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Abstract

Itis expected that ceramic nanoparticles will be more intensely used in various technical, medical and biological fields
in the near future. But their interaction with biological objects has not yet been completely understood. Within the
scientific community, NGOs and the public, there is considerable concern about possible side-effects on health and
environment. In an investigation of the behaviour of nanoparticles in a biological environment or nano-toxicological
effects, three crucial phenomena have to be analysed in detail: material properties, surface state/surface reactions
and uptake/transport. Unfortunately, publications on the biological effects of nanoparticles often do not sufficiently
describe the physical and chemical properties of the particles under consideration or are based on overdoses. Moreover,
measurement uncertainties and methodological pitfalls contribute to the divergent opinions about the possible risks
of nanomaterials. Of the numerous publications, only few deliver reliable data. To obtain comparable toxicological
results as achieved previously in other fields of physics and chemistry, a worldwide effort is needed to standardize the
measurement methods used in nanotoxicology, focussing especially on the characterization of nanoparticles and the

specific effects of the particle nature on the measurement system.
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I. Introduction

The Royal Society’s report “Nanoscience and nanotech-
nologies: opportunities and uncertainties” published on
29 July 2004 initiated the debate on nanotechnology, sug-
gesting “environmental, health and safety, ethical or so-
cietal implications or uncertainties may arise from the
use of the technology, both current and future” 0. The
term “Nanotoxicology” also appeared for the first time in
2004 1. The relationship to the former research on ultrafine
particles was highlighted one year later 2. Today, the safety
of nanomaterials is the subject of numerous international
research groups, a substantial part of many funding pro-
grammes, international conferences, and regulatory activ-
ities worldwide. Whereas the number of publications re-
garding nanotoxicological issues has increased dramatical-
ly each year from that time (from around 150 in 2004 to
nearly 13001n 2009, compare Hristozov et al 3,2012), clar-
ity about possible risks has decreased.

Besides the fact that the number of products contain-
ing nanoparticles (NP) is steadily increasing, there are no
general routines governing the testing of these products
to ensure safety for the customer. Whereas most of the
OECD guidelines can be used for testing nanomaterials,
it has been demonstrated that not all biological screening
methods are adapted for NP. Therefore, results are often
false-positive or false-negative 4~6. Moreover, experimen-
tal problems such as solvents ordetergents used to disperse
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the NPs are often neglected 7 and the appropriate controls
as well as the required characterization of the materials
tested are frequently lacking. In this review we focus on the
need to obey nanotoxicological principles, which involves
comprehensive characterization of nanomaterial, surface
and uptake, the consideration and measurement of uncer-
tainties concerning the biological effects of NPs in cell and
animal tests (i.e. in z72-vitro as well as in in-vivo studies).
Furthermore, we make some recommendations on how to
proceed with the development of adapted methods for risk
assessment of nanomaterials.

II. Nanoparticles - Physical and Chemical Properties

The physical and chemical properties of particulate mat-
ter depend on the size of the particles, with the specific
surface area being one of the most sensitive characteris-
tics. For instance, the reaction rate in heterogeneous catal-
ysis or the number of atoms and molecules that can be
adsorbed increase significantly. In parallel, the portion of
atoms or ions sitting close to the surface, possessing less
nearest neighbours and being less well bonded, results in
an increase in the energy content of the system. Particu-
late systems try to reduce the surface area (or the free en-
ergy or the free enthalpy, respectively) by means of rapid
agglomeration, grain growth or adsorption of molecules.
The melting point of the material may also fall. Browni-
an motion is another example of where particle size mat-
ters. In the case of very fine particles even the electron band
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structure may be modified significantly, which hasastrong
effect on electrical and magnetic properties. The colour of
quantum dots, for instance, depends on their size. They
usually consist of a semi-conducting material. Their par-
ticle size is typically below 10 nm. The smaller the size
of the crystal, the greater is the energy gap between the
highest valence band and the lowest conduction band and
the higher is the energy released when an electron excit-
ed by UV light falls to the lower energy level. Small parti-
cles emit blue light whereas the light emitted by larger par-
ticles tends to be red 63. Ferro- or ferrimagnetic materials
like iron oxide may become super-paramagnetic if the par-
ticle size is reduced to a few nanometres. If there is no out-
er field the particulate material seems to possess no mag-
netisation and to be non-magnetic as the particles contin-
uously change their direction of magnetisation owing to
thermal excitation. If an outer field is applied the particles
behave like a strong ferromagnetic material with all parti-
cles having the same direction of magnetisation 4.

From a technical and commercial point of view it was
desirable to discriminate between these nanoscaled parti-
cles and bulk material and hence an internationally accept-
ed definition of nanomaterials and nanoparticles has been
found. ISO/TC 229 released corresponding documents in
August 2008 and the same documents were published by
CEN as CEN ISO/TS 2768719. According to this docu-
ment the term “nanoscale” comprises a size range from ap-
proximately 1 nm to 100 nm. Nanoparticles are particles
with all three external dimensions in the nanoscale range.
Particles are, according to ISO 14644 —6:2007 8, minute
pieces of matter with defined physical boundaries (see for
instance ).

In several publications nanoparticles with dimensions
<100 nm are considered particularly risky owing to their
reactivity, mobility and so on. But, these quantities change
steadily with size and 100 nm is not a biological thresh-
old value below which the interactions change dramatical-
ly. Different arguments are discussed by Lovestam and his
colleagues ?. Considering the difficulties in defining a bio-
logically relevant particle size threshold and in measuring
the size of nanoparticles, Maynard recommends with re-
gard to legislation: “Don’t define nanomaterials” 10. Nev-
ertheless, particle size must play more important role in
future toxicological studies.

III. Fundamental Aspects and Principles of Nanotoxi-
cology

(1) Entry ports for nanoparticles in bealthy humans

The risk potential of any hazardous substance depends
on the entry ports. Most of the recent research dealing
with potential health hazards of NPs has focussed on cells
and tissues likely to come into immediate contact with
nanoparticles, such as the lung, skin or gastrointestinal
tract. From an occupational perspective, it is not surpris-
ing that the lung was identified as the most sensitive en-
try port for loose nanomaterials. Instillation and inhala-
tion studies in rodents demonstrated that certain micro-
and nanoscaled particles such as crystalline silica or car-
bon nanotubes have the potential to cause fibrotic 1! or
pulmonary granulomatous alternations 12 and that they
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have the potential to cross the airway-blood 3. In con-
trast to the lung, healthy skin was described as an effec-
tive barrier against many nanomaterials. The uptake of
particles, especially those used in cosmetics and in sun-
screens, was hampered by the anatomic structure of the
human skin 14. However, particle surface coatings or func-
tionalizations, which are often used to prevent agglom-
eration, may strongly affect the penetration 15-19. The
gastrointestinal tract with its impressive exchange area of
about 2000 m? (incl. microvilli and other cellular sub-mi-
crostructures) is of minor significance as uptake seems to
be hindered: 98 % of the NPs orally administered to the
test animals were excreted. In case of a damaged gastroin-
testinal tract, the situation may change. Approximately
80 % of the intravenously applied material was observed
to accumulate in the liver 2.

Nanotechnology will also result in designed uptake
routes. New concepts for diagnostic or therapeutic med-
ical applications, including for instance ceramic particles
like iron oxides, have already been introduced onto the
market or are on the verge of market introduction 2°.
Common to these concepts is that the particles are inject-
ed either into the target tissue 21 or into the bloodstream 22
to achieve the desired effect. Natural barriers as described
beforehand are bypassed and other types of barrier tissue
such as blood-brain barrier 23-26 or placenta 2’ become
relevant.

(2) Three particular mechanisms or principles of nan-
otoxicology

Despite the lack of evidence for any severe hazard of in-
soluble globular nanoparticles caused only by the small
size of the particles 61, these particles may follow differ-
ent uptake pathways or exhibit alternative modes of ac-
tion compared to micrometre particles or ions. Careful as-
sessment of NPs regarding their availability, dose, biodis-
tribution, acute and chronic effects is necessary 28. Mech-
anisms of interaction that are characteristic to nanopar-
ticles are fundamental subjects of nanotoxicology. These
“principles of nanotoxicology” (Krug and Wick 2011) are
briefly explained below.

a) Cellular uptake and transport principle

There are different ways for particles to get into a cell.
For particles of micrometre size it was shown by previous
particle toxicity studies that phagocytosis is the key pro-
cess 29. Phagocytosis corresponds to a cellular process of
the cell membrane engulfing solid particles. But for NPs it
is not the only possibility for uptake. Other mechanisms
suchasuptake by vesicles coated with specific proteins like
clathrin or caveolin 39 may also occur. After uptake these
particles are kept in vesicle-like structures. Pinocytosis, a
non-specific process in which a cell takes in surrounding
fluids, including all solutes present, may be relevant too.
In excess such NPs may also be taken up by means of re-
ceptor mediated transport 31-33 or even adhesive interac-
tion 13,3435 A small fraction of NPs were identified even
in erythrocytes (red blood cells) 34. Several in-vitro exper-
iments indicate that particles below a certain size are able
to cross biological membranes. Bio-distribution analysis
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of NPs performed in animal studies showed clearly that
they are distributed within the whole organism 3638, in-
dicating that these particles are indeed capable of crossing
biological barriers. Cellular uptake and transportis mainly
controlled by size, shape and surface state (functionaliza-
tion, charge) of the particle with nanoscaled particles be-
ing able to reach cells or tissues that cannot be reached by
larger particles. But the degree of agglomeration and the
surface state are modified by the biological environment.
These phenomena have to be taken in consideration in the
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for NPs.
b) Surface principle

The volume-specific surface area of particulate matter
plays an important role in physical-chemical processes.
Beside reaction or dissolution rates, the agglomeration
rate of nanoparticles in aqueous media is also a function
of the volume-specific surface area ¢4. This also holds in a
biological environment.

After uptake, especially biopersistent NPs may accu-
mulate in cells or tissues and interact with cellular com-
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ponents. Owing to their high surface area, nanoparticles
may bind cellular components or initiate unspecific reac-
tions producing, for instance, free oxygen radicals. Nel
et al. (2009) summarized these surface-dependent effects
and their impact on chemical and biological processes very
clearly 39.

Several inhalation studies in mice and rats demonstrat-
ed a direct correlation between inflammatory potency in
the lung of the animals and the applied TiO, nanoparticle
dose expressed as specific surface concentration 49, Similar
findings were observed with combustion-derived NP 4!
or nickel particles 2. Even in the case that, owing to min-
imal changes in the exposure media, rapid agglomeration
of nanoparticles takes place, the agglomeration does not
prevent uptake into cells and the expression of toxicity 66.

As the rate of physical-chemical reactions including
solids is usually controlled by the volume specific sur-
face area and surface state, an adequate characterization of
the surface of the NP must be described in any toxicolog-
ical test protocol.

c) Material principle

The small size of nanoparticles does not mean that
nanoparticles are in general more toxic than ions or larger
particles of the same material. In the end, specific toxic re-
actions are often correlated with reactions on the atomic or
molecular level. That’s why material matters at nanoscale
level too. And the biological effects of NPs may not only
depend on chemical composition but also on the lattice

Variables Associated with
Nanomaterial Sample

Sample purification to remove
possible biological interferents

Sample Characterization of Raw
Nanomaterial (in manufactured
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structure. Carbon is an excellent example to underline this
principle. Although no adverse effects have so far been
observed for nanosized diamonds 4344, carbon black — at
least at a high dose — exhibits some impact 4546, Also sol-
vent-free fullerenes seem to remain withoutany effect 7>47.
Furthermore, differences in shape may become important.
Carbon nanotubes (CNT), particularly the long and rigid
ones that follow the fibre paradigm #8-50 or highly ag-
glomerated CNT 51, can trigger health effects. Therefore,
careful and comprehensive material characterization is
required prior to any toxicological assessment 28,52,

Of course these three principles are interlinked with each
other and their combination triggers the specificity of
the biological mode of action of the given nanomaterial

(Fig. 1).

IV. Nanotoxicology Studies: What is Measured? —
What can be Compared?

In 2010 Haynes 33 published in an editorial including a
figure showing the number of publications with the main
subject of “nanotoxicology” since 1980. Especially for
the last 10 years it shows almost exponential growth in
numbers, the most recent number for 2011 confirming
this trend. Unfortunately, a detailed analysis of the pub-
lications revealed that different publications on the same
nanomaterial came to contradicting “toxic” and “non-tox-
ic” findings. Such controversy causes great uncertainty in
the general public and hence anxiety about the safe use of
nanomaterials.
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Fig. 2: Most relevant variables associated with 2 vitro toxicity testing.
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Throughout the last two years, a handful of publications
have started looking systematically into the matter. Lo-
cascio et al. > (2011) from the National Institute of Stan-
dard and Technology (NIST, USA) has published the most
promising approach to resolve the controversy so far. In
chapter 8 of the book “Nanotechnology Standards”, they
summarized numerous variables that are associated with
the test system (see Fig. 2) and fall under the following cat-
egories:

e Nanomaterial samples
e Toxicity testing
* Biological samples

The nanomaterial samples encompass the following main
categories: “Sample purification, sample characterization
of the raw nanomaterial, sample characterization to deter-
mine biological impurities, dispersion in biological media
and sample characterization in biological media”. A simi-
lar list 28 for nanomaterial characterization was published
independently as a minimum set of information on the
properties of nanomaterials for each study. This list con-
sists of: “Chemical composition, purity, impurities; parti-
cles size and size distribution; specific surface; morphol-
ogy; surface chemistry, coating, functionalization; degree
of agglomeration/aggregation and particle size distribu-
tion under experimental conditions; water solubility and
surface reactivity and/or surface load”. Locascio ez al. 54
continue with a very general description of variables as-
sociated with toxicity testing: “Depending on the desired
endpoint a wide variety of toxicology tests exist each with
their own set of variables and set of appropriate posi-
tive and negative controls to determine possible interfer-
ences.” Various publications have already stressed the im-
portance of these positive and negative controls and of
interference tests. Owing to the particle nature of nano-
materials, interference especially with optical measure-
ments systems is much more likely to occur than with
dissolved chemical compounds. Locascio et al. > finalize
their large list of variables with biological-sample-specif-
ic issues: “Cell line, which includes choice of cell line, cell
line identification, age and storage of cell line, number of
passages etc. and the control conditions under which ex-
periments are performed”. This comprehensive list of vari-
ables affecting results of 12 vitro assays test systems is quite
revealing. The following example illustrates this.

Back in 2006 ¢ and 2007 3> overwhelming evidence was
published that a specific assay to analyse cell survival — the
MTT assay — is strongly affected by interferences when
carbon nanotubes are investigated. Therefore the authors
of the first publication ¢ proposed thatatleast two, butbet-
ter more than two test systems should be used to verify
any cytotoxicity data. Nevertheless the authors of arecent
publication 3¢ (2012) claim a toxic finding based on their
study investigating the cytotoxicity of multi-walled car-
bon nanotubes (MWCNT), graphene oxide and nanodia-
mond. But their study does not mention any test for inter-
ference between the examined nanomaterial and the MTT
assay 7. In addition the release of LDH 58 was determined
as a second cytotoxicity test system. But this test system
lacked any internal reference for the effect because posi-
tive and negative controls were omitted. Even though two
independent test systems were used, important variables
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that Locascio et al. 54 list were not specified and hence they
remain undefined. The two cytotoxicity assays per se indi-
cate comparable results, but they contradict the results of
previous studies that had all those variables (interference,
negative and positive control) defined. This failure to de-
fineimportantvariables of a test system in accordance with
the recommendations of the Joint Committee for Guides
in Metrology 3% 60 is the key to understanding the contra-
diction between the findings of the recent publication with
the results of all the previous studies.

On the other hand, over the last decades the use of nano-
materials without side-effects has often been neglected and
most reasons for concern have so far come from studies
with overdose concentrations. There is an increasing num-
ber of publications indicating no difference between mi-
cro- and nanoparticles in respect of their biological effects
(Auffan, M., Rose, ]., Bottero, J.Y., Lowry, G.V,, Jolivet,
J.P., and Wiesner, M.R. (2009): Towards a definition of in-
organic nanoparticles from an environmental, health and
safety perspective. Nature Nanotech., 4,634 —641) and se-
vere toxic effects are more or less dependent on the aspect
ratio and the length of fibre-like materials (Hamilton, R.E,
Wu, N., Porter, D., Buford, M., Wolfarth, M., and Ho-
lian, A. (2009): Particle length-dependent titanium dioxide
nanomaterials toxicity and bioactivity. Part. Fibre Toxicol.,
6,35).

V. Conclusions

The development of new materials on the nanoscale, es-
pecially ceramic materials, for various applications in con-
sumer products raises the question of the safety of these
materials for health and environment. Many discussions
lead to the general opinion that the small size of these spe-
cific materials may lead to a higher transport rate into the
body, a higher exchange rate between the organs, the larg-
er surface-to-volume ratio may lead to higher reactivity
of the same amount of material and thus, nanomaterials
pose a higher risk to human health and the environment.
Whereas the reactivity of nanomaterials compared to their
bulky counterparts is indeed enhanced and can lead to a
greater biological effect, the behaviour of nanomaterials
in the body or in cells can be compared to other particu-
late matter as well. Thus, actually no “nano-regulation” is
needed and the existing rules and laws seem to be adequate
for the production and use of these materials.

Nevertheless, testing methods specifically for nanoma-
terials have to be established or existing assay have to be
evaluated for their suitability for testing nanoparticles.
Projects such as NanoCare ¢1, Nanommune 62 or VIGO
that systematically investigated each test system separate-
ly and all their relevant variables have been defined ac-
cordingly. Such efforts provide tremendous support in es-
tablishing the standardization of test methods worldwide.
Afterwards these standardized test methods have to un-
dergo final validation based on interlaboratory compari-
son.

Such elaborated and validated test methods are the basis
for the comparability of measurement results in nanotoxi-
cology onaworldwide scale. Hence they enhance the trust
in the findings and promote the acceptance of nanotech-
nology as well as their application in industry.
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