact materials (EC 2004) and food 
additives (EC 2008) involve case-by-case decisions as the 
current practice.

A specific challenge is the assessment of particle 
migration, e.g., pigments from nanocomposites which are 
increasingly used for food packaging but also in textiles. 
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Similar to cleaning agents and detergents, textiles lack 
any nanospecific regulation, except for the applicability 
of REACH for their ingredients. However, the release of 
free nanoparticles from such everyday commodities that 
may come in contact with human skin or may be inhaled 
is considered a potential health concern because there is 

still uncertainty regarding hazardous local effects of par-
ticulate matter.

Table 1  Case scenarios for the risk assessment of nanomaterials in agriculture, feed and food (EFSA 2011)

Case Scenario description

1. No persistence of engineered nanomaterials in preparations/formula-
tions as marketed

For nanotechnology applications where convincing evidence is 
provided, demonstrating, by appropriate analytical methods that the 
ENM is completely degraded/solubilized to non-nanoform, the EFSA 
Guidance for non-nanoforms for the specific intended use should 
apply, and this ENM Guidance would no longer apply

2. No migration from food contact materials (i.e., no exposure) Where evidence is provided convincingly demonstrating, by appropri-
ate analytical methods that there is no migration, the risk assessment 
could be based on the information that there is no exposure to the 
ENM via food and therefore there is no toxicological concern

3. Complete transformation of engineered nanomaterials into a non-
nanoform in the food/feed matrix before ingestion

When evidence is provided convincingly demonstrating, by appro-
priate analytical methods, that transformation of the ENM into a 
non-nanoform in the food/feed matrix is judged to be complete (i.e., 
non-nanoform degradation products are present) before ingestion, 
then EFSA Guidance for non-nanoforms for the specific intended use 
should apply, and this present ENM Guidance would no longer apply

4. Transformation during digestion When evidence is provided convincingly demonstrating, by appropri-
ate analytical methods that an ENM completely dissolves/degrades 
in the gastrointestinal tract, the hazard identification and hazard 
characterization can rely on data for the non-nanoform substance (if 
available) as long as the possibility of ENM absorption before the 
dissolution/degradation stage can be excluded. When evidence is 
provided convincingly demonstrating that no ENM absorption takes 
place a limited set of tests in general consisting of in vitro genotoxic-
ity, in vivo local effects and/or other appropriate in vivo testing may 
be deemed as sufficient. The systemic toxicity profile of a dissolved 
ENM is likely to be similar to the soluble (ionic or molecular) form. If 
this is demonstrated, further testing on the ENM is not necessary. In 
cases where data on the non-nanoform are not available, testing of the 
non-nanoform is required according to the relevant EFSA Guidance 
for the intended use

5. Information on non-nanoform available When information on a non-nanoform of the same substance is availa-
ble and where some or all of the ENM persists in the food/feed matrix 
and in gastrointestinal fluids, a testing approach is recommended 
which is based on comparison of information on ADME, toxicity, 
and genotoxicity of the non-nanoform with, in first instance, ADME, 
repeated-dose 90-day oral toxicity study in rodents and genotoxic-
ity information of the ENM. The purpose of comparing ADME and 
toxicity data from the two forms is to identify any major differences 
between the behavior of the non-nanoform and that of the ENM. If 
the differences observed indicate increased hazard, then more toxicity 
testing will be required on the ENM, beyond ADME, 90-day and 
genotoxicity tests. If the differences observed indicate less hazard then 
any request to waive further testing should be scientifically justified

6. No information on non-nanoform available When information on a non-nanoform is not available and where some 
or all of the ENM persists in the food/feed matrix and in gastrointes-
tinal fluids, the approach for toxicity tests on the ENM should follow 
the relevant EFSA guidance for the intended use with the modifica-
tions in the present guidance to take into account the nanoproperties. 
The ENM toxicity testing strategy provided for hazard identification 
and hazard characterization takes into account the nanoproperties
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Characterization of human exposure 
to nanomaterials

NMs are explicitly addressed in some sector-specific regu-
lations such as for cosmetic products (EC 2009), and novel 
foods (EC 2015), which has triggered the need for analyti-
cal methods to detect and characterize them for regulatory 
purposes. It is expected that the slightly different definitions 
currently applicable for specific regulatory sectors will be 
harmonized with the EC recommendation on a definition 
of an NM. Nevertheless, it is necessary to implement the 
current definition and this has triggered research into the 
development of suitable methods. The NanoDefine project, 
for example, with its consortium of researchers, manufac-
turers, regulators and metrology institutes, aims to develop 
an integrated approach that combines different methods for 
particle size measurement and supplies practical guidance 
for their implementation. A method-driven material classifi-
cation system is developed, differentiating mono- and multi-
constituent substances as well as articles and consumer 
products. The project develops recommendations on sample 
preparation and measurement methods, depending on mate-
rial type and purpose. Several methods are available to the 
project which can be grouped into counting, fractionation, 
ensemble and integral sizing methods that are applied in a 
tiered approach for screening, confirmation and eventually 
validation of the outcome (NanoDefine 2016). This means in 
practice, that, e.g., a chemical substance in nanoform may be 
characterized for registration under REACH by inductively 

coupled plasma mass spectrometry in single-particle mode 
(sp-ICP-MS) with a subsequent confirmation of results by 
electron microscopy. For cosmetics and food contact materi-
als, additional considerations of method applicability to the 
complex matrixes of these products are required. The project 
aims to produce comprehensive guidelines to help the user 
select the most suitable and economic method(s) to decide, 
for a given regulatory purpose, whether a material is an NM 
according to the definition or not.

For liquid and pasty matrices as well as in case of aero-
sols, human exposure can be assumed to be equal to the 
total number of nanoparticles applied with the product. 
The same is not true for polymer nanocomposites. Within 
composites, nanoparticles are embedded into a polymer 
matrix from which there need to be a release first for 
consumer exposure to occur. Therefore, the main ques-
tion in case of nanocomposites for food contact materials 
is, if and under which circumstances nanoparticles can 
be emitted. Noonan et al. (2014) sort the possible release 
scenarios into four categories: (1) desorption from the sur-
face for weak bonding; (2) diffusion in the polymer to the 
food contact surface; (3) dissolution into ions which are 
released into the food and (4) degradation of the matrix by 
abrasion, hydrolysis, swelling, etc. The migration potential 
of NMs from food contact plastics has been studied by 
numerous research groups yielding contradictory conclu-
sions. Discrimination between particle release and migra-
tion of dissolved ions is crucial for proper interpretation 
of migration results (Noonan et al. 2014; Störmer et al. 

Fig. 3  Information extracted 
from the Nano Inventory 
(Peters et al. 2014) shows the 
number of records of the most 
used nanomaterials in the most 
common types of applications. 
For reasons of clarity not all 
nanomaterials and applications 
are shown. “Silica” is the sum 
of synthetic amorphous silica 
and silicon dioxide
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2017). Furthermore, metal ions such as  Ag+ can re-form 
nanoparticles at slightly reductive conditions, including 
during sample preparation (Störmer et al. 2017). Low-
density polyethylene polymer (LDPE) has the highest 
diffusivity among usual food contact plastics (Bott et al. 
2014a) and thus may be regarded as a worst-case matrix. 
To this example, for food contact plastics the ‘nano-addi-
tives’, Ag (Bott et al. 2014b), titanium nitride (Bott et al. 
2014c) (Fig. 4), carbon black (Bott et al. 2014a), synthetic 
amorphous  SiO2 (SAS) and laponite, a clay consisting 
of very small crystallites at the nanoscale (‘nanoclay’), 
were added at various concentrations. Migration testing 
for 10 days at 60 °C revealed a maximum release of tita-
nium and Ag of 0.24 µg/kg and 1 µg/dm2, respectively, 
into the simulant acetic acid (3%). A lower migration was 
observed into ethanol (95%) and isooctane. In all cases, 
nanoparticles were undetectable in the simulants by induc-
tively coupled plasma mass spectrometry (ICP-MS) and 
asymmetrical flow field-flow fractionation (AF4) (Störmer 
et al. 2017). In agreement with these findings, Bott et al. 
(2014c) have estimated by modeling that any migration 
would be below 1 × 10−6 mg/kg food using the conserva-
tive assumption of a nanoparticle size of less than 10 nm. 
Migration modeling indicates that nanoparticles larger 
than 3–4 nm in diameter cannot migrate at all from low-
density polyethylene (LDPE). It has been concluded due 
to the high diffusion properties of LDPE, that migration 
of nanoparticles > 3 nm is unlikely from any other plas-
tic food contact material following Fick’s law of diffu-
sion (Maia et al. 2016). Based on the study of Bott et al. 
(2014c), EFSA has issued an opinion according to which 
consumer exposure to nanoparticles added to rigid poly-
vinyl chloride in concentrations of up to 10% (w/w) is 
expected to be very low and does not raise toxicological 
concerns (EFSA Scientific Committee 2014). However, 
consumer exposure to nanoparticles released from other 

polymer nanocomposites, e.g., functionalized textiles, is 
still insufficiently evaluated.

Due to the complex matrices encountered in toxicity and 
ecotoxicity testing, methods for sample preparation and par-
ticle characterization remain challenging and are still under 
development. Especially the differentiation between “per-
sistent” and “non-persistent” particles, [e.g., by the EFSA 
exposure scenarios for ingestion (see Table 1)] or by the 
category “granular biodurable particle without known sig-
nificant specific toxicity” (GBP) established by Roller and 
Pott (2006) for particle inhalation requires further data on 
the fate of the different materials. Only once reliable meth-
ods are available, these terms can be technically defined. 
Moreover, with the application of new techniques data are 
suggesting in vivo dissolution of particles that were pre-
viously considered biodurable, e.g., in the case for cerium 
dioxide  (CeO2) (Graham et al. 2014; Moreno-Horn and 
Gebel 2014). On the other hand, reactive materials such as 
elemental aluminum whose oxides are water soluble (Shin 
et al. 2015) may acquire passivating shells (Padhye et al. 
2016) that potentially could prevent a complete particle dis-
solution and lead to an unexpected long-term persistence 
of particles.

Development of novel tools based 
on combination of multimodal 
spectroscopies to study cellular uptake 
processes

The quantification of NP uptake by different organs and their 
cells is essential for toxicological studies. Currently, for the 
intracellular quantification of NPs, analysis of a cell suspen-
sion or a pellet typically containing  106 cells by ICP-MS is 
carried out (Hsiao et al. 2016). The method yields an aver-
age value and does not allow conclusions on the particle 

Fig. 4  Migration potential of nanoparticles in food contact plastics: nano-silver in low-density polyethylene (LDPE)
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distribution among cells or within a single cell. For this 
reason, a method based on laser ablation, LA-ICP-MS, was 
developed in order to localize and quantify metallic NPs in 
single cells. Fibroblast and macrophage cells were incubated 
with Au or Ag NPs at different concentrations and grown 
under standard conditions. The NP distribution of individual 
cells was determined by spatially resolved bio-imaging using 
LA-ICP-MS (Fig. 5). Sub-cellular resolution was achieved 
by careful optimization of laser energy, ablation frequency 
and scan speed. Based on matrix-matched calibration, the 
number of NPs in individual cells was determined (Drescher 
et al. 2012, 2014).

In a more recent study, Au NPs have been used as 
probes for surface enhanced Raman scattering (SERS) to 
get molecular information from inside the cells. The gold 
NPs and their aggregates were quantified inside the cellular 
ultrastructure by LA-ICP-MS micro-mapping and evaluated 
regarding the SERS signals. In this way, both information 
about their localization at the micrometer scale and their 
molecular nano-environment, respectively, was obtained and 
can be related. Thus, the NP localization can be followed 
from endocytotic uptake, intracellular processing, to cell 
division. It was shown that the ability of the intracellular 
NPs and their accumulations and aggregates to support high 
SERS signals is neither directly related to NP amount nor 
to high local NP densities. The SERS data indicated that 

aggregate geometry and interparticle distances in the cell 
change in the course of endosomal maturation and play a 
critical role for the specific gold NP type in order to act as 
efficient SERS nanoprobe. This finding is supported by TEM 
images, showing only a minor portion of aggregates that pre-
sent small interparticle spacing. The SERS spectra obtained 
after different chase times showed a changing composition 
and/or structure of the biomolecule corona of the gold NPs 
as a consequence of endosomal processing.

By adding a gold core to silica NPs (BrightSilica), sil-
ica-like NPs were generated that, unlike unmodified silica 
nanoparticles, provide three types of complementary infor-
mation to investigate the silica nano-bio-interaction inside 
eukaryotic cells in situ. Firstly, organic molecules in prox-
imity of and penetrating into the silica shell in live cells 
were monitored by SERS. The data show interaction of the 
hybrid silica particles with tyrosine, cysteine and phenyla-
lanine side chains of adsorbed proteins. Composition of the 
biomolecular corona of BrightSilica NPs differed in fibro-
blast and macrophage cells. Secondly, quantification of the 
BrightSilica NPs using LA ICP-MS micro-mapping indi-
cated a different interaction of silica nanoparticles compared 
to pure gold NPs under the same experimental conditions. 
Thirdly, the metal cores allowed for the investigation of par-
ticle distribution and interaction in the cellular ultrastructure 
by cryo-nanoscale X-ray tomography. In 3D reconstructions, 

Fig. 5  Analysis of silver nanoparticle distribution in individual cells by spatially resolved bio-imaging using laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS)
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the assumption was confirmed that BrightSilica NPs enter 
cells by an endocytotic mechanism. The results have impli-
cations for the development of multi-modal qualitative and 
quantitative characterization in comparative nanotoxicology 
and bio-nanotechnology (Buchner et al. 2016).

LA-ICP-MS cannot differentiate between particle adsorp-
tion to cell membranes or penetration into the cells; however, 
the technique is further capable to provide insight into the 
cell-to-cell variation of particle distributions (Hsiao et al. 
2016).

Further development of the method toward an elemental 
microscope with a lateral resolution in the sub-micrometer 
range may allow for direct detection of NPs in cells and tis-
sues. In perspective, the localization of NPs may be corre-
lated with cellular compartments by using staining reagents 
or metal conjugated antibodies. In the first case protein and 
DNA distributions may be visualized (Herrmann et al. 2017) 
and in the second case dynamics of the cellular machinery 
may be determined (Mueller et al. 2017a).

LA-ICP-MS has already been applied to detect very small 
iron oxide NPs in tissues to answer the question if they can 
be applied for imaging of arterio-sclerotic plaques in mag-
netic resonance imaging experiments (Scharlach et al. 2016). 
Again, this method excels by simple calibration using just 
slurry suspensions of NPs to provide quantitative informa-
tion. By doping the very small iron oxide NPs with rare earth 
elements even endogenous and exogenous iron can be dif-
ferentiated. This may be used to provide information on local 
particle distribution in tissues and potential association with 
biomolecules if combined with the previously mentioned 
metal stains and/or metal-tagged antibodies.

However, the application of quantitative LA-ICP-MS 
in toxicokinetics is currently in a developmental stage. 
Recently, the technology “mass cytometry imaging” which 
is based on a laser ablation system coupled to inductively 

coupled plasma time-of-flight mass spectroscopy was 
launched (Mueller et al. 2017b). To summarize, the tech-
nology convinces by application of metal-tagged antibodies 
which are applied to thin-cuts of tissue samples so that up to 
presently 50 individual biomarkers can be detected simulta-
neously together with endogenous metals being present in 
different organs.

Alternative imaging techniques to LA-ICP-MS on the 
other hand exhibit the potential to visualize particles on tis-
sue and cellular level (Jungnickel et al. 2016; Laux et al. 
2017a). A protocol for transmission electron microscopy 
(TEM) has been developed that allows to describe the mech-
anism of NP transport in a blood–brain barrier model and 
Caco-2 intestinal epithelial cells model (Ye et al. 2015). As 
it was recently shown by Graham et al. (2014) for  CeO2, 
particle characteristics such as crystal structure, composi-
tion, and size may impact on toxicity. Recently developed 
new techniques such as focused ion beam (FIB) microscopy 
in combination with TEM or SEM allow the visualization of 
surface details and internal particle structures, respectively 
(Fig. 6) (Guehrs et al. 2017). These features could help to 
further elucidate in vivo transformation of internalized mate-
rial. Furthermore, the benefit of coupling electron energy 
loss spectroscopy to TEM was recently proven for identifi-
cation and morphological characterization of inhaled  TiO2 
NPs in the rat lung (Kapp et al. 2004).

Toxicity and ecotoxicity testing 
of nanomaterials

So far, NM safety research is mainly focused on exposure via 
inhalation and ingestion. Indeed, the likelihood of NP uptake 
via the skin is considered smaller based on data obtained 
exemplarily with certain forms of  TiO2, even when the skin 

Fig. 6  Investigation of surface structure (left), internal structure (center) and lattice defects (right) in combination of scanning electron micros-
copy (SEM), focused ion beam (FIB) and transmission electron microscopy (TEM)
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is damaged due to sunburn (SCCS 2014). However, dermal 
uptake following to chronic exposure or injuries cannot be 
excluded and requires further investigation, in particular 
when materials other than  TiO2 are applied. The highest 
concern for human health is attributed to the inhalation of 
NMs (Borm et al. 2006).

Prior to any toxicological testing a complete and careful 
characterization of the NM is required. Doak et al. (2009) 
have suggested a three-phase approach for nanoparticle char-
acterization in order to address this issue. Phase one covers 
the powder state and includes assessment of chemical com-
position, size, size distribution, surface area and morphol-
ogy. Phase two covers characterization of the dispersions 
and includes tests on agglomeration or aggregation, as well 
as on the formation of reactive species. Phase three then 
includes the nano–bio interface, which needs to be assessed 
in a relevant biological medium.

In addition to a comprehensive characterization of the test 
materials and the employed media, an appropriate dosimetry 
is a crucial prerequisite for a consistent quantification of the 
material to which an animal or cellular system is exposed 
and thus the establishment of realistic exposure scenarios 
(Oberdörster 2012). The different outcomes of in vivo and 
in vitro toxicity testing achieved so far are considered to be 
in significant part due to a missing dose correlation between 
the systems (DeLoid et al. 2015; Demokritou et al. 2013). 
For the simulation of exposure to inhaled NMs in occupa-
tional and other scenarios, including animal experimenta-
tion, the multiple-path particle dosimetry model has been 
developed and is commonly used today (Anjilvel and Asgha-
rian 1995; Cassee et al. 2002).

Aerosolization techniques

Because of their high diffusivity, nanoparticles tend to 
agglomerate in air (Wong et al. 2009) and only a small 
percentage of respirable particles in aerosols exhibit a size 
of below 100 nm (Ma-Hock et al. 2007). Measurements at 
three different workplaces exposed to  SiO2, carbon black 
and  CaCO3 nanoparticles, respectively, revealed number and 
mass concentrations close to the background level (Tsai et al. 
2011). A case study, addressing the nanoparticle release 
from nanoreinforced tires revealed an importance of param-
eters controlling release in the order: aging scenario, matrix 
properties, NM properties (Wohlleben et al. 2016b). In real-
istic scenarios, low levels of nanoparticles, but more so NM 
aggregates have been shown to become available in aerosols 
(Landsiedel et al. 2012). In addition to the main influence 
of concentration, primary particle size and the material-
specific agglomeration status (Ma-Hock et al. 2007), the 
method applied for aerosolization impacts significantly the 
tendency of nanoparticles to agglomerate in air and is thus 
a key parameter for the biokinetics of nanoparticles. The 

generation of aerosols from powder dispersions by a brush 
dust feeder is considered more similar to environmental and 
workplace scenarios than the use of nebulization systems 
employing liquid vehicles, in particular as these may exert 
additional toxicological effects (Ma-Hock et al. 2007). Spark 
discharge, a technique widely used in material research and 
production (McKinney et al. 2009; Meuller et al. 2012) 
provides individual or slightly agglomerated nanoparticles 
that may be applied at very low concentrations. This ena-
bles progression of particles into the deeper lung where they 
may deposit and potentially might penetrate the air-blood 
barrier. Spark discharge has been used to demonstrate that 
iridium particles with a median diameter of 80 nm are trans-
located from lung to secondary organs to about an order of 
magnitude less in comparison to iridium particles with a 
median diameter of 15 nm (Kreyling et al. 2002). However, 
even though there are multiple applications in research and 
production, the relevance of such exposure scenarios for 
daily life scenarios remains questionable. While at one hand 
particle generation by spark discharge may reveal specific 
size-dependent differences in NM biokinetics, dry dispersion 
of the bulk material, e.g., by a brush generator, nozzles, or 
acoustical feeder systems (McKinney et al. 2009) represents 
a risk-related approach.

Respirability of the aerosol as a prerequisite for inhalation 
toxicity studies is determined by the particle size distribution 
which can be assessed by cascade impactors as well as by 
scanning mobility or aerodynamic particle sizers (Asbach 
et al. 2009; Ma-Hock et al. 2007). For inhalation studies 
with carbon nanotubes, measurement of tube length, curva-
ture and diameter by electron microscopy are further neces-
sary requirements due to the relationship between material 
structure and pulmonary response (Oberdörster et al. 2015). 
Recent data indicate that rigidity may represent a crucial fac-
tor for the carcinogenic potency of carbon nanotubes (Nagai 
et al. 2011). Test methods are not yet established and are 
subject of ongoing research (BAuA 2015).

Testing for inhalation toxicity of nanoparticles

As shown for the example of coal dust which was detected 
in 10.4% of liver and 19.5% of spleen samples of coal mine 
workers (LeFevre et  al. 1982), systemic availability of 
inhaled particles is not necessarily restricted to nanoscaled 
objects. Furthermore, no evidence for a relevant nanospe-
cific toxicity has been provided so far (Moreno-Horn and 
Gebel 2014). However, engineered NMs consisting of dif-
ferent compounds may further possess altered toxicological 
properties like, e.g., nanosized cerium dioxide particles that 
did not cause lung inflammation after short-term inhalation 
when coated with amorphous silica (Demokritou et al. 2013; 
Gebel et al. 2014).
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As an example for granular nanoparticles of low solubil-
ity, three particle types of the widely used  TiO2 with dif-
ferent surface properties were compared regarding their 
effects and toxicokinetic fate in a 28-day inhalation study 
in rats, employing a dry dispersion technique (Eydner et al. 
2012). Besides minimal inflammatory changes in the lungs, 
leucopenia, and a decrease in beta-glucuronidase, particle 
deposition in alveolar macrophages and, to a lesser extent, in 
type-I pneumocytes, was observed. A minimal translocation 
of particles into the bloodstream was described; the concen-
tration of the substance was below the limit of detection in 
all other organs than lung. Similarly, nanoscaled zinc oxide 
and SAS were not detected in significant concentrations in 
other organs than lung and lung-associated lymph nodes fol-
lowing 90 days inhalation in rats. However, for both com-
pounds dissolution is decreasing the lung burden in addition 
to the physiological clearance (Creutzenberg 2013, 2014).

In general, the size of inhaled agglomerates is consid-
ered a main determinant of the biokinetic fate of particu-
late materials (Eydner et al. 2012; Wiench et al. 2012). The 
application of particle agglomerates with a mass median 
aerodynamic diameter in the respirable range in most inha-
lation studies might explain why the effects of particulates 
are comparable, independent of their primary size (Gebel 
2012). A factor of 2–2.5 referring to the dose metrics mass 
concentration was described between the two with regard 
to their carcinogenic potency (Gebel 2012). Positive results 
of chronic studies on tumor formation due to inhalation of 
carbon black and  TiO2 provide sufficient evidence for inha-
lation carcinogenicity of both materials according to the 
International Agency for Research on Cancer (IARC 2010). 
However, because of the high doses that were applied it is 
questioned if substance specific conclusions can be drawn. 
So far, no regulatory classification of these substances has 
been accomplished. Any observed formation of lung tumors 
has been attributed to substance-independent, unspecific 
effects of overload, impaired lung clearance and subsequent 
inflammation (Baan 2007). This mechanism is hypothesized 
for GBP, a class of materials comprising compounds such as 
 TiO2, carbon black or  CeO2 (Roller and Pott 2006), regard-
less of their particle size (Gebel et al. 2014). The influence 
of surface functionalization on agglomeration of  SiO2 and 
zirconium dioxide  (ZrO2) was analyzed within the German 
project NanoGEM (2010) in different lung-related bioflu-
ids. Besides pure phospholipids, a commercially available 
extract from pig lungs (CuroSurf™) and purified native 
porcine surfactants were employed. Furthermore, lipid and 
protein interactions have been analyzed. Lipid binding was 
surprisingly low for pure phospholipids and rather seems to 
be mediated by proteins, with surfactant protein A being the 
most important one. A correlation of in situ characterization 
data to toxicological data obtained in short-term inhalation 
studies of the same nanoparticles (Landsiedel et al. 2014) 

revealed that differences in inhalation toxicity are linked to 
the nanoparticle core composition together with the sur-
face area adsorbing lung surfactant, and not as much to the 
corona, neither lipid nor protein (Wohlleben et al. 2016a). 
However, protein and/or lipid binding may have a modula-
tory effect.

While many different potential effects such as inflamma-
tion, developmental toxicity, neurotoxicity and immuno-
logical reactions (Ema et al. 2017; Giannakou et al. 2016; 
Heusinkveld et al. 2016; Kermanizadeh et al. 2015; Zhang 
et al. 2015), have been unveiled in recent research, inha-
lation carcinogenicity of nanoparticles was flagged as a 
main question of nanotoxicology (Becker et al. 2011). A 
subchronic, 90-day inhalation study on toxicity and carcino-
genicity aligned with a 90-day post-exposure period, inves-
tigated nano-CeO2 as a representative of the GBP group. An 
impaired lung clearance and a slight increase of genotoxicity 
and cell proliferation markers in comparison to the control 
were revealed for the highest dose group exposed to 3.0 mg/
m3  CeO2. However, due to the small increase and the pos-
sibility of overload-related effects, the data on genotoxicity 
should be considered with care (Schwotzer et al. 2017). In 
order to evaluate the relevance of overload related effects, 
the requirement of a post-exposure period is currently con-
sidered for inclusion into the technical guidelines of the 
OECD working party on manufactured NMs for inhalation 
studies on nanoparticle toxicity (OECD 2015).

Testing for inhalation toxicity of nanofibers

In deviation of the data for spherical particles, there is clear 
evidence for pulmonary and intraperitoneal carcinogenic-
ity of biopersistent nanofibers such as certain MWCNTs 
(Donaldson et al. 2010; Porter et al. 2010; Rittinghausen 
et al. 2014), but also fibers from inorganic materials such 
as fluoro-edenite or silicon carbide (Grosse et al. 2014). 
Moreover, pulmonary fibrosis has been highlighted as an 
effect of MWCNT exposure (Sharma et al. 2016; Vietti et al. 
2016). Intraperitoneal injection, described as the most sensi-
tive method for carcinogenicity testing of fibers (Bernstein 
et al. 2001; Drummond et al. 2016) has revealed a relation 
between curvature and carcinogenic potency of MWCNTs. 
However, due to its sensitivity this method is useful for haz-
ard identification and studying mechanisms of action, its 
applicability to risk assessment remains to be established. 
The induced mesotheliomas were characterized as similar 
to those revealed with asbestos (Rittinghausen et al. 2014). 
Frustrated phagocytosis (Dostert et al. 2008) and retention 
in the mesothelial stomata (Poland et al. 2008) as elements 
of the fiber paradigm are possible mechanisms of carcino-
genicity for these materials. In case of MWCNTs a rela-
tion between shape and carcinogenic potential has been 
described: while thin, needle-like MWCNTs of 37–85 nm 
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in diameter and lengths between 5.29 and 10 µm elicited a 
carcinogenic effect, thick or tangled MWCNTs with a diam-
eter of 150 nm and a length of 4.88 or 4.34 μm, respectively, 
were less potent (Nagai et al. 2011; Rittinghausen et al. 
2013). Similarly, as in the case of synthetic mineral fibers 
(Bernstein et al. 2001), biopersistence in the rat lung seems 
to be a suitable determinant for inhalation carcinogenicity of 
MWCNTs and other persistent nanofibers. There is the need 
to investigate in vitro and early-stage in vivo reactions as 
potential predictive markers for development of lung cancer 
or mesothelioma; the impact of physico-chemical properties 
and experimental factors should be considered (Kuempel 
et al. 2017). Some mineral fibers may dissolve in the bron-
choalveolar lavage, dependent on the specific fiber properties 
(Nguea et al. 2008). An evaluation of man-made mineral 
fibers by the International Agency for Research on Cancer 
came to the conclusion that epidemiological studies only 
provide inadequate evidence for carcinogenicity in humans. 
Based on data from animal studies, sufficient evidence is 
seen for carcinogenicity of “Special-purpose” glass fibers 
and refractory ceramic fibers, while there is lower concern 
for insulation glass wool, rock (stone) wool and slag wool 
(Baan and Grosse 2004). Several attempts were taken in the 
past to increase the biosolubility of glass and stone wool 
compositions (Guldberg et al. 2000). However, so far man-
made mineral fibers were mainly tested without the binder 
substances such as phenolic resin that are present in mar-
keted products. Recent data achieved by abiotic methods 
indicate a strong influence of such compounds on fiber dis-
solution and suggest the testing of products as marketed in 
order to avoid human health risks (Wohlleben et al. 2017).

Testing for oral toxicity

NMs may be ingested as food ingredients, novel foods, or 
compounds released from functionalized food contact mate-
rials. SAS is a well-known food additive (E551) (Napierska 
et al. 2010) and  TiO2 a common whitening agent (E171); 
both comprise a fraction of particles in the nano-range 
(Peters et al. 2012; Weir et al. 2012). The biocidal proper-
ties of nano-Ag are used in kitchen equipment and water 
purification (Marambio-Jones and Hoek 2010). While for 
the rather insoluble materials  SiO2, iron oxide and  TiO2 no 
systemic toxicity and no or only negligible biodistribution 
were reported following oral administration to rats (Geraets 
et al. 2014; Yun et al. 2015), there are reports on a dose-
dependent systemic distribution of ZnO and Ag nanoparti-
cles, with liver, spleen, and lung as main targets (Choi et al. 
2015; van der Zande et al. 2012; Yun et al. 2015). Exposure 
to Ag suspected to have genotoxic potency (Fewtrell et al. 
2017) resulted in increased serum alkaline phosphatase 
and calcium levels as well as an enhanced concentration of 
the element in several tissues (Yun et al. 2015). Since also 

particles were detected following exposure to  Ag+ ions, the 
systemic distribution of Ag was suggested to be due to the 
portion of soluble  Ag+ salts (van der Zande et al. 2012). Pos-
sibly triggered by the expected higher potential of smaller 
nanoparticles to reach the nucleus via its pores of 8–10 nm 
in diameter (Magdolenova et al. 2014), there is the pend-
ing question whether there is a size-specific genotoxicity. 
For four particle types of commercially available SAS, no 
DNA damage was observed in seven tissues of rats orally 
exposed for a short period (Tarantini et al. 2015a). TEM 
images of human intestinal Caco-2 cells following expo-
sure to two  SiO2 nanoparticles of 15 and 55 nm size showed 
that both particle types were present in the cytoplasm but 
not in the nucleus. Chromosomal damage and release of the 
proinflammatory cytokine IL-8 was observed at the highest 
dose for 15 nm particles, but not for 55 nm particles, indi-
cating the role of particle number and surface area in NM 
toxicity (Tarantini et al. 2015b). Data published on  TiO2 
nanoparticles are numerous and controversial (Zhang et al. 
2015). Contradictory results are probably in part due to the 
materials photoactivity and the varying degree to which this 
was considered in the individual experiments. In vitro geno-
toxicity was reported by comet and micronucleus assays on 
modified HepG2 cells (Lichtenstein et al. 2015; Shukla et al. 
2013). Several papers claimed that anatase crystalline struc-
ture nanoforms are more potent in inducing cytotoxic and 
genotoxic responses than rutile structures (Petkovic et al. 
2011). Nevertheless, principles of the relationship between 
physico-chemical properties and toxicity have not been 
established so far.

Currently, interpretation of data on NM genotoxicity is 
hampered by often insufficient characterization of the NMs 
and the studies having been carried out under different 
experimental conditions. Several earlier in vitro genotoxic-
ity results lack sufficient reproducibility. While, e.g., in the 
micronucleus assay an interference of reagents with cellular 
uptake of nanoparticles might reveal false negatives (Doak 
et al. 2009; Magdolenova et al. 2014), an interaction between 
nanoparticles and naked DNA following to cell lysis was 
described as a risk of artifacts during the comet assay (Stone 
et al. 2009). These experiences have led to improved proto-
cols with better reproducibility, useful in a standard battery 
of test methods (Gonzalez and Kirsch-Volders 2016; Karls-
son et al. 2015) and applicable to high-throughput screening 
(Collins et al. 2017). However, it remains unsolved whether 
genotoxic effects are direct or secondary to NM exposure, 
if this is not material-dependent in the first place (Evans 
et al. 2017).

In vivo genotoxicity must be investigated not only on 
systemic organs which may be exposed to low levels of 
nanoparticles depending on the bioavailability, but also on 
stomach and intestine which are the main organs in contact 
with food ingredients. Further research into agglomeration 
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behavior and cellular uptake of nanoparticles (Tarantini et al. 
2015a) as well as a standardization of tests are necessary in 
order to generate reliable information on NP genotoxicity. 
Apart from the as-produced material properties, different 
chemical environments of saliva, gastric juice, and chyle 
may cause dissolution or modification of particles and thus 
impact on barrier penetration and toxicity (Böhmert et al. 
2014). The conditions of the gastrointestinal tract are con-
sidered by the EFSA exposure scenarios, according to which 
a material should be evaluated before it is used in agricul-
ture, food and feed (EFSA 2011). Nano-Ag was shown to 
still occur in particulate form after digestion without major 
aggregation, indicating a potential for penetration of the 
intestinal barrier (Böhmert et al. 2014). The French/Ger-
man project SolNanoTox intends to compare the effects of 
both, insoluble and soluble NPs by application of in vitro 
and in vivo models of intestine and liver. While the rutile 
forms of  TiO2, which have been less investigated in oral set-
tings so far, serve as an example of insoluble nanoparticles, 
aluminum is used as a soluble material.

Ecotoxicity testing of nanomaterials

Similar to inhalation and oral toxicity assessment, agglom-
eration behavior and appropriate protocols for dispersion 
and substance delivery are also major points of discus-
sion for the environmental testing of NMs. For dispersion, 
water without dispersant, stabilizer or dissolved organic 
matter is preferred (Laux et al. 2017b). As long as we 
do not know the most sensitive compartment, it is rec-
ommended to consider the three environmental compart-
ments water, sediment and soil for the estimation of no 
observed effect concentrations (NOEC), unless exposure 
or ecotoxicity can be excluded. Due to NM properties such 
as agglomeration NMs may provoke the strongest effects 
at less than the highest dose. Therefore, limit tests are 
not recommended and several NM concentrations should 
always be tested. Some NMs such as  TiO2 exhibit intrinsic 
photocatalytic activity or are (further) designed for this 
effect and show increased aquatic toxicity when relevant 
wavelengths are applied (Adams et al. 2006). However, 
even materials without such properties may be more harm-
ful under illumination, as shown for nano-Ag on the sur-
vival of fish embryos (George et al. 2014). Accordingly, 
testing should include both conventional illumination and 
simulated sunlight. For hazard assessments, test conditions 
causing highest ecotoxicity should be selected. Environ-
mental conditions such as aging, weathering or sewage 
treatment may cause modifications or altered bioavail-
ability of NMs. Adsorption of matter from the environ-
ment can lead to corona formation with a potential change 

of ecotoxicological potency. For nano-Ag NM 300-K, a 
median effective concentration of 0.14 mg/L was observed 
at 48 h post-fertilization for particles in the effluent of a 
model sewage treatment plant in contrast to 1.09 mg/L for 
the pristine particles in mineral medium.

The exposure concentration for aquatic test organisms 
can also change as a result of sedimentation. This has to 
be considered when calculating effect concentrations. It 
must also be taken into account that organisms such as 
daphnids, though living in the water phase, can take up 
sedimented particles.

In soil and sediment tests the solid media may be spiked 
by applying soil or  SiO2 sand as a carrier (dry spiking), 
or by using an aqueous dispersion of the NMs. A com-
parison of five spiking procedures using  TiO2 and Ag NPs 
in standardized OECD tests resulted in stronger effects 
by wet spiking in comparison to dry spiking. Since there 
was an influence of stock suspension concentrations on the 
results observed, dry spiking was concluded as preferential 
method for application of solid  TiO2 and Ag nanoparticles 
(Hund-Rinke et al. 2012). An essential topic in the eco-
toxicological testing of NMs is aging and transformation 
over time. Amongst others, this may include processes 
such as photochemical transformation, dissolution, abra-
sion and biotransformation (Mitrano et al. 2015). Amor-
phous materials might be transformed in environmental 
media causing effects after prolonged incubation periods 
(Batley et al. 2013). The discussion on whether the incuba-
tion periods recommended in the test guidelines need to be 
modified for NM testing is ongoing. Based on laboratory 
data obtained with nano-Ag and nano-TiO2, firm propos-
als on the modifications of eight OECD test guidelines 
were established (Hund-Rinke et al. 2016), including test-
ing of the green algae Raphidocelis subcapitata (OECD 
2011), the sediment organism Lumbriculus variegatus 
(OECD 2007) and terrestrial invertebrates Enchytraeus 
crypticus and Eisenia fetida (OECD 2004a, b). A particu-
lar challenge is the assessment of ion-releasing NMs, for 
example when assessing their effect on the microbial nitro-
gen transformation in soil. In chemicals assessment the 
procedure described in OECD TG 216 (2000) is usually 
applied where Lucerne meal is used as complex nitrogen 
source. However, effects of ion-releasing NMs on nitri-
fying microorganisms are only detected if an inorganic 
nitrogen source is used instead (Hund-Rinke and Schlich 
2014). Possible reasons are ions released from NMs sorb 
to organic nitrogen sources reducing their bioavailabil-
ity, or that the oxidation sites of the NMs are blocked by 
the organic matrix. Therefore, transformation of NMs and 
their potential interaction with test media is an important 
aspect to be considered in order to avoid misinterpretation 
of potential effects.
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Risk communication and technological 
impact assessment

Nanotechnology is a key enabling technology of the early 
twenty-first century. However, while the forecasts between 
2000 and 2010 of market volumes between 1 and 3 trillion 
USD (Thielmann 2015) were enthusiastic, expectations 
have calmed down meanwhile, as what is a usual trend 
for new technologies. Companies often focus on the best 
solution function- and cost-wise, somewhat restraining the 
launch of novel products. Worldwide, nanotechnology-
based consumer products are mainly found in applications 
for health and fitness, home and garden and automotive, 
followed by food and beverage and coatings (Vance et al. 
2015). Nano-Ag is one of the materials used most fre-
quently and can be found in 25% of the nano-enabled prod-
ucts. Antimicrobial protection is representing its major 
purpose. It is assumed that the development of nanotech-
nology is following a double boom in specific publications 
and patents. Stagnation of scientific trends prior to the 
first patent boom is followed by an acceleration before the 
second patent boom. Usually, scientific activities are less 
fluctuating than patent activities, since companies react 
more rapidly when expected results are not realized. For a 
technology cycle, typically 15 years or more are expected 
between first and second boom. No substantial markets are 
existing before the second technological boom (Thielmann 
et al. 2009). Subsequent to the current phase of new ori-
entation of consumers, enterprises and research, a broad 
diffusion of new product properties is expected within the 
next decades. Acceptance of nanotechnology is strongly 
related to the respective stakeholders. In some large 
companies concern has been raised against nanospecific 
labeling and information because of potential stigmatiza-
tion and financial burden. In contrast, small and medium 
enterprises as, e.g., paint industries need more information 
on the NMs in use, while non-governmental institutions 
expect transparency. Finally, consumers might forget what 
nanotechnology is and may not differentiate to other prod-
ucts (Thielmann et al. 2009).

To further develop nanotechnology responsibly requires 
a broad continuous inclusion and integration of all stake-
holders and their perspectives. The process should be 
moderated by neutral parties. Adopted measures of risk 
management should be taken, depending if free, bound or 
embedded particles are present. An assessment of the per-
ception of nanotechnology of the public and the media was 
performed by the NanoView project (Epp 2015). While 
41% of Europeans are positive about nanotechnology, 40% 
are still undecided (European Union of 27 member states 
in 2010). The awareness of nanotechnology is different 
at the country level. While it is 76% in Switzerland, 65% 

in Germany and 62% in the USA, it is only 46% on aver-
age in the 27 member states of the European Union. The 
willingness to buy nano-enabled products decreases when 
the expected intensity of human exposure increases. While 
surface coating and care products achieve the highest 
acceptance value of above 70%, acceptance decreases from 
textiles with 60% via cosmetics with 30% to a minimum 
of below 20% for food. The coverage of nano-enabled 
products in the German media was compared in a media 
analysis of the two periods from 2000 to 2007 and 2008 to 
2012. The total number of media articles was 1696 in the 
first period and declined to 591 in the second. In contrast, 
the percentage of articles placed in the scientific sections 
of newspapers and news magazines increased from 58.5% 
between 2000 and 2007 to 66.5% between 2008 and 2012 
(Epp 2015). Most articles highlight at least one benefit 
in relation to nanotechnology which corresponds to the 
rather positive overall risk–benefit perception in the Ger-
man public. However, nanotechnology is not a frequently 
raised issue in the German public, but has become a sub-
ject of a highly specialized scientific discourse instead. 
An ongoing social discourse among various stakeholders 
about risks and benefits of nanotechnology together with a 
scientific risk assessment of NMs may help to further raise 
the awareness for nanotechnology and its applications in a 
responsible manner.

Conclusions

The major role of high-volume NMs such as carbon black 
and  SiO2 in industrial production is accompanied by regula-
tory and standardization measures. These require appropri-
ate analytical capability for material characterization, which 
is still in development for some applications. Results of 
toxicological inhalation studies indicate a gradual increase 
of NM toxicity rather than completely new nano-specific 
effects. Such an effect should also not be expected due to 
the rather arbitrary (and differing) nature of the definition 
of the term nanomaterial. However, even though the nan-
odimension as such may not present a toxicological haz-
ard, the large amount of new materials, in particular hybrid 
materials consisting of different compounds require further 
attention. Given the multitude of NMs in industrial pro-
cesses and daily life, a further development of analytical 
techniques seems indispensable for (1) an accurate quan-
titative characterization of exposure scenarios; (2) the fur-
ther elaboration of potential adverse effects on humans, and 
(3) the consideration of nanosized particulate matter with 
regard to its environmental fate and ecotoxicity. With regard 
to the first point, it might be worth taking the procedures 
successfully developed for testing of food and food contact 
materials as an example for the development of appropriate 
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techniques that allow a characterization of human exposure 
by other daily life products such as cosmetics and textiles. 
For point two, the identification of adverse effects of nano-
sized particles, a further integration of biokinetic studies in 
toxicological testing schemes may help to reveal specific 
capabilities such as membrane penetration and intracellular 
accumulation. In consideration of the environmental fate and 
a potential impact of NM on ecotoxicity (3), it seems crucial 
to identify the alterations of an NM during its different life 
cycle stages as these may change the toxicological proper-
ties of a material. Adoption of analytical techniques such as 
LA-ICP-MS to biological matrices is promising. However, 
it is time-consuming and requires a stronger attention by 
projects on nanosafety. Independent of the question whether 
NMs exhibit a specific toxicity, a thorough characterization 
of toxicological test systems will help to improve data qual-
ity and understanding of toxicokinetics in general. This is a 
crucial prerequisite for reliable risk assessments and a broad 
common acceptance of novel technologies in the public.

Compliance with ethical standards 

Disclaimer Opinions expressed in this publication are those of the 
authors only and do not necessarily represent EFSA’s official position.

Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Adams LK, Lyon DY, Alvarez PJJ (2006) Comparative eco-toxicity of 
nanoscale  TiO2,  SiO2, and ZnO water suspensions. Water Res 
40(19):3527–3532. https://doi.org/10.1016/j.watres.2006.08.004

Anjilvel S, Asgharian B (1995) A multiple-path model of particle depo-
sition in the rat lung. Fund Appl Toxicol 28(1):41–50 doi. https://
doi.org/10.1006/faat.1995.1144

Antonio DC, Cascio C, Jaksic Z et al (2015) Assessing silver nanopar-
ticles behaviour in artificial seawater by mean of AF4 and spICP-
MS. Mar Environ Res 111:162–169. https://doi.org/10.1016/j.
marenvres.2015.05.006

Asbach C, Kaminski H, Fissan H et al (2009) Comparison of four 
mobility particle sizers with different time resolution for station-
ary exposure measurements. J Nanopart Res 11(7):1593–1609. 
https://doi.org/10.1007/s11051-009-9679-x

Baan RA (2007) Carcinogenic hazards from inhaled carbon black, 
titanium dioxide, and talc not containing asbestos or asbesti-
form fibers: recent evaluations by an IARC Monographs 
Working Group. Inhal Toxicol 19(sup1):213–228. https://doi.
org/10.1080/08958370701497903

Baan RA, Grosse Y (2004) Man-made mineral (vitreous) fibres: evalu-
ations of cancer hazards by the IARC Monographs Programme. 

Mutat Res 553(1–2):43–58. https://doi.org/10.1016/j.
mrfmmm.2004.06.019

Batley GE, Kirby JK, McLaughlin MJ (2013) Fate and risks of nano-
materials in aquatic and terrestrial environments. Acc Chem Res 
46(3):854–862. https://doi.org/10.1021/ar2003368

BAuA (2015) Development of an enforceable test method for deter-
mination of the rigidity of respirable biopersistent fibres. https://
www.baua.de/EN/Tasks/Research/Researchprojects/f2365.html;
jsessionid=0EB179CC1B3A7D64762A71EF3BAEB4CB.s1t1. 
Accessed 20 Dec 2017

Becker H, Herzberg F, Schulte A, Kolossa-Gehring M (2011) 
The carcinogenic potential of nanomaterials, their release 
from products and options for regulating them. Int J Hyg 
Environ Health 214(3):231–238. https://doi.org/10.1016/j.
ijheh.2010.11.004

Bekker C, Brouwer DH, Tielemans E, Pronk A (2013) Industrial 
production and professional application of manufactured nano-
materials-enabled end products in Dutch industries: potential 
for exposure. Ann Occup Hyg 57(3):314–327. https://doi.
org/10.1093/annhyg/mes072

Bernstein DM, Riego Sintes JM, Ersboell BK, Kunert J (2001) 
Biopersistence of synthetic mineral fibers as a predic-
tor of chronic intraperitoneal injection tumor response 
in rats.  Inhal Toxicol 13(10):851–875. https://doi.
org/10.1080/089583701752378142

BfR (2009) BfR rät von Nanosilber in Lebensmitteln und Produkten 
des täglichen Bedarfs ab BfR rät von Nanosilber in Lebensmit-
teln und Produkten des täglichen Bedarfs ab. Stellungnahme Nr. 
024/2010 des BfR vom 28. Dezember 2009

Böhmert L, Girod M, Hansen U et al (2014) Analytically monitored 
digestion of silver nanoparticles and their toxicity on human 
intestinal cells. Nanotoxicology 8(6):631–642. https://doi.org/
10.3109/17435390.2013.815284

Borm PJ, Robbins D, Haubold S et al (2006) The potential risks of 
nanomaterials: a review carried out for ECETOC. Part Fibre 
Toxicol 3:11. https://doi.org/10.1186/1743-8977-3-11

Bott J, Störmer A, Franz R (2014a) Migration of nanoparticles from 
plastic packaging materials containing carbon black into food-
stuffs. Food Addit Contam Part A Chem Anal Control Expo Risk 
Assess 31(10):1769–1782. https://doi.org/10.1080/19440049.20
14.952786

Bott J, Störmer A, Franz R (2014b) A comprehensive study into the 
migration potential of nano silver particles from food contact 
polyolefins chemistry of food, food supplements, and food con-
tact materials: from production to plate. American Chemical 
Society, pp 51–70

Bott J, Störmer A, Franz R (2014c) A model study into the migration 
potential of nanoparticles from plastics nanocomposites for food 
contact. Food Packag Shelf Life 2(2):73–80

Buchner T, Drescher D, Traub H et  al (2014) Relating surface-
enhanced Raman scattering signals of cells to gold nanoparticle 
aggregation as determined by LA-ICP-MS micromapping. Anal 
Bioanal Chem 406(27):7003–7014. https://doi.org/10.1007/
s00216-014-8069-0

Buchner T, Drescher D, Merk V et al (2016) Biomolecular environ-
ment, quantification, and intracellular interaction of multifunc-
tional magnetic SERS nanoprobes. Analyst 141(17):5096–5106. 
https://doi.org/10.1039/c6an00890a

Capasso A, Castillo AED, Sun H, Ansaldo A, Pellegrini V, Bonac-
corso F (2015) Ink-jet printing of graphene for flexible electron-
ics: an environmentally-friendly approach. Solid State Commun 
224:53–63. https://doi.org/10.1016/j.ssc.2015.08.011

Cassee FR, Muijser H, Duistermaat E et al (2002) Particle size-depend-
ent total mass deposition in lungs determines inhalation toxicity 
of cadmium chloride aerosols in rats. Application of a multiple 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.watres.2006.08.004
https://doi.org/10.1006/faat.1995.1144
https://doi.org/10.1006/faat.1995.1144
https://doi.org/10.1016/j.marenvres.2015.05.006
https://doi.org/10.1016/j.marenvres.2015.05.006
https://doi.org/10.1007/s11051-009-9679-x
https://doi.org/10.1080/08958370701497903
https://doi.org/10.1080/08958370701497903
https://doi.org/10.1016/j.mrfmmm.2004.06.019
https://doi.org/10.1016/j.mrfmmm.2004.06.019
https://doi.org/10.1021/ar2003368
https://www.baua.de/EN/Tasks/Research/Researchprojects/f2365.html;jsessionid=0EB179CC1B3A7D64762A71EF3BAEB4CB.s1t1
https://www.baua.de/EN/Tasks/Research/Researchprojects/f2365.html;jsessionid=0EB179CC1B3A7D64762A71EF3BAEB4CB.s1t1
https://www.baua.de/EN/Tasks/Research/Researchprojects/f2365.html;jsessionid=0EB179CC1B3A7D64762A71EF3BAEB4CB.s1t1
https://doi.org/10.1016/j.ijheh.2010.11.004
https://doi.org/10.1016/j.ijheh.2010.11.004
https://doi.org/10.1093/annhyg/mes072
https://doi.org/10.1093/annhyg/mes072
https://doi.org/10.1080/089583701752378142
https://doi.org/10.1080/089583701752378142
https://doi.org/10.3109/17435390.2013.815284
https://doi.org/10.3109/17435390.2013.815284
https://doi.org/10.1186/1743-8977-3-11
https://doi.org/10.1080/19440049.2014.952786
https://doi.org/10.1080/19440049.2014.952786
https://doi.org/10.1007/s00216-014-8069-0
https://doi.org/10.1007/s00216-014-8069-0
https://doi.org/10.1039/c6an00890a
https://doi.org/10.1016/j.ssc.2015.08.011


 Archives of Toxicology

1 3

path dosimetry model. Arch Toxicol 76(5–6):277–286. https://
doi.org/10.1007/s00204-002-0344-8

Cheng JP, Liu L, Ma KY et al (2017) Hybrid nanomaterial of alpha-
Co(OH)2 nanosheets and few-layer graphene as an enhanced 
electrode material for supercapacitors. J Colloid Interface Sci 
486:344–350. https://doi.org/10.1016/j.jcis.2016.09.064

Choi J, Kim H, Kim P et al (2015) Toxicity of zinc oxide nanoparticles 
in rats treated by two different routes: single intravenous injec-
tion and single oral administration. J Toxicol Environ Health A 
78(4):226–243. https://doi.org/10.1080/15287394.2014.949949

Collins AR, Annangi B, Rubio L et al. (2017) High throughput toxicity 
screening and intracellular detection of nanomaterials. WIREs 
Nanomed Nanobiotechnol. https://doi.org/10.1002/wnan.1413

Cowie J, Bilek EM, Wegner TH, Shatkin JA (2014) Market pro-
jections of cellulose nanomaterial-enabled products—Part 2: 
volume estimates. Tappi J 13(6):57–69

Creutzenberg O (2013) FINAL REPORT-3-month nose-only inha-
lation toxicity study of Z-COTE® HP1 in Wistar WU Rats. 
Fraunhofer ITEM

Creutzenberg O (2014) FINAL REPORT-3-month nose-only inhala-
tion toxicity study of synthetic amorphous silica (NM-200) in 
Wistar WU rats. Fraunhofer ITEM

DeLoid GM, Cohen JM, Pyrgiotakis G et al (2015) Advanced com-
putational modeling for in vitro nanomaterial dosimetry. Part 
Fibre Toxicol. https://doi.org/10.1186/s12989-015-0109-1

Demokritou P, Gass S, Pyrgiotakis G et al (2013) An in vivo and 
in vitro toxicological characterisation of realistic nanoscale 
 CeO2 inhalation exposures. Nanotoxicology 7(8):1338–1350. 
https://doi.org/10.3109/17435390.2012.739665

Ding Y, Kuhlbusch TAJ, Van Tongeren M et al (2017) Airborne 
engineered nanomaterials in the workplace—a review of 
release and worker exposure during nanomaterial production 
and handling processes. J Hazard Mater 322:17–28. https://doi.
org/10.1016/j.jhazmat.2016.04.075

Doak SH, Griffiths SM, Manshian B et al (2009) Confounding exper-
imental considerations in nanogenotoxicology. Mutagenesis 
24(4):285–293. https://doi.org/10.1093/mutage/gep010

Donaldson K, Seaton A (2012) A short history of the toxicol-
ogy of inhaled particles. Part Fibre Toxicol. https://doi.
org/10.1186/1743-8977-9-13

Donaldson K, Tran CL (2004) An introduction to the short-term toxi-
cology of respirable industrial fibres. Mutat Res 553(1–2):5–9. 
https://doi.org/10.1016/j.mrfmmm.2004.06.011

Donaldson K, Murphy FA, Duffin R, Poland CA (2010) Asbestos, 
carbon nanotubes and the pleural mesothelium: a review of 
the hypothesis regarding the role of long fibre retention in the 
parietal pleura, inflammation and mesothelioma. Part Fibre 
Toxicol. https://doi.org/10.1186/1743-8977-7-5

Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, 
Tschopp J (2008) Innate immune activation through Nalp3 
inf lammasome sensing of asbestos and silica. Science 
320(5876):674–677. https://doi.org/10.1126/science.1156995

Drescher D, Giesen C, Traub H, Panne U, Kneipp J, Jakubowski N 
(2012) Quantitative imaging of gold and silver nanoparticles in 
single eukaryotic cells by laser ablation ICP-MS. Anal Chem 
84(22):9684–9688. https://doi.org/10.1021/ac302639c

Drescher D, Zeise I, Traub H et al (2014) In situ characterization 
of  SiO2 nanoparticle biointeractions using bright silica. Adv 
Funct Mater 24(24):3765–3775. https://doi.org/10.1002/
adfm.201304126

Drummond G, Bevan R, Harrison P (2016) A comparison of the 
results from intra-pleural and intra-peritoneal studies with 
those from inhalation and intratracheal tests for the assess-
ment of pulmonary responses to inhalable dusts and fibres. 
Regul Toxicol Pharm 81:89–105. https://doi.org/10.1016/j.
yrtph.2016.07.019

EC (2004) Regulation (EC) No 1935/2004 of the European Parliament 
and of the Council of 27 October 2004 on materials and articles 
intended to come into contact with food and repealing Directives 
80/590/EC and 89/109/EEC. Off J Eur Union L338:4–17

EC (2006) Regulation (EC) No 1907/2006 of the European Parliament 
and the Council of 18 December 2006 concerning the Regis-
tration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH), establishing a European Chemicals Agency, amend-
ing Directive 1999/45/EC and repealing Council Regulation 
(EEC) No 793/93 and Commission Regulation (EC) No 1488/94 
as well as Council Directive 76/769/EEC and Commission Direc-
tives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC. Off 
J Eur Union L396:1–525

EC (2008) Regulation (EC) No 1333/2008 of the European Parliament 
and of the Council of 16 December 2008 on food additives. Off 
J Eur Union L354:16–33

EC (2009) Regulation (EC) No 1223/2009 of the European Parliament 
and the Council of 30 November 2009 on cosmetic products. Off 
J Eur Union L242:59–209

EC (2011) Commission recommendation of 18 October 2011 on the 
definition of nanomaterial (Text with EEA relevance) (2011/696/
EU). Off J Eur Union L275:38–40

EC (2012) Regulation (EU) No 528/2012 of the European Parliament 
and the Council of 22 May 2012 concerning the making avail-
able on the market and use of biocidal products. Off J Eur Union 
L167:1–123

EC (2013) Commission delegated Regulation (EU) No 1363/2013 of 12 
December 2013 amending Regulation (EU) No 1169/2011 of the 
European Parliament and of the Council on the provision of food 
information to consumers as regards the definition of engineered 
nanomaterials. Off J Eur Union L343:26–28

EC (2015) Regulation (EU) 2015/2283 of the European Parliament and 
of the Council of 25 November 2015 on novel foods, amending 
Regulation (EU) No 1169/2011 of the European Parliament and 
of the Council and repealing Regulation (EC) No 258/97 of the 
European Parliament and of the Council and Commission Regu-
lation (EC) No 1852/2001. Off J Eur Union L327:1–27

EC (2016) Regulation (EU) 2016/1143 of 13 July 2016 amending 
Annex VI to Regulation (EC) No 1223/2009 of the European 
Parliament and of the Council on cosmetic products. Off J Eur 
Union L 189:40–43

ECHA (2016) Guidance on Information Requirements and Chemical 
Safety Assessment, Chapter R.14: occupational exposure assess-
ment Guidance on Information Requirements and Chemical 
Safety Assessment, Chapter R14: occupational exposure assess-
ment Version 3.0 edn

EFSA (2011) Scientific Opinion on Guidance on the risk assessment 
of the application of nanoscience and nanotechnologies in the 
food and feed chain. EFSA J 9(5):2140. https://doi.org/10.2903/j.
efsa.2011.2140

EFSA Scientific Committee (2014) Scientific Opinion on the safety 
assessment of the substances (butadiene, ethyl acrylate, methyl 
methacrylate, styrene) copolymer either not crosslinked or 
crosslinked with divinylbenzene or 1,3-butanediol dimeth-
acrylate, in nanoform, for use in food contact materials. EFSA 
Panel on Food Contact Material, Enzymes, Flavourings and Pro-
cessing aids (CEF). EFSA J 12(4):3635

Ema M, Okuda H, Gamo M, Honda K (2017) A review of reproductive 
and developmental toxicity of silver nanoparticles in laboratory 
animals. Reprod Toxicol 67:149–164. https://doi.org/10.1016/j.
reprotox.2017.01.005

Epp A (2015) Nanoview—perception of nanotechnology by the Ger-
man population and media coverage. In: 1st joint symposium on 
nanotechnology. BfR. http://www.bfr.bund.de/cm/349/nanoview-
perception-of-nanotechnology-by-the-german-population-and-
media-coverage.pdf. Accessed 20 Dec 2017

https://doi.org/10.1007/s00204-002-0344-8
https://doi.org/10.1007/s00204-002-0344-8
https://doi.org/10.1016/j.jcis.2016.09.064
https://doi.org/10.1080/15287394.2014.949949
https://doi.org/10.1002/wnan.1413
https://doi.org/10.1186/s12989-015-0109-1
https://doi.org/10.3109/17435390.2012.739665
https://doi.org/10.1016/j.jhazmat.2016.04.075
https://doi.org/10.1016/j.jhazmat.2016.04.075
https://doi.org/10.1093/mutage/gep010
https://doi.org/10.1186/1743-8977-9-13
https://doi.org/10.1186/1743-8977-9-13
https://doi.org/10.1016/j.mrfmmm.2004.06.011
https://doi.org/10.1186/1743-8977-7-5
https://doi.org/10.1126/science.1156995
https://doi.org/10.1021/ac302639c
https://doi.org/10.1002/adfm.201304126
https://doi.org/10.1002/adfm.201304126
https://doi.org/10.1016/j.yrtph.2016.07.019
https://doi.org/10.1016/j.yrtph.2016.07.019
https://doi.org/10.2903/j.efsa.2011.2140
https://doi.org/10.2903/j.efsa.2011.2140
https://doi.org/10.1016/j.reprotox.2017.01.005
https://doi.org/10.1016/j.reprotox.2017.01.005
http://www.bfr.bund.de/cm/349/nanoview-perception-of-nanotechnology-by-the-german-population-and-media-coverage.pdf
http://www.bfr.bund.de/cm/349/nanoview-perception-of-nanotechnology-by-the-german-population-and-media-coverage.pdf
http://www.bfr.bund.de/cm/349/nanoview-perception-of-nanotechnology-by-the-german-population-and-media-coverage.pdf


Archives of Toxicology 

1 3

Evans SJ, Clift MJ, Singh N et al (2017) Critical review of the current 
and future challenges associated with advanced in vitro systems 
towards the study of nanoparticle (secondary) genotoxicity. 
Mutagenesis 32(1):233–241. https://doi.org/10.1093/mutage/
gew054

Eydner M, Schaudien D, Creutzenberg O et al (2012) Impacts after 
inhalation of nano- and fine-sized titanium dioxide particles: 
morphological changes, translocation within the rat lung, and 
evaluation of particle deposition using the relative deposition 
index. Inhal Toxicol 24(9):557–569. https://doi.org/10.3109/08
958378.2012.697494

Fewtrell L, Majuru B, Hunter PR (2017) A re-assessment of the safety 
of silver in household water treatment: rapid systematic review 
of mammalian in vivo genotoxicity studies. Environ Health Glob. 
https://doi.org/10.1186/s12940-017-0279-4

Garduno-Balderas LG, Urrutia-Ortega IM, Medina-Reyes EI, Chirino 
YI (2015) Difficulties in establishing regulations for engineered 
nanomaterials and considerations for policy makers: avoid-
ing an unbalance between benefits and risks. J Appl Toxicol 
35(10):1073–1085. https://doi.org/10.1002/jat.3180

Gebel T (2012) Small difference in carcinogenic potency between 
GBP nanomaterials and GBP micromaterials. Arch Toxicol 
86(7):995–1007. https://doi.org/10.1007/s00204-012-0835-1

Gebel T, Marchan R, Hengstler J (2013) The nanotoxicology revolu-
tion. Arch Toxicol 87(12):2057–2062. https://doi.org/10.1007/
s00204-013-1158-6

Gebel T, Foth H, Damm G et al (2014) Manufactured nanomateri-
als: categorization and approaches to hazard assessment. 
Arch Toxicol 88(12):2191–2211. https://doi.org/10.1007/
s00204-014-1383-7

George S, Gardner H, Seng EK et al (2014) Differential effect of solar 
light in increasing the toxicity of silver and titanium dioxide nan-
oparticles to a fish cell line and zebrafish embryos. Environ Sci 
Technol 48(11):6374–6382. https://doi.org/10.1021/es405768n

Geraets L, Oomen AG, Krystek P et al (2014) Tissue distribution and 
elimination after oral and intravenous administration of different 
titanium dioxide nanoparticles in rats. Part Fibre Toxicol 11:30. 
https://doi.org/10.1186/1743-8977-11-30

Giannakou C, Park MVDZ., de Jong WH, van Loveren H, Vandebriel 
RJ, Geertsma RE (2016) A comparison of immunotoxic effects 
of nanomedicinal products with regulatory immunotoxicity test-
ing requirements. Int J Nanomed. https://doi.org/10.2147/Ijn.
S102385 11

Godnjavec J, Znoj B, Veronovski N, Venturini P (2012) Polyhedral oli-
gomeric silsesquioxanes as titanium dioxide surface modifiers for 
transparent acrylic UV blocking hybrid coating. Prog Org Coat 
74(4):654–659. https://doi.org/10.1016/j.porgcoat.2011.09.032

Goehler D, Stintz M (2014) Granulometric characterization of air-
borne particulate release during spray application of nanopar-
ticle-doped coatings. J Nanopart Res. https://doi.org/10.1007/
s11051-014-2520-1

Gonzalez L, Kirsch-Volders M (2016) Biomonitoring of genotoxic 
effects for human exposure to nanomaterials: the challenge 
ahead. Mutat Res Rev Mutat Res 768:14–26. https://doi.
org/10.1016/j.mrrev.2016.03.002

Graham UM, Tseng MT, Jasinski JB et al (2014) In vivo processing of 
ceria nanoparticles inside liver: impact on free-radical scaveng-
ing activity and oxidative stress. Chempluschem 79(8):1083–
1088. https://doi.org/10.1002/cplu.201402080

Grosse Y, Loomis D, Guyton KZ et al (2014) Carcinogenicity of fluoro-
edenite, silicon carbide fibres and whiskers, and carbon nano-
tubes. Lancet Oncol 15(13):1427–1428. https://doi.org/10.1016/
S1470-2045(14)71109-X

Guehrs E, Schneider M, Günther CM et al. (2017) Quantification of 
silver nanoparticle uptake and distribution within individual 

human macrophages by FIB/SEM slice and view. J Nanobio-
technol 15(21) https://doi.org/10.1186/s12951-017-0255-8

Guldberg M, de Meringo A, Kamstrup O, Furtak H, Rossiter C (2000) 
The development of glass and stone wool compositions with 
increased biosolubility. Regul Toxicol Pharmacol 32(2):184–189. 
https://doi.org/10.1006/rtph.2000.1418

Gulson B, McCall MJ, Bowman DM, Pinheiro T (2015) A review 
of critical factors for assessing the dermal absorption of metal 
oxide nanoparticles from sunscreens applied to humans, and a 
research strategy to address current deficiencies. Arch Toxicol 
89(11):1909–1930. https://doi.org/10.1007/s00204-015-1564-z

Gupta N, Fischer ARH, George S, Frewer LJ (2013) Expert views on 
societal responses to different applications of nanotechnology: a 
comparative analysis of experts in countries with different eco-
nomic and regulatory environments. J Nanopart Res. https://doi.
org/10.1007/s11051-013-1838-4

Haas KH (2013) Industrial relevant production processes for nanoma-
terials and nanostructures. In: Luther W ZA (ed) Safety aspects 
of engineered nanomaterials. Pan Standford Publishing Pte. Ltd., 
Singapore, pp 30–66

Hallman WK, Nucci ML (2015) Consumer perceptions of nano-
materials in functional foods. Ift Press Ser. https://doi.
org/10.1002/9781118462157$4

Hanus MJ, Harris AT (2013) Nanotechnology innovations for the con-
struction industry. Prog Mater Sci 58(7):1056–1102. https://doi.
org/10.1016/j.pmatsci.2013.04.001

Herrmann AJ, Techritz S, Jakubowski N et al (2017) A simple metal 
staining procedure for identification and visualization of sin-
gle cells by element microscopy based LA-ICP-MS. Analyst 
142:1703–1710. https://doi.org/10.1039/c6an02638a

Heusinkveld HJ, Wahle T, Campbell A et al (2016) Neurodegenerative 
and neurological disorders by small inhaled particles. Neurotoxi-
cology 56:94–106. https://doi.org/10.1016/j.neuro.2016.07.007

Hincapie I, Caballero-Guzman A, Hiltbrunner D, Nowack B (2015) 
Use of engineered nanomaterials in the construction industry 
with specific emphasis on paints and their flows in construction 
and demolition waste in Switzerland. Waste Manag 43:398–406. 
https://doi.org/10.1016/j.wasman.2015.07.004

Hsiao IL, Bierkandt FS, Reichardt P et al (2016) Quantification and 
visualization of cellular uptake of TiO2 and Ag nanoparticles: 
comparison of different ICP-MS techniques. J Nanobiotechnol 
14(1):50. https://doi.org/10.1186/s12951-016-0203-z

Hund-Rinke K, Schlich K (2014) The potential benefits and limita-
tions of different test procedures to determine the effects of Ag 
nanomaterials and  AgNO3 on microbial nitrogen transforma-
tion in soil. Environ Sci Eur 26(1):28. https://doi.org/10.1186/
s12302-014-0028-z

Hund-Rinke K, Schlich K, Klawonn T (2012) Influence of appli-
cation techniques on the ecotoxicological effects of nano-
materials in soil. Environ Sci Eur 24(1):30. https://doi.
org/10.1186/2190-4715-24-30

Hund-Rinke K, Baun A, Cupi D et al (2016) Regulatory ecotoxicity 
testing of nanomaterials—proposed modifications of OECD test 
guidelines based on laboratory experience with silver and tita-
nium dioxide nanoparticles. Nanotoxicology 10(10):1442–1447. 
https://doi.org/10.1080/17435390.2016.1229517

IARC (2010) Carbon black, titanium dioxide, and talc IARC mono-
graphs on the evaluation of carcinogenic risks to humans, vol 93. 
World Health Organization, International Agency for Research 
on Cancer, Lyon

ISO (2015) ISO/TS 80004-1:2015 nanotechnologies—vocabulary—
Part 1: core terms ISO/TS 80004-1:2015 nanotechnologies—
vocabulary—Part 1: core terms. Geneva Switzerland

Janas D, Koziol KK (2014) A review of production methods of carbon 
nanotube and graphene thin films for electrothermal applications. 
Nanoscale 6(6):3037–3045. https://doi.org/10.1039/c3nr05636h

https://doi.org/10.1093/mutage/gew054
https://doi.org/10.1093/mutage/gew054
https://doi.org/10.3109/08958378.2012.697494
https://doi.org/10.3109/08958378.2012.697494
https://doi.org/10.1186/s12940-017-0279-4
https://doi.org/10.1002/jat.3180
https://doi.org/10.1007/s00204-012-0835-1
https://doi.org/10.1007/s00204-013-1158-6
https://doi.org/10.1007/s00204-013-1158-6
https://doi.org/10.1007/s00204-014-1383-7
https://doi.org/10.1007/s00204-014-1383-7
https://doi.org/10.1021/es405768n
https://doi.org/10.1186/1743-8977-11-30
https://doi.org/10.2147/Ijn.S102385
https://doi.org/10.2147/Ijn.S102385
https://doi.org/10.1016/j.porgcoat.2011.09.032
https://doi.org/10.1007/s11051-014-2520-1
https://doi.org/10.1007/s11051-014-2520-1
https://doi.org/10.1016/j.mrrev.2016.03.002
https://doi.org/10.1016/j.mrrev.2016.03.002
https://doi.org/10.1002/cplu.201402080
https://doi.org/10.1016/S1470-2045(14)71109-X
https://doi.org/10.1016/S1470-2045(14)71109-X
https://doi.org/10.1186/s12951-017-0255-8
https://doi.org/10.1006/rtph.2000.1418
https://doi.org/10.1007/s00204-015-1564-z
https://doi.org/10.1007/s11051-013-1838-4
https://doi.org/10.1007/s11051-013-1838-4
https://doi.org/10.1002/9781118462157$4
https://doi.org/10.1002/9781118462157$4
https://doi.org/10.1016/j.pmatsci.2013.04.001
https://doi.org/10.1016/j.pmatsci.2013.04.001
https://doi.org/10.1039/c6an02638a
https://doi.org/10.1016/j.neuro.2016.07.007
https://doi.org/10.1016/j.wasman.2015.07.004
https://doi.org/10.1186/s12951-016-0203-z
https://doi.org/10.1186/s12302-014-0028-z
https://doi.org/10.1186/s12302-014-0028-z
https://doi.org/10.1186/2190-4715-24-30
https://doi.org/10.1186/2190-4715-24-30
https://doi.org/10.1080/17435390.2016.1229517
https://doi.org/10.1039/c3nr05636h


 Archives of Toxicology

1 3

Jungnickel H, Laux P, Luch A (2016) Time-of-flight secondary ion 
mass spectrometry (ToF-SIMS): a new tool for the analysis of 
toxicological effects on single cell level. Toxics. https://doi.
org/10.3390/toxics4010005

Kapp N, Kreyling W, Schulz H et al (2004) Electron energy loss spec-
troscopy for analysis of inhaled ultrafine particles in rat lungs. 
Microsc Res Tech 63(5):298–305. https://doi.org/10.1002/
jemt.20044

Karlsson HL, Di Bucchianico S, Collins AR, Dusinska M (2015) Can 
the comet assay be used reliably to detect nanoparticle-induced 
genotoxicity? Environ Mol Mutagen 56(2):82–96. https://doi.
org/10.1002/em.21933

Kermanizadeh A, Balharry D, Wallin H, Loft S, Moller P (2015) Nano-
material translocation-the biokinetics, tissue accumulation, tox-
icity and fate of materials in secondary organs—a review. Crit 
Rev Toxicol 45(10):837–872. https://doi.org/10.3109/1040844
4.2015.1058747

Kosynkin DV, Higginbotham AL, Sinitskii A et al (2009) Longitudinal 
unzipping of carbon nanotubes to form graphene nanoribbons. 
Nature 458(7240):872–876. https://doi.org/10.1038/nature07872

Kreider ML, Cyrs WD, Tosiano MA, Panko JM (2015) Evaluation of 
quantitative exposure assessment method for nanomaterials in 
mixed dust environments: application in tire manufacturing facil-
ities. Ann Occup Hyg 59(9):1122–1134. https://doi.org/10.1093/
annhyg/mev052

Kreyling WG, Semmler M, Erbe F et  al (2002) Translocation of 
ultrafine insoluble iridium particles from lung epithelium 
to extrapulmonary organs is size dependent but very low. J 
Toxicol Environ Health A 65(20):1513–1530. https://doi.
org/10.1080/00984100290071649

Krug H (2014) Nanosafety research—are we on the right track. 
Angew Chem Int Ed 53:12304–12319. https://doi.org/10.1002/
anie.201403367

Kuempel ED, Jaurand MC, Moller P et al (2017) Evaluating the mecha-
nistic evidence and key data gaps in assessing the potential car-
cinogenicity of carbon nanotubes and nanofibers in humans. Crit 
Rev Toxicol 47(1):1–58. https://doi.org/10.1080/10408444.201
6.1206061

Landsiedel R, Fabian E, Ma-Hock L et al (2012) Toxico-/biokinetics 
of nanomaterials. Arch Toxicol 86(7):1021–1060. https://doi.
org/10.1007/s00204-012-0858-7

Landsiedel R, Ma-Hock L, Hofmann T et al (2014) Application of 
short-term inhalation studies to assess the inhalation toxic-
ity of nanomaterials. Part Fibre Toxicol 11:16. https://doi.
org/10.1186/1743-8977-11-16

Lankone RS, Challis KE, Bi YQ et al (2017) Methodology for quantify-
ing engineered nanomaterial release from diverse product matri-
ces under outdoor weathering conditions and implications for life 
cycle assessment. Environ Sci Nano 4(9):1784–1797. https://doi.
org/10.1039/c7en00410a

Laux P, Riebeling C, Booth AM et al. (2017a) Biokinetics of nanoma-
terials: the role of biopersistence. NanoImpact 6:69–80 https://
doi.org/10.1016/j.impact.2017.03.003

Laux P, Riebeling C, Booth AM et al (2017b) Challenges in charac-
terizing the environmental fate and effects of carbon nanotubes 
and inorganic nanomaterials in aquatic systems. Environm Sci 
Nano (in press)

Lee J, Mahendra S, Alvarez PJJ (2010) Nanomaterials in the construc-
tion industry: a review of their applications and environmental 
health and safety considerations. ACS Nano 4(7):3580–3590. 
https://doi.org/10.1021/nn100866w

LeFevre ME, Green FH, Laqueur DDJ W (1982) Frequency of black 
pigment in livers and spleens of coal workers: correlation with 
pulmonary pathology and occupational information. Hum Pathol 
13:1121–1126

Lichtenstein D, Ebmeyer J, Knappe P et al (2015) Impact of food 
components during in vitro digestion of silver nanoparticles on 
cellular uptake and cytotoxicity in intestinal cells. Biol Chem 
396(11):1255–1264. https://doi.org/10.1515/hsz-2015-0145

Magdolenova Z, Collins A, Kumar A, Dhawan A, Stone V, Dusinska 
M (2014) Mechanisms of genotoxicity. A review of in vitro and 
in vivo studies with engineered nanoparticles. Nanotoxicology 
8(3):233–278. https://doi.org/10.3109/17435390.2013.773464

Ma-Hock L, Gamer AO, Landsiedel R et  al (2007) Genera-
tion and characterization of test atmospheres with nano-
materials. Inhal Toxicol 19(10):833–848. https://doi.
org/10.1080/08958370701479190

Maia J, de Quiros ARB, Sendon R et al (2016) Determination of 
key diffusion and partition parameters and their use in migra-
tion modelling of benzophenone from low-density polyethyl-
ene (LDPE) into different foodstuffs. Food Addit Contam A 
33(4):715–724. https://doi.org/10.1080/19440049.2016.1156165

Marambio-Jones C, Hoek EMV (2010) A review of the antibacterial 
effects of silver nanomaterials and potential implications for 
human health and the environment. J Nanopart Res 12(5):1531–
1551. https://doi.org/10.1007/s11051-010-9900-y

McKinney W, Chen B, Frazer D (2009) Computer controlled multi-
walled carbon nanotube inhalation exposure system. Inhal Toxicol 
21(12):1053–1061. https://doi.org/10.1080/08958370802712713

Meuller BO, Messing ME, Engberg DLJ et al (2012) Review of spark 
discharge generators for production of nanoparticle aerosols. 
Aerosol Sci Tech 46(11):1256–1270. https://doi.org/10.1080/0
2786826.2012.705448

Mitrano DM, Motellier S, Clavaguera S, Nowack B (2015) Review of 
nanomaterial aging and transformations through the life cycle 
of nano-enhanced products. Environ Int 77:132–147. https://doi.
org/10.1016/j.envint.2015.01.013

Moreno-Horn M, Gebel T (2014) Granular biodurable nanomaterials: 
no convincing evidence for systemic toxicity. Crit Rev Toxicol 
44(10):849–875. https://doi.org/10.3109/10408444.2014.938802

Mueller L, Herrmann AJ, Techritz S, Panne U, Jakubowski N (2017a) 
Quantitative characterization of single cells by use of immu-
nocytochemistry combined with multiplex LA-ICP-MS. Anal 
Bioanal Chem 409(14):3667–3676. https://doi.org/10.1007/
s00216-017-0310-1

Mueller L, Traub H, Jakubowski N (2017b) Novel applications of lan-
thanoides as analytical or diagnostic tools in the life sciences 
by ICP-MS based techniques. In: Golloch A (ed) Handbook of 
REE—analytics. de Gruyter, Berlin, pp 301–320

Murphy FA, Schinwald A, Poland CA, Donaldson K (2012) The 
mechanism of pleural inflammation by long carbon nanotubes: 
interaction of long fibres with macrophages stimulates them to 
amplify pro-inflammatory responses in mesothelial cells. Part 
Fibre Toxicol 9:8. https://doi.org/10.1186/1743-8977-9-8

Nagai H, Okazaki Y, Chew SH et al (2011) Diameter and rigidity of 
multiwalled carbon nanotubes are critical factors in mesothelial 
injury and carcinogenesis. PNAS 108(49):1330–1338. https://
doi.org/10.1073/pnas.1110013108

NanoDefine (2016) NanoDefine —methods for the implementation of 
the european definition of a nanomaterial NanoDefine—methods 
for the implementation of the European definition of a nano-
material. vol 2016. http://www.nanodefine.eu/vom 03.11.2016. 
Accessed 20 Dec 2017

NanoGEM (2010) NanoGEM: integrative research of potential effects 
of nanomaterials towards a sound risk characterisation in selected 
exposure situations. http://www.nanogem.de/cms/nanogem/
front_content.php?idcat=123&lang=11. Accessed 20 Dec 2017

Napierska D, Thomassen LC, Lison D, Martens JA, Hoet PH (2010) 
The nanosilica hazard: another variable entity. Part Fibre Toxicol 
7(1):39. https://doi.org/10.1186/1743-8977-7-39

https://doi.org/10.3390/toxics4010005
https://doi.org/10.3390/toxics4010005
https://doi.org/10.1002/jemt.20044
https://doi.org/10.1002/jemt.20044
https://doi.org/10.1002/em.21933
https://doi.org/10.1002/em.21933
https://doi.org/10.3109/10408444.2015.1058747
https://doi.org/10.3109/10408444.2015.1058747
https://doi.org/10.1038/nature07872
https://doi.org/10.1093/annhyg/mev052
https://doi.org/10.1093/annhyg/mev052
https://doi.org/10.1080/00984100290071649
https://doi.org/10.1080/00984100290071649
https://doi.org/10.1002/anie.201403367
https://doi.org/10.1002/anie.201403367
https://doi.org/10.1080/10408444.2016.1206061
https://doi.org/10.1080/10408444.2016.1206061
https://doi.org/10.1007/s00204-012-0858-7
https://doi.org/10.1007/s00204-012-0858-7
https://doi.org/10.1186/1743-8977-11-16
https://doi.org/10.1186/1743-8977-11-16
https://doi.org/10.1039/c7en00410a
https://doi.org/10.1039/c7en00410a
https://doi.org/10.1016/j.impact.2017.03.003
https://doi.org/10.1016/j.impact.2017.03.003
https://doi.org/10.1021/nn100866w
https://doi.org/10.1515/hsz-2015-0145
https://doi.org/10.3109/17435390.2013.773464
https://doi.org/10.1080/08958370701479190
https://doi.org/10.1080/08958370701479190
https://doi.org/10.1080/19440049.2016.1156165
https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.1080/08958370802712713
https://doi.org/10.1080/02786826.2012.705448
https://doi.org/10.1080/02786826.2012.705448
https://doi.org/10.1016/j.envint.2015.01.013
https://doi.org/10.1016/j.envint.2015.01.013
https://doi.org/10.3109/10408444.2014.938802
https://doi.org/10.1007/s00216-017-0310-1
https://doi.org/10.1007/s00216-017-0310-1
https://doi.org/10.1186/1743-8977-9-8
https://doi.org/10.1073/pnas.1110013108
https://doi.org/10.1073/pnas.1110013108
http://www.nanodefine.eu/vom%2003.11.2016
http://www.nanogem.de/cms/nanogem/front_content.php?idcat=123&lang=11
http://www.nanogem.de/cms/nanogem/front_content.php?idcat=123&lang=11
https://doi.org/10.1186/1743-8977-7-39


Archives of Toxicology 

1 3

Neale PA, Jamting AK, Escher BI, Herrmann J (2013) A review of 
the detection, fate and effects of engineered nanomaterials in 
wastewater treatment plants. Water Sci Technol 68(7)

Nguea HD, de Reydellet A, Lehuédé P et al (2008) A new in vitro 
cellular system for the analysis of mineral fiber biopersis-
tence. Arch Toxicol 82(7):435–443. https://doi.org/10.1007/
s00204-007-0257-7

Noonan GO, Whelton AJ, Carlander D, Duncan TV (2014) Meas-
urement methods to evaluate engineered nanomaterial release 
from food contact materials. Compr Rev Food Sci Food Saf 
13(4):679–692. https://doi.org/10.1111/1541-4337.12079

Oberdörster G (2012) Nanotoxicology: in vitro-in vivo dosimetry. Envi-
ron Health Perspect 120(1):A13-A13. https://doi.org/10.1289/
ehp.1104320

Oberdörster G, Castranova V, Asgharian B, Sayre P (2015) Inhalation 
exposure to carbon nanotubes (Cnt) and carbon nanofibers (Cnf): 
methodology and dosimetry. J Toxicol Environ Health B 18(3–
4):121–212. https://doi.org/10.1080/10937404.2015.1051611

OECD (2000) TG 216 soil microorganisms: nitrogen transformation 
test. OECD Publishing, Paris

OECD (2004a) TG 220 enchytraeid reproduction test. OECD guide-
lines for the testing of chemicals, Sect. 2. OECD Publishing, 
Paris

OECD (2004b) TG 222 earthworm reproduction test (Eisenia fetida/
Eisenia andrei). OECD guidelines for the testing of chemicals, 
Sect. 2. OECD Publishing, Paris

OECD (2007) TG 225 sediment water lumbriculus toxicity test using 
spiked sediment. OECD guidelines for the testing of chemicals, 
Sect. 2. OECD Publishing, Paris

OECD (2011) TG 201 freshwater alga and cyanobacteria, growth inhi-
bition test. OECD guidelines for the testing of chemicals, Sect. 2. 
OECD Publishing, Paris

OECD (2015) Feasibility study supporting amendments to OECD 
subacute and 2 subchronic inhalation test guidelines for testing 
of nanomaterials. OECD, Paris

Padhye R, Aquino AJA, Tunega D, Pantoya ML (2016) Effect of polar 
environments on the aluminum oxide shell surrounding alu-
minum particles: simulations of surface hydroxyl bonding and 
charge. ACS Appl Mater Interfaces 8(22):13926–13933. https://
doi.org/10.1021/acsami.6b02665

Park J, Mitchel WC, Grazulis L et  al (2010) Epitaxial graphene 
growth by carbon molecular beam epitaxy (CMBE). Adv Mater 
22(37):4140–4145. https://doi.org/10.1002/adma.201000756

Peters R, Kramer E, Oomen AG et al (2012) Presence of nano-sized 
silica during in vitro digestion of foods containing silica as a food 
additive. ACS Nano 6(3):2441–2451

Peters R, Brandhoff P, Weigel S, Marvin H, Bouwmeester H, Asch-
berger K, Rauscher H, Amenta V, Arena M, Botelho Moniz F, 
Gottardo S, Mech A (2014) Inventory of nanotechnology appli-
cations in the agricultural, feed and food sector. European Food 
Safety Authority, EFSA supporting publication 2014:EN-621

Petkovic J, Zegura B, Stevanovic M et al (2011) DNA damage and 
alterations in expression of DNA damage responsive genes 
induced by  TiO2 nanoparticles in human hepatoma HepG2 cells. 
Nanotoxicology 5(3):341–353. https://doi.org/10.3109/1743539
0.2010.507316

Poland CA, Duffin R, Kinloch I et al (2008) Carbon nanotubes intro-
duced into the abdominal cavity of mice show asbestos-like 
pathogenicity in a pilot study. Nat Nanotechnol 3(7):423–428. 
https://doi.org/10.1038/nnano.2008.111

Porter DW, Hubbs AF, Mercer RR et al (2010) Mouse pulmonary dose- 
and time course-responses induced by exposure to multi-walled 
carbon nanotubes. Toxicology 269(2–3):136–147. https://doi.
org/10.1016/j.tox.2009.10.017

Rebouillat S, Pla F (2013) State of the art manufacturing and engineer-
ing of nanocellulose: a review of available data and industrial 
applications. J Biomater Nanobiotechnol 4(2):165–188

Ricci R, Leite NCS, da-Silva NS et al (2017) Graphene oxide nanor-
ibbons as nanomaterial for bone regeneration: effects on cyto-
toxicity, gene expression and bactericidal effect. Mater Sci 
Eng C Mater Biol Appl 78:341–348. https://doi.org/10.1016/j.
msec.2017.03.278

RIKILT, JRC (2014) Inventory of nanotechnology applications in the 
agricultural, feed and food sector Inventory of nanotechnology 
applications in the agricultural, feed and food sector. European 
Food Safety Authority (EFSA), EFSA supporting publication 
2014, p 125 pp

Rittinghausen S, Bellmann B, Creutzenberg O et al (2013) Evalua-
tion of immunohistochemical markers to detect the genotoxic 
mode of action of fine and ultrafine dusts in rat lungs. Toxicology 
303:177–186. https://doi.org/10.1016/j.tox.2012.11.007

Rittinghausen S, Hackbarth A, Creutzenberg O et al (2014) The carci-
nogenic effect of various multi-walled carbon nanotubes (MWC-
NTs) after intraperitoneal injection in rats. Part Fibre Toxicol 
11:59. https://doi.org/10.1186/s12989-014-0059-z

Roller M, Pott F (2006) Lung tumor risk estimates from rat studies 
with not specifically toxic granular dusts. Ann NY Acad Sci 
1076:266–280. https://doi.org/10.1196/annals.1371.064

SCCS (2012) The SCCS’S notes of guidance for the testing of cos-
metic substances and their safety evaluation—8th revision The 
SCCS’S notes of guidance for the testing of cosmetic substances 
and their safety evaluation—8th revision (SCCS/1501/12). 
vol SCCS/1501/12, European Commission

SCCS (2014) Revision of the opinion on titanium dioxide (nano form), 
COLIPA n° S75 (SCCS/1516/13) Revision of the opinion on 
titanium dioxide (nano form). COLIPA n° S75 (SCCS/1516/13) 
vol SCCS/1516/13

Schäfer B, Brocke JV, Epp A et al (2013) State of the art in human 
risk assessment of silver compounds in consumer products: a 
conference report on silver and nanosilver held at the BfR in 
2012. Arch Toxicol 87(12):2249–2262. https://doi.org/10.1007/
s00204-013-1083-8

Scharlach C, Muller L, Wagner S et al (2016) LA-ICP-MS allows quan-
titative microscopy of europium-doped iron oxide nanoparticles 
and is a possible alternative to ambiguous prussian blue iron 
staining. J Biomed Nanotechnol 12(5):1001–1010

SCHER (2009) Scientific opinion on risk assessment methodologies 
and approaches for genotoxic and carcinogenic substances, 
adopted on the 19th plenary meeting of the SCCP of 21 January 
2009 Scientific opinion on risk assessment methodologies and 
approaches for genotoxic and carcinogenic substances, adopted 
on the 19th plenary meeting of the SCCP of 21 January 2009

Schwotzer D, Ernst H, Schaudien D et al (2017) Effects from a 90-day 
inhalation toxicity study with cerium oxide and barium sulfate 
nanoparticles in rats. Part Fibre Toxicol. https://doi.org/10.1186/
s12989-017-0204-6

Sharma M, Nikota J, Halappanavar S, Castranova V, Rothen-Rut-
ishauser B, Clippinger AJ (2016) Predicting pulmonary fibro-
sis in humans after exposure to multi-walled carbon nano-
tubes (MWCNTs). Arch Toxicol 90(7):1605–1622. https://doi.
org/10.1007/s00204-016-1742-7

Shin HU, Stefaniak AB, Stojilovic N, Chase GG (2015) Compara-
tive dissolution of electrospun  Al2O3 nanofibres in artificial 
human lung fluids. Environ Sci Nano 2(3):251–261. https://doi.
org/10.1039/c5en00033e

Shukla RK, Kumar A, Gurbani D, Pandey AK, Singh S, Dhawan A 
(2013)  TiO2 nanoparticles induce oxidative DNA damage and 
apoptosis in human liver cells. Nanotoxicology 7(1):48–60. 
https://doi.org/10.3109/17435390.2011.629747

https://doi.org/10.1007/s00204-007-0257-7
https://doi.org/10.1007/s00204-007-0257-7
https://doi.org/10.1111/1541-4337.12079
https://doi.org/10.1289/ehp.1104320
https://doi.org/10.1289/ehp.1104320
https://doi.org/10.1080/10937404.2015.1051611
https://doi.org/10.1021/acsami.6b02665
https://doi.org/10.1021/acsami.6b02665
https://doi.org/10.1002/adma.201000756
https://doi.org/10.3109/17435390.2010.507316
https://doi.org/10.3109/17435390.2010.507316
https://doi.org/10.1038/nnano.2008.111
https://doi.org/10.1016/j.tox.2009.10.017
https://doi.org/10.1016/j.tox.2009.10.017
https://doi.org/10.1016/j.msec.2017.03.278
https://doi.org/10.1016/j.msec.2017.03.278
https://doi.org/10.1016/j.tox.2012.11.007
https://doi.org/10.1186/s12989-014-0059-z
https://doi.org/10.1196/annals.1371.064
https://doi.org/10.1007/s00204-013-1083-8
https://doi.org/10.1007/s00204-013-1083-8
https://doi.org/10.1186/s12989-017-0204-6
https://doi.org/10.1186/s12989-017-0204-6
https://doi.org/10.1007/s00204-016-1742-7
https://doi.org/10.1007/s00204-016-1742-7
https://doi.org/10.1039/c5en00033e
https://doi.org/10.1039/c5en00033e
https://doi.org/10.3109/17435390.2011.629747


 Archives of Toxicology

1 3

Stone V, Johnston H, Schins RPF (2009) Development of 
in  vitro systems for nanotoxicology: methodological con-
siderations. Crit Rev Toxicol 39(7):613–626. https://doi.
org/10.1080/10408440903120975

Störmer A, Bott J, Kemmer D, Franz R (2017) Critical review of 
the migration potential of nanoparticles in food contact plas-
tics. Trends Food Sci Tech 63:39–50. https://doi.org/10.1016/j.
tifs.2017.01.011

Szakal C, Tsytsikova L, Carlander D, Duncan TV (2014) Measure-
ment methods for the oral uptake of engineered nanomate-
rials from human dietary sources: summary and outlook. 
Compr Rev Food Sci Food Saf 13(4):669–678. https://doi.
org/10.1111/1541-4337.12080

Tarantini A, Huet S, Jarry G et al (2015a) Genotoxicity of synthetic 
amorphous silica nanoparticles in rats following short-term expo-
sure. Part 1: oral route. Environ Mol Mutagen 56(2):218–227. 
https://doi.org/10.1002/em.21935

Tarantini A, Lanceleur R, Mourot A et al (2015b) Toxicity, genotoxic-
ity and proinflammatory effects of amorphous nanosilica in the 
human intestinal Caco-2 cell line. Toxicol In Vitro 29(2):398–
407. https://doi.org/10.1016/j.tiv.2014.10.023

Thielmann AZ, Gauch A, Nusser SM et al (2009) Blockaden bei der 
Etablierung neuer Schlüsseltechnologien, Innovationsreport, 
vol 133, Berlin

Thielmann A (2015) Potential and Acceptance of Nanotechnology, 
1st Joint Symposium on Nanotechnology, March 5–6, 2015, 
Berlin, Germany. http://www.bfr.bund.de/cm/349/potential-
andacceptance-of-nanotechnology.pdf. Accessed 20 Dec 2017

Tsai CJ, Huang CY, Chen SC et al (2011) Exposure assessment of 
nano-sized and respirable particles at different workplaces. 
J Nanopart Res 13(9):4161–4172. https://doi.org/10.1007/
s11051-011-0361-8

van der Zande M, Vandebriel RJ, Van Doren E et al (2012) Distribu-
tion, elimination, and toxicity of silver nanoparticles and silver 
ions in rats after 28-day oral exposure. ACS Nano 6(8):7427–
7442. https://doi.org/10.1021/nn302649p

Vance ME, Kuiken T, Vejerano EP et al (2015) Nanotechnology in 
the real world: redeveloping the nanomaterial consumer prod-
ucts inventory. Beilstein J Nanotech 6:1769–1780. https://doi.
org/10.3762/bjnano.6.181

Vietti G, Lison D, van den Brule S (2016) Mechanisms of lung 
fibrosis induced by carbon nanotubes: towards an adverse 

outcome pathway (AOP). Part Fibre Toxicol 13:11. https://doi.
org/10.1186/s12989-016-0123-y

Wagener S, Dommershausen N, Jungnickel H et al (2016) Textile func-
tionalization and its effects on the release of silver nanoparticles 
into artificial sweat. Environ Sci Technol 50(11):5927–5934. 
https://doi.org/10.1021/acs.est.5b06137

Wei JC, Vo T, Inam F (2015) Epoxy/graphene nanocomposites—pro-
cessing and properties: a review. RSC Adv 5(90):73510–73524. 
https://doi.org/10.1039/c5ra13897c

Weir A, Westerhoff P, Fabricius L, Hristovski K, von Goetz N (2012) 
Titanium dioxide nanoparticles in food and personal care prod-
ucts. Environ Sci Technol 46(4):2242–2250

Wiench K, Schulte S, Schneider S et al (2012) Zinc oxide—nanosize 
does not change the toxicological profile. N S Arch Pharmacol 
385:104–104

Wohlleben W, Driessen MD, Raesch S et al (2016a) Influence of 
agglomeration and specific lung lining lipid/protein interaction 
on short-term inhalation toxicity. Nanotoxicology 10(7):970–
980. https://doi.org/10.3109/17435390.2016.1155671

Wohlleben W, Meyer J, Muller J et al (2016b) Release from nanoma-
terials during their use phase: combined mechanical and chemi-
cal stresses applied to simple and multi-filler nanocomposites 
mimicking wear of nano-reinforced tires. Environ Sci Nano 
3(5):1036–1051. https://doi.org/10.1039/c6en00094k

Wohlleben W, Waindok H, Daumann B, Werle K, Drum M, Egenolf 
H (2017) Composition, respirable fraction and dissolution rate 
of 24 stone wool MMVF with their Binder. Part Fibre Toxicol 
14(29) https://doi.org/10.1186/s12989-017-0210-8

Wong BA, Nash DG, Moss OR (2009) Generation of nanoparticle 
agglomerates and their dispersion in lung serum simulant or water. 
Inhal Part. https://doi.org/10.1088/1742-6596/151/1/012036

Ye D, Dawson KA, Lynch I (2015) A TEM protocol for quality assur-
ance of in vitro cellular barrier models and its application to the 
assessment of nanoparticle transport mechanisms across barri-
ers. Analyst 140(1):83–97. https://doi.org/10.1039/c4an01276c

Yun JW, Kim SH, You JR et al (2015) Comparative toxicity of silicon 
dioxide, silver and iron oxide nanoparticles after repeated oral 
administration to rats. J Appl Toxicol 35(6):681–693. https://doi.
org/10.1002/jat.3125

Zhang X, Li W, Yang Z (2015) Toxicology of nanosized titanium diox-
ide: an update. Arch Toxicol 89(12):2207–2217 doi:. https://doi.
org/10.1007/s00204-015-1594-6

Affiliations

Peter Laux1  · Jutta Tentschert1 · Christian Riebeling1 · Albert Braeuning2 · Otto Creutzenberg3 · Astrid Epp4 · 
Valérie Fessard5 · Karl‑Heinz Haas6 · Andrea Haase1 · Kerstin Hund‑Rinke7 · Norbert Jakubowski8 · Peter Kearns9 · 
Alfonso Lampen2 · Hubert Rauscher10 · Reinhilde Schoonjans11 · Angela Störmer12 · Axel Thielmann13 · 
Uwe Mühle14 · Andreas Luch1

1 Department of Chemical and Product Safety, 
German Federal Institute for Risk Assessment (BfR), 
Max-Dohrn-Strasse 8-10 10589 Berlin, Germany

2 Department of Food Safety, German 
Federal Institute for Risk Assessment (BfR), 
Max-Dohrn-Strasse 8-10 10589 Berlin, Germany

3 Department of Inhalation Toxicology, Fraunhofer-Institute 
for Toxicology and Experimental Medicine (ITEM), 
Nikolai Fuchs Strasse 1 30625 Hannover, Germany

4 Department of Risk Communication, German 
Federal Institute for Risk Assessment (BfR), 
Max-Dohrn-Strasse 8-10 10589 Berlin, Germany

5 Laboratoire de Fougères, French Agency for Food, 
Environmental and Occupational Health and Safety 
(ANSES), 10B Rue Claude Bourgelat 35306 Fougères Cedex, 
France

6 Fraunhofer Institute for Silicate Research ISC, 
Neunerplatz 2 97082 Würzburg, Germany

https://doi.org/10.1080/10408440903120975
https://doi.org/10.1080/10408440903120975
https://doi.org/10.1016/j.tifs.2017.01.011
https://doi.org/10.1016/j.tifs.2017.01.011
https://doi.org/10.1111/1541-4337.12080
https://doi.org/10.1111/1541-4337.12080
https://doi.org/10.1002/em.21935
https://doi.org/10.1016/j.tiv.2014.10.023
http://www.bfr.bund.de/cm/349/potential-andacceptance-of-nanotechnology.pdf
http://www.bfr.bund.de/cm/349/potential-andacceptance-of-nanotechnology.pdf
https://doi.org/10.1007/s11051-011-0361-8
https://doi.org/10.1007/s11051-011-0361-8
https://doi.org/10.1021/nn302649p
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.1186/s12989-016-0123-y
https://doi.org/10.1186/s12989-016-0123-y
https://doi.org/10.1021/acs.est.5b06137
https://doi.org/10.1039/c5ra13897c
https://doi.org/10.3109/17435390.2016.1155671
https://doi.org/10.1039/c6en00094k
https://doi.org/10.1186/s12989-017-0210-8
https://doi.org/10.1088/1742-6596/151/1/012036
https://doi.org/10.1039/c4an01276c
https://doi.org/10.1002/jat.3125
https://doi.org/10.1002/jat.3125
https://doi.org/10.1007/s00204-015-1594-6
https://doi.org/10.1007/s00204-015-1594-6
http://orcid.org/0000-0002-0351-3392


Archives of Toxicology 

1 3

7 Fraunhofer Institute for Molecular Biology and Applied 
Ecology IME, Auf Dem Aberg 1 57392 Schmallenberg, 
Germany

8 Division 1.1 Inorganic Trace Analysis, Federal 
Institute for Materials Research and Testing (BAM), 
Richard-Willstaetter-Str. 11 12489 Berlin, Germany

9 OECD Environment, Health and Safety Division 2, 
rue Andre-Pascal 75775 Paris Cedex 16, France

10 Joint Research Centre (JRC) of the European Commission, 
Directorate Health, Consumers and Reference Materials, 
Via E. Fermi, 2749 21027 Ispra, Italy

11 Scientific Committee and Emerging Risks 
Unit, European Food Safety Authority (EFSA), 
Via Carlo Magno 1a 43126 Parma, Italy

12 Fraunhofer Institute for Process Engineering and Packaging 
IVV, Giggenhauser Strasse 35 85354 Freising, Germany

13 Fraunhofer Institute for Systems and Innovation Research 
ISI, Breslauer Strasse 48 76139 Karlsruhe, Germany

14 Fraunhofer Institute for Ceramic Technologies and Systems 
IKTS, Winterbergstr. 28 01277 Dresden, Germany


	Nanomaterials: certain aspects of application, risk assessment and risk communication
	Abstract
	Introduction
	Industrial use and standardization of nanomaterials
	Regulation of nanomaterials in the areas of chemicals, biocides, consumer products and food
	Characterization of human exposure to nanomaterials
	Development of novel tools based on combination of multimodal spectroscopies to study cellular uptake processes
	Toxicity and ecotoxicity testing of nanomaterials
	Aerosolization techniques
	Testing for inhalation toxicity of nanoparticles
	Testing for inhalation toxicity of nanofibers
	Testing for oral toxicity
	Ecotoxicity testing of nanomaterials

	Risk communication and technological impact assessment
	Conclusions
	References


