View Article Online
View Journal

RSC Advances

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: G. Orts-Gil, K. Natte and W. Osterle,
RSC Adv., 2013, DOI: 10.1039/C3RA42112K.

This is an Accepted Manuscript, which has been through the RSC Publishing peer

review process and has been accepted for publication.
RSC Advances

Accepted Manuscripts are published online shortly after acceptance, which is prior
— i to technical editing, formatting and proof reading. This free service from RSC
Publishing allows authors to make their results available to the community, in
citable form, before publication of the edited article. This Accepted Manuscript will
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®),
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or
graphics contained in the manuscript submitted by the author(s) which may alter
content, and that the standard Terms & Conditions and the ethical guidelines
that apply to the journal are still applicable. In no event shall the RSC be held
responsible for any errors or omissions in these Accepted Manuscript manuscripts or
any consequences arising from the use of any information contained in them.

RSCPublishing www.rsc.org/advances

Registered Charity Number 207890



Page 1 of 37

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

RSC Advances

View Article Online
DOI: 10.1039/C3RA42112K

Relevant characteristics of nanoparticles affecting their impact on biological systems. A multi-parametric
reference material may allow reliable and comparable toxicological studies but unfortunately it is still not
available.
128x130mm (150 x 150 DPI)



Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

RSC Advances Page 2 of 37

G i | © Online
DOI: 10.1039/C3RA42112K

Multi-parametric reference nanomaterials for toxicology:

state of the art, future challenges and potential candidates

Guillermo Orts-Gil ™ *, Kishore Natte * and Werner Osterle *
* Federal Institute for Materials Research and Testing (BAM). Untern den Eichen 87, D-
12205, Berlin, Germany
® Present address: Max Planck Institute of Colloids and Interfaces (MPIKG). Arnimallee 22,
D-14195 Berlin, Germany

* Corresponding authors E-Mail: guillermo.orts-gil@mpikg.mpg.de

Abstract

A major requirement for the validation of methods assessing the risk associated with
engineered nanoparticles (ENPs) is the use of reference materials (RMs). In the present
contribution we review available RMs, ongoing projects and characterisation trends in the
field. The conclusion is that actual approaches to RMs mostly deal with metrological
considerations about single properties of the ENPs, typically their primary size, which can
hardly be representative of nanoparticles characteristics in real testing media and therefore,
not valid for reliable and comparable toxicological studies. As an alternative, we discussed the
convenience and feasibility of establishing multi-parametric RMs for a series of ENPs,
focusing on silica nanoparticles (SNPs). As a future perspective, the need of developing RMs

based on hybrid nanoparticles is also discussed.
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1. Introduction

Although nanoparticles, objects with at least one dimension < 100 nm, have always been
present in nature, only after refining analytical techniques, e.g. electron microscopy, they have

3

become “visible” to scientists [1]. Simultaneously to the development of synthetic methods to
produce engineered nanoparticles (ENPs) in a large scale [2-4], considerations about their
potential risk for human health and impact on environment are object of concern [5].

In general, the commercial use of materials has been traditionally accepted as safe, unless
scientific evidences prove their harm. Nevertheless, this conception has gradually changed in
the last years and the “precautionary principle” (the absence of knowledge about the dangers

is taken as not safe) will probably play a major role also in the future of nanotechnology [6].

The conjunction of the above mentioned aspects led in the last years to an intensive activity in
developing methods, mostly in vitro, in order to evaluate the potential impact of ENPs on
biological systems and, at least, to distinguish between low and high toxicity nanomaterials
[7-11].

The planning of in vitro tests for nanotoxicological studies involves several aspects such as:
sample preparation, selection of the appropriate cell type, definition of dose ranges
corresponding to realistic exposition scenarios and selection of the appropriate methods for
monitoring cell reactions [10]. For some of the mentioned experimental parameters precise
standard operation protocols (SOP) already exist or are being developed. The Organisation for
Economic Co-operation and Development (OECD) concluded in 2012 after six years of study
that: “the approaches for the testing and assessment of traditional chemicals are in general
appropriate for assessing the safety of nanomaterials, but may have to be adapted to the
specificities of nanomaterials” [12]. Nevertheless, in addition to SOPs, toxicologists also
need reference materials in order to validate their methods and, consequently, be able to
deliver reliable results. Unfortunately, in the last ten years, toxicologists often did not
perceive ENPS characterisation as a crucial aspect when performing toxicological tests. This
situation is gradually changing and the importance of a more exhaustive characterisation of
ENPs previous to toxicological studies has been taken more seriously into consideration [13,
14]. Nevertheless, although many efforts are being done in order to provide RMs for

toxicology, actual activities focus on the metrological traceability of single characteristics of
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ENPs like size and composition, but may ignore critical parameters like agglomeratigheatglie onine
formation of protein corona in testing media [15].

The aim of the present contribution is to point out the need and feasibility of an extended
characterisation of ENPs in order to obtain well defined, multi-parametric, RMs for
toxicology.

We present silica nanoparticles (SNPs) as a good starting point for a RM with an extended

characterisation. Furthermore, the perspective of future RM based on hybrid nanoparticles is

discussed.

1.1 Exposure of nanoparticles to humans and environment: released ENPs and wear

nanoparticles

Since decades industry has been producing different kinds of ENPs intentionally for a variety
of products which may potentially lead to the release of nanoparticles in the atmosphere in
form of agglomerates and fibers [16]. Also, the application of new ENPs in products that are
used directly by consumers opened new routes of uptake by humans as, for instance, by
inhalation, ingestion and dermal absorption [16].

Besides the necessity to assess the potential risks associated to ENPs scientists should not
forget that conventional technical materials are often covered with nanocrystalline surface
films from which nanoparticles (NPs) can be emitted to the environment [16]. The latter

scenario especially applies to nanostructured tribofilms which may develop on all kinds of

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

tribological couples during dry friction or boundary lubrication [17]. A particular critical case
is total joint arthroplasty which may cause the release of particles into adjacent tissue.
Although it seemed that the problem of aseptic loosening of hip implants caused by
micrometre-sized polyethylene particles had been solved by replacing the polymer with
ceramic parts, there is still concern about the observed release of a small amount of ceramic
nanoparticles [18]. Recent studies by Zhang et al. [19] suggested that certain types of ceramic
nanoparticles, i.e. zirconia and silicon nitride, can cause irritations of osteoblast-like and
macrophagic cell lines. A second critical case might be the release of particles from friction
brakes, the so-called brake dust. It has been proven many times by aerosol measurement
techniques that numerous brake dust particles show diameters smaller than 100 nm, as
reviewed by Gasser et al. [20]. Furthermore, in the best of our knowledge, this study is the
only one considering “potential toxicological effects of human epithelial lung cells exposed to

freshly generated brake wear particles” [20]. A possible drawback of both studies [19, 20] and
6
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also of most studies cited in the following, is that the agglomeration state of the particle¥-WARce onine

not checked prior to testing in cell culture media. This is not yet state of the art, but should be
considered in future by developing adequate testing procedures and appropriate reference

materials.

1.2 Outcome of in vitro biochemical assays-cellular uptake of nanoparticles

Despite several contributions have suggested a low correlation between the output of in vivo
and in vitro tests [21], the latter still concentrate most of the researchers efforts when
screening toxicity from new materials and studying the corresponding mechanisms.
Nevertheless, traditional in vitro assays have been designed for testing soluble molecules [22].
This may be one of the reasons explaining non-concluding or contradictory results on the
toxicity of nanoparticles. Therefore, in order to develop more realistic toxicological assays for
nanoparticles, the use of more sophisticated, specific and validated in vitro tests have been
suggested [21].

Despite open questions and discrepancies, the large existent literature reported in the last 20

years has led to basic understanding of toxicity arising from nanoparticles:

- The enormous specific surface area of nanoparticles plays a major role on their
toxicity [23].

- Serum proteins can reduce the toxicity of nanoparticles [24, 25]

- A property characterisation of ENPs is a key point in nanotoxicology [13].

- Metallic nanoparticles release radical oxidative species which damage cells [26]

- Nanoparticles can be internalised by cells and especially by macrophages [26].

- difference of sensitivity between cell types has to be carefully taken into account when
assessing nanoparticles toxicity [27]

- Protein corona on nanoparticles plays a major role in “what the cells see” [28]

Many studies have been performed in order to elucidate the effects of single properties on cell
uptake pathways and intra-cellular distributions. The cellular uptake of nanoparticles depends
on many factors like nanoparticle surface charge, size, shape, composition, agglomeration,
sedimentation and diffusion as well as on the characteristics of the protein corona on the
nanoparticles [29, 30] (figure 1). Here, internalization of nanoparticles by cells is driven by

endocytosis, while larger objects are internalized by phagocytosis [31]. Endocytosis transport

7
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is an active cell-mediated process by which cells plasma membrane continuously, jnyaghele onine
nanoparticles to form vesicles [32]. Passive, non-endocytotic transport of nanoparticles has

been rarely explored [32]. Interestingly, in many cases nanoparticles protein corona is
retained during nanoparticle uptake thus, protecting cells until proteins are degraded in the
lysosomes [24].

In the same way, a large number of in vitro and in vivo genotoxicity results are have been
reported [33]. They led to the identification of primary genotoxic properties of nanoparticles,

whereas recent in vivo studies further support a correlation between particle-induced lung

inflammation and secondary genotoxicity effects [33].
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Figure 1: processes involved in uptake mechanisms. (a) Diffusion and sedimentation. (b)
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Single or agglomerated nanoparticles coated with protein corona in biological media.
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2. Reference nanomaterials

2.1 Definition and different approaches

As previously mentioned, a major requirement to develop methods for the risk assessment
associated with ENPs is the use of RM [34, 35]. In 2011 the European Commission
recommended the following definition of nanomaterials: "Nanomaterial" means a natural,
incidental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50% or more of the particles in the number
size distribution, one or more external dimensions is in the size range 1 nm - 100 nm [36].
According to ISO Guide 30 [37], a reference material is a “Material, sufficiently
homogeneous and stable with respect to one or more specified properties, which has been
established to be fit for its intended use in a measurement process”. Even more oriented to
metrology is the ISO definition of a certified reference material [38]: “material which is
accompanied by a certificate, one or more of whose property values are certified by a
procedure which establishes traceability to an accurate realisation of the unit in which the
property values are expressed, and for which each certified value is accompanied by an
uncertainty at a stated level of confidence”. Thus, actual approximations to RMs for
toxicology focus in the identification of those materials which may fulfil traceability

requirements [39].

Nevertheless, in addition to the mentioned traceability requirements, other considerations
should be taken into account when thinking about a candidate as a RM for nanotoxicology:

(i) RM should be representative of existent materials [36]. This lead to the formulation of
priority lists, containing ENPs which are relevant in real environments or are expected to
become relevant in the future [40].

(1)) The chosen material should present some toxicity which can be evaluated with
experimental methods.

(ii1) A RM for nanotoxicology should be prepared in an adequate form to be used for
toxicological studies. This means that parameters like initial concentrations, pH, ionic
strength, agglomeration state, etc. should be controlled and compatible with, for instance, in
vitro studies. This may be one of the main challenges when thinking about a RM for

nanotoxicology. In fact, most of existent nano-scaled RMs are “not ready to use” in
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toxicological tests since they are not conceived to be compatible with isotonig sqlytis %kl ootine

physiological pH [41].

Due to the finding that the toxicity associated to nanoparticles depends on experimental
conditions, an alternative approach to RMs would be the use of functionalised nanoparticles
as proposed, for instance, by several authors from BAM and IUPAC [42, 43]. Thus, the
surface modification of nanoparticles would produce more robust nano-RMs in terms of
colloidal stability [43, 44]. This would allow performing toxicological experiments without
being forced to control the agglomeration state of their dispersions prior and after in vitro

testing. Examples of this second approach are presented in section 4.

2.2 National and international projects related to ENPs: increasing demand of reference

materials and standardized methods

In the last years, parallel to the industrial use of ENPs, an increasing concern about the
potential impact on health and environment motivated several projects at national and
international level (Table 1). However, only few projects focus specifically on the
development of reference materials for toxicology. In 2008 BAM initiated the project
NanoTox, with special focus on RMs [42]. The same year, REFNANO project located in UK,
started with the same aim [45]. The idea of NanoTox project was the development of a RM

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

based on toxicologists demand of well-defined robust RMs based on silica (e.g. defined size,
composition and dispersion in cell culture media) which are not yet available [25, 44].
Common point between all existent projects is the need of an interdisciplinary work between
chemists, physicians, biologists and toxicologists in order to assess toxicological issues
regarding nanoparticles with standardized RMs.

Some of the projects listed in table 1 do not work directly on risk assessment of ENPs but
adopt the function to maximise synergies between existing European projects (NanoSafety) or
offer technical facilities (QNano). Recently starting European projects like NanoValid and
Marina have some work packages focusing on the development of RMs for nanotoxicology,
offering a good opportunity to provide RMs with certified values in more than only in particle

size or only composition (Table 1).

10
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Cell_Nano_Tox
NanoTrust
Nanotox
NanoimpactNet
NanoSustain

EU, 5 countries
ITA, Austria

BAM, Germany
EU, 25 partners
EU, 8 countries

2006 risk of exposure to industrially manufactured NPs
2007 summarise the state of knowledge on nanorisk assessment

2008 reference nanomaterials for toxicology

2008 FP7 network for collaboration and communication
2010 sustainable products and industrial applications

REFNANO IOM, UK - report on reference nanomaterials for toxicology
NANOfutures EU 2010 infrastructures and observatoires
NanoValid EU, 19 counries 2011 validation of methods for risk assessment of NPs
MARINA EU, several countries 2011 validation of Methods for risk assessment of NPs
QNano EU, 27 partner 2011 infrastructures and observatoires

Table 1: list of several national and international projects related to risk assessment of ENPs.

Acronyms can be found in section 5.

2.3 Available reference nanomaterials: mono-parametric and not ready to use

The need of well characterised ENPs for toxicological issues even led to commercial products
developed by private companies. Nevertheless, in this paper we will focus on RMs and
certified RMs. Table 2 shows a selection of existent reference nanomaterials or those being
currently in the state of development. Other lists presented in the literature typically deal with
reference materials for methods regarding particle size determination [46].

It can be concluded that actual approaches to RMs are mainly based on the metrological
traceability of one of the following three properties: size, purity or in some specific surface
area. In any case, actual approaches to RM can be defined as one-parametric. Nevertheless,
the accurate determination of only one of these properties seems to be insufficient to assess
the biological impact associated with nanoparticles [15]. For instance, whether a measurand is
related to a size effect on the nanometre scale it is extremely important to ensure that the cells
are exposed to single nanoparticles within the CCM and not to agglomerates [25]. These
properties which are relevant while addressing toxicological studies are resumed in the

following section.

11
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g

-g Material ' Number Reference or certified value > Name RM/CRM/SRM ® Instiute Status *

N

% Silica 1 20 nm size ERM-FD100 CRM IRMM for sale

5 40 nm size ERM-FD304 CRM IRMM for sale

E

o)

f’ Gold 3 10 nm size RM 8011 RM NIST for sale

g 4 30 nm size RM 8012 RM NIST for sale

é 5 60 nm size RM 8013 RM NIST for sale

o

[a)

o Polystyrene 6 60 nm size SRM 1964 SRM NIST for sale

8 7 100 nm size SRM 1963a SRM NIST for sale

= TiO, 8 55.55 m°g” specific surface area SRM 1898 SRM NIST for sale

o

=

Z SWCNTs 9 elemental composition SRM 2483 SRM NIST for sale

z SWCNTs "bucky paper” 10 elemental composition RM 8282 RM NIST production in progress
SWCNT 11 200, 400 and 800 nm lenght RM 8281 RM NIST Fall 2012
Silver 12 10 nm size RM8016 RM NIST in production

13 35 nm, dgg, volume-weighted BAM-NOO1 CRM BAM for sale
14 75 nm size RM8017 RM NIST in production

Table 2: List of existent and in progress mono-parametric reference nanomaterials. ' Only nanomaterials with nominal sizes below 100 nm are
considered. * values shown here are approximate since nominal size depends on experimental technique. > RM = reference material; CRM =
certified reference material; SRM = standard reference material certified by NIST. *until July 2012. This is a selection and not a fully list of ENPs.

For more information please consult updated BAM reference materials database [47].

12
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A systematic study about which properties are priority for risk assessment of ENPs has been
recently reported by Stefaniak et al., who considered 28 studies from the literature [40].
Following properties were the most frequently suggested: surface area (100%), elemental
composition (96%), surface chemistry (89%), particle size (86%), particle size distribution
(86%), morphology-shape (86%), surface charge (86%), agglomeration state (71%), and
crystal structure (61%).

Up to date, it has been shown that particle size is a traceable property for spherical particles
like silica and gold (Table 2). The European association of National Metrology Institutes
(EURAMET) demonstrated the feasibility to determine nanoparticle size with an uncertainty
of less than 1 nm. Traceability for other properties like composition and surface area are being
evaluated for series of different materials and, up to now, has only been proved for SWCNTSs
and TiO,, respectively Thus, particle size, surface area and composition can be considered as
traceable properties which may be determined for a first multi-parametric RM (green triangle
in Figure 1-a). Nevertheless, traceability for other properties still remains an open question,
which must be answered for to the development of new RMs.

Nevertheless, besides traceable properties which may produce certified RMs, other
characteristics may be of vital importance when assessing toxicity associated with ENPs.

For instance, agglomeration in the suspension media has been recently shown to affect
toxicity arising from silica [15, 25], silver and titanium dioxide [48] and gold [49]
nanoparticles. Unfortunately, the evaluation of the colloidal stability of NPs in serum-rich
media can not be so easily assessed as in water due to the massive presence of proteins with
concentrations typically exceeding the ones of NPS by three orders of magnitude [50].
Therefore, measurements of NPs in protein-rich media often show broad size distributions
which complicate the in situ measurement of aggregation size by methods like dynamic light
scattering (DLS) or laser diffractometry (LD). For this reason, up to now, NPs
characterisation in terms of agglomeration has been commonly reported in the absence of
serum or only by using the supernatant phase of centrifuged nanoparticles-serum suspensions
[51, 52]. Other methods to measure the distribution of NP-protein populations ex situ like
ultracentrifugation (AUC) have been proposed [9, 53]. Also other techniques (see Table 3)

like nanoparticle tracking analysis (NTA) have emerged in the last years and are being

13
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successively more standardised [54]. On the other hand, the validity of DLS to detect some
View Article Online

degree of agglomeration can still be accepted [55, 56]. DOI: 10.1039/C3RA42112K

b agglomeration |

surface area " composition

Figure 2: Some properties of NPs suggested as priority for toxicological studies by various
authors [40]. Green triangle: possible traceable properties of a multi-parametric reference

material for nanotoxicology.

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.
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Property Techniques IMeasure state Accessibility Evaluated for materials
listed in Table1

size distribution TEM/SEM dry state ++ 1,3,4,5

DLS suspension media +++ 1,2,3,4,5

XRD dry state ++

SAXS suspension ++ 1,3,4,5,13

AFM dry state ++ 3,4,5

ES-DMA dry/aerosol + 3,4,5,6,7

CLS suspension + ,
Agglomeration state DLS suspension +++

cryogenic

Cryo-TEM suspension +

DCS suspension +

NTA suspension +

SAXS suspension ++

AUC suspension +

SMPS aerosol +
surface area and porosity BET dry state Tt 8
shape and morphology TEM/SEM dry state ++ -
Composition-chemical purity XPS dry state ++ -

ICP-MS suspension + 9

EDX dry state ++ -

Table 3: Physico-chemical (PC) properties of nanoparticles and corresponding experimental techniques. Acronyms are listed in section 6.

Only materials from Table 1 which are for sale are listed. Not all the materials listed are certified reference materials.

15
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2.5 Priority ENPs and their potentiality as multi-parametric RMs

Stefaniak et al. summarised the five lists of nano-objects which were identified as an object of
interest by NIST, REFNANO, OECD, NanolmpactNet and Nanovalid [40]. Between 25
classes of nano-objects only four appeared in all lists: silver, gold, titanium dioxide and silica
nanoparticles. In the following we briefly discuss the state-of-the-art of every of these four

ENPs and focus on silica as a candidate for a multi-parametric RM in section 3.

- Silver nanoparticles (Ag-NPs)

Antibacterial and antimicrobial activity associated to Ag-NPs [57, 58] promoted their use or
potential use in a large variety of biomedical commercial products like orthopaedic implants
and clothes [59]. Moreover, they present interesting optical properties for biomedical research

[60].

Nevertheless, adverse effects from Ag-NPs as reduction in glutathione levels, increase of
ROS levels and lipid peroxidation have been already reported. Although, up to know, few
publications focused on genotoxicity, it has been observed that Ag-NPs also induced DNA
damage and apoptosis [61].

Therefore, Ag-NPs will probably be one of the coming RMs. Here, advances in development

of methods allowing controlled synthesis of spherical and monodisperse particles and

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

certification of parameters like size and composition seem to be plausible [62].

Nevertheless, present prototypes of Ag-NPs present some drawbacks when thinking about a
multi-parametric RMs. For instance, the report from Join Research Center (JRC) for the
material NM-300 shows that this material presents different shapes of particles and a
biomodal distribution of sizes [63]. Other drawbacks may be the uncertainty about which
toxicity arises from particles or from silver ions [64], the variability of surface functionalities

and the lack of colloidal stability under certain conditions [65].

- Gold nanoparticles (Au-NPs)

Au-NPs are considered biocompatible and no acute cytotoxicity has been observed so far
[66]. On the other hand, similar to Ag-NPs, optical properties of Au-NPs make them also very
interesting for biomedical research [60]. Traceability of gold nanoparticle in terms of size has

been certified by NIST (see Table 2).
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In the past 6 years, there had been a continuous increase of research activity in the
biodistribution and toxicity of Au-NPs [67]. Some authors have proposed that, oppositely to
silver, Au-NPs do not generate significant amounts of toxic ions [66]. Nevertheless, negative
effects to cytoskeletal components and a reduction in cell growth in human dermal fibroblasts
have also been reported [68] along with enhanced ROS levels in exposed samples [69]. It has
been also shown that 1.5 nm Au-NPs presents toxicity and accumulate in animal liver and
spleen. Thus, colloidal gold may not be as bio-inert as assumed [67]. For gold nanorods, the

stabilizer cetyltrimethylammonium bromide (CTAB) also presents toxic effects [70].

Au-NPs are surrounded by a shell of stabilizing agent, typically citrate. As citrate-stabilized
NPs are not stable for long times, more strongly binding ligands are often used. However,
little is known about the amount of adsorbed molecules and the degree of change in respect to
the original citrate [71]. Although NIST reported the composition of gold nanoparticles, only
insufficient information about the uncertainty of these measurements is available.

Colloidal stability of gold nanoparticles in biological media may be also object of further
studies. Zhang et al. showed that Au-NPs can induce the formation of protein-based

aggregates at physiological pH [72].

- Titanium dioxide nanoparticles (TiO»-NPs)
This material is being primarily used as a pigment but it can also be found in food, personal

care and other commercial products [73].

Although the Food and Drug Administration (FDA) allows since 1999 the use of
nanoparticles in sunscreens, there has been a controversy regarding the safety of their use. In
the case of TiO,-NPs there are many studies proving the generation of ROS when they are

exposed to UV light indicating a potential risk for health [74].

The electronic structure and crystalline phases of titanium dioxide have been extensively
investigated [75]. Moreover, extensive efforts have been done on TiO,-NPs in the last years.
As a result, the reference material called SRM 1898 with certified specific surface area for
commercial P25 material has been recently presented (see Table 1). In addition to specific
surface area, NIST and other sources also reported informative values about the crystallite
sizes, phase fractions and chemical composition of P25 [76, 77]. Thus, despite the actual

uncertainty about whether these informative values could also be certified, this material may
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potentially become the first multi-parametric RM material based on titanigm, didgfdgie ontine
Nevertheless, no extended information is available about other properties like size distribution
[73]. One main problem when thinking about traceability of TiO,-NPs is the fact that particles
present significant anisotropy thus, making it difficult to determine their size. Another
drawback may be that TiO,-NPs are typically coated with aluminium, silicon or polymers.

[73].

- Amorphous silica nanoparticles (SNPs)

Synthetic amorphous silica nanoparticles (SNPs) have been used since decades in many
different commercial products: as a strengthening agent in silicone rubber, as gelling agent in
cosmetics, and as viscosity modifier in paints, adhesives and sealants [78]. SNPs are even
considered to be safe and approved for use as a food or animal feed ingredient by FDA [79].
Moreover, SNPs have more recently increasingly been used in diagnostic and biomedical
research because of the facile production methods, their relative low cost and especially due
to the fact that they are considered as non- or less-toxic [51]. Nevertheless, several
contributions proved toxicity associated with amorphous silica nanoparticles depending on
several parameters like particle size and serum content of test media [25, 52, 80-85].
However, more research is needed on nanosilica toxicity mechanisms, for instance how SNPs
are absorbed from the gastrointestinal tract [86]. Therefore, further studies with standard
materials has been strongly proposed in order to enable comparison of experimental results

for different forms of nanosilica [87].

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

3. Multi-parametric RMs: silica as a case study

SNPs of different size can easily be synthesized by the well-known Stober method [88] or by
the method described by Davis, if particles < 20 nm are desired [89]. SNPs synthesized by
these methods provide spherical shape and the surface of the SNP offers a wide variety of
surface functionalization. Spherical shape of nanobjects make them a good model and
traceable material, e.g. for techniques assuming spherical shape like DLS (Figure 3-c).

Unfortunately, existent certified materials based on silica are not suitable for nanotoxicology.
First, they are only well characterized in terms of size (one-parametric RM) and, even more
important, they are “not ready to use”. For instance ERM-FD100 and ERM-FD304 contain

ions and solutions as stabilizing agents and high pH values which may potentially interfere
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with the outcome of, for instance, in vitro experiments. Nevertheless, such irb%q:qxqg%fzﬂq'g‘;
does not necessarily contradict the potentiality of silica as a multi-parametric RM for
nanotoxicology. In the following, we discuss one by one, the possibilities to overcome the

difficulties with silica RMs.

3.1 Traceable properties

Materials which intrinsically possess certain characteristics as symmetry (sphericity), narrow
size distributions after synthesis and good dispersivity are expected to fulfil metrological
conditions easily. The properties presented in this section are potentially susceptible of being

metrological traceable.

3.1.1 Shape and size

The successive development of synthetic methods has allowed obtaining nanoparticles of
practically any geometry. Figure 3-a shows some examples of nanoparticles with different
shape investigated within BAM project “NanoTox”. Nevertheless, those particles which
present high symmetry, e.g. spheres, are better suited for analysis of their sizes, since many
techniques assume this geometry (Figure 3-c).

According to the definition by Wadell [5] a perfect spherical particle would have a sphericity
of 1 and particles with any other shape have sphericity < 1.

Here, some commercial silicas like Ludox-SM-30 and Ludox TM-50 present high sphericity
and monodispersity, comparable to those materials prepared in the laboratory (see figure 3-b).
In fact, as previously mentioned, some materials based on commercial SNPs have been
already certified for instrumental quality control (FD-100 (20 nm), FD-304 (40 nm),
indicating a traceability of SNPs in terms of size by different methods like DLS, CLS, EM
and SAXS [90].

In addition, many efforts are being done in order to establish alternative techniques for size
validation like NTA or SIOS. Bet et al. [12] present an interesting study comparing emerging
and established techniques to nanoparticles, evaluating their sizing precision and relative

resolution [12].
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b C
Material Size [nm] PD1% Circularity
Ludox- TMS0* 28,0 11,4 0,8-0,9 electron microscopy
BAM.S0 52,2 10,9 0.9 scattering methods
BAM-80 82,9 11,0 0,9 sedimentation
tracking analysis

size

Figure 3: (a) NPs with different geometries investigated within BAM project “NanoTox”.
From left to right: spherical silica, triangular silver, cylindrical gold, carbon nanotubes and
icosahedral silver. (b) Nominal sizes of silica nanoparticles synthesized at the BAM as
computed from TEM micrographs (results in supplementary section). All samples present
high circularity. * From reference [44]. (c) Comparable particle sizes for spherical
nanoparticles like silica can be computed by at least four methods: electron microscopy,
scattering methods like DLS and SAXS, tracking analysis techniques like NTA and
sedimentation techniques like DCS [12, 90]. Low deviation between techniques can be

attributed to particles monodispersity and high sphericity.

3.1.2 Chemical composition

The chemical purity of RMs, both nanoparticles and suspension media, must be assured if
these materials are aimed for the toxicological studies. Here, chemical composition as
reported from the manufacturer may be carefully considered. This is the case for carbon
nanotubes where metals like Mn, Cd, or iron can substantially affect their toxicity. For this
reason, different methods like e.g. thermal plasma [91] have been proposed in order to purify
MWCNTs and SWCNTs. Another source of uncertainty while measuring the toxicity
associated to ENPs may be the presence of functional groups on the surface of the

nanoparticles which can significantly change their biological activity [92]. For instance,
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Oslakovic et al. showed that carboxylated and aminated polystyrene nanoparfigles iy onine
opposite effects on the generation of thrombin in plasma [93].

In the case of silica, the development of reference materials based on commercial materials
may also generate some uncertainty. For instance Ludox TMS50 (starting material for ERM-
FD304) contains several impurities [94]. Although the purification of commercial silicas is in
principle possible, e.g. by dialysis [44, 95], this is time consuming and tedious and does not
assure the chemical purity of the nanoparticles themselves. Therefore, laboratory synthesis
and purification of nanoparticles seems to be a better way in order to assure the chemical
puritiy of materials. Silica nanoparticles with three different sizes were synthesized at the
BAM and exhaustively purified. The purity of the prepared ENPs was evaluated by XPS. In
these cases no traces of metal impurities were found [96]. This implies that silica
nanoparticles prepared by sol-gel methods may fulfil requirements for composition
certification, at least “in house certification” as done in NIST for gold nanoparticles. The
certification of the chemical composition of SNPs via interlaboratory comparison could also
be the object of interest in current projects about nanoparticles validation as NanoValid and

MARINA.

3.1.3 Surface area and porosity

Specific surface area represents an important parameter when assessing toxicity associated
with ENPs [23]. Several authors showed that surface area can be conveniently determined by
BET [76, 95]. In the case of amorphous silica nanoparticles, due to high sphericity and low
porosity (pores are typically in sub-nanometric range) the surface area of SNPs does not
diverge significantly from theoretical values [95]. This means that specific surface area can be
accurately calculated from experimental particle sizes for non-porous and spherical silica
nanoparticles (Figure 4-a). Rabolli et al., showed that toxicity of SNPs on macrophages in
serum-free media depends on their surface area [23]. Moreover, Yu et al. [97] showed that the
toxicity of SNPs on mouse keratinocytes depends on particle size in a very similar way as

specific surface area do (Figure 4-b).
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Figure 4: (a) Correlation between specific surface area and particle size for SNPs. Schematic
plot based on data from Thomassen et al. [95]. The inset corresponds to high resolution TEM
of amorphous silica prepared at BAM showing sub-nanometric pores. (b) Dependence of the
toxicity of SNPs on mouse keratinocytes versus particle size. Schematic plot is based on data
contained in the contribution from Yu et al. [97]. Transparent blue boxes represent the

nanoscale regime (0-100 nm).

3.2 Required additional information

Besides traceable properties which may lead to produce certified RMs, other characteristics

may be of vital importance when assessing toxicity associated with ENPs. In the following we

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

discuss some of them with focus on silica.

3.2.1 Agglomeration state-colloidal stability in relevant media

As previously mentioned, agglomeration state in the suspension media has been shown to
affect toxicity arising from different nanoparticles [15, 25, 48, 49], as well as for silica [25,
44, 98, 99]. Lin et al. [52] showed that SNPs with different sizes present similar
agglomeration and toxicities. The results of Drescher et al. [25] suggest that only single SNPs
have been internalised by cells (Figure 6-b).

However, elucidation of agglomeration behaviour of nanoparticles is not a trivial question
depending on several factors like concentration, incubation conditions and composition of the
media [96]. In the case of silica, several authors reported colloidal stability of silica
nanoparticles in pure water as well as in DMEM for at least several days due to electrostatic
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repulsion between charged surfaces [44, 95]. Nevertheless, standard cell culturg gpegjaligrsgelte onine
for in vitro studies are complex mixtures containing proteins, aminoacids and vitamins [100].
Thus, interparticle interactions may be significantly altered when proteins adsorb at the
interface [96]. In some cases protein adsorption can lead to de-agglomeration effect, as for
TiO, nanoparticles in serum/DMEM [101] (Figure 5-a-left). Oppositely, in water well-
dispersed silica tends to agglomerate in the presence of lysosome [102], BSA [44, 96] or
serum [53] (Figure 5-a-right). Interestingly, protein driven agglomeration of silica depends on
nanoparticle/protein ratio (Figure 5-b). Thus, protein surface coverage plays a major role on
the tendency of nanoparticles to agglomerate. Bharti et al. [102] and Orts-Gil et al. [96]

hypothesized based on SAXS measurements that a bridging mechanism may be responsible

for protein driven agglomeration observed for silica.

b DLS increase in size
o

sdN/uisjold oney

Figure 5: (a) Schematic representation of the influence of proteins on the colloidal stability of
nanoparticles at two different scenarios: proteins enhance dispersion of NPs (left) and proteins
promote NPs agglomeration (right). (b) Colloidal stability of silica nanoparticles depending
on serum/nanoparticle ratio (schematic curve supported on data contained in Monopoli et al.
[53]). At low serum content some degree of agglomeration can be observed while at high

serum concentration (> 10 %) particles are well dispersed.
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Several contributions reported zeta potential of nanoparticles in water or in buffered media. In
the case of silica, zeta potential gradually decreases by addition of electrolytes [44].
Nevertheless, this information may only be relevant when toxicological tests will be
conducted in serum-free media. Thus, once NPs come into contact with biological
environmental fluid they become rapidly surrounded by other molecules like vitamins and
proteins [28]. Therefore, NPs-medium interface and dispersivity in the suspension media may
be the most critical characteristics which are altered going from stock solution to real
suspension media. Fortunately, in the last years, first reports on the direct biological influence
of proteins on the biological activity of nanoparticles have been published. For instance,
Lesniak et al. [103] showed that serum proteins critically affect cell adhesion and
internalization of silica nanoparticles. Rezwan et al. reported the change in zeta potential for
silica upon adsorption of bovine serum albumin and lysosome [104]. Interestingly, in our
previous work [25] we showed that serum content substantially affects the colloidal stability
and toxicity of 30 nm silica nanoparticles on eukaryotic cells in XTT assays (Figure 6). On
the other hand, Tenzer et al. [105] showed that particle size substantially affects the
composition of the serum corona. Dutta et al. showed that 10 nm amorphous silica coated
with albumin induced anti-inflammatory responses in macrophages. Interestingly, a pre-
coating of the nanoparticles with the nonionic surfactant Pluronic F127 inhibits the anti-
inflammatory properties of the nanoparticles, indicating once again that proteins modulate the

uptake of amorphous SNPs [106].

Published on 08 July 2013. Downloaded by University of Zurich on 24/07/2013 10:00:12.

Thus, the presence of proteins affects the biological activity related to silica nanoparticles. In

many cases this information is not available.
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Figure 6: Decrease in cell viability caused by silica nanoparticles on 3T3 cells depending on
serum and nanoparticles concentration; schematic plot based on XTT assay data by Drescher

et al. [25].

- Surface coverage-corona thickness

Protein corona formation has been often described as a transition from a soft corona (rapid
protein exchange rate) to a hard corona (slow exchange rate) which needs some time to
equilibrate [53] (see Figure 7-a). Although silica nanoparticles have been characterised in
serum media, some open question still remain concerning the protein corona characteristics.
For instance, is not clear if serum proteins adsorb as mono- or multilayers on their surface
[105]. Nevertheless, this question will probably be solved soon since more efforts are being
done. Rocker et al. showed by fluorescence correlation spectroscopy that serum proteins form
a monolayer on the surface of quantum dots. On the other hand, Gebauer et al. [107] showed
that circular dichroism allow to discriminate between the formation of protein mono- and
multilayers on NP surfaces.

Furthermore, useful information about the protein corona can be obtained easily by means of
zeta potential [96, 104]. In this way, it can be quantitatively scrutinised under which
conditions the silica surface is significantly covered by the protein. Rezwan et al. [104] show
that the amount of adsorbed BSA onto silica can be correlated by the evolution of the zeta

potential (ZP). On the other hand, Monopoli et al. presented a sophisticated and interesting
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approach to find out the thickness of serum corona on silica nanoparticles from DG, st
by using a core-shell two-density model involving the particle material and adsorbed

protein/biomolecule densities [53].
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Figure 7: (a) Illustration showing soft and hard corona on nanoparticles in a biological
environment. (b) Schematic increase of the corona thickness with the protein/particle

concentration ratio for silica based on data from Monopoli et al. [53].

- Corona composition

Information about the composition of the nanoparticle corona in media containing serum is
rarely available in the literature. Nevertheless, in words of Lynch, the protein corona is manly
“what the cells see” [28]. Thus, more attention has been paid to this aspect in the last years
[53, 105]. One possible reason for the lack of information may be the assumption that such
information requires time consuming and expensive efforts. Nevertheless, different grades of
complexity can be identified when speaking about protein corona determination: one or two
page electrophoresis are widely available techniques which provide a first qualitative
signature of the protein corona. For instance, Tenzer et al. [105] showed by this technique that
protein corona profiles, the so-called protein signature, already differ between 20 and 30 nm
silica nanoparticles.

In a second level of complexity, liquid chromatography mass sprectrometry (LC-MS) has also
been used by Tenzer and colleagues in order to quantify the protein corona of silica
nanoparticles with different sizes. The reproducibility of these results could be validated with
a correlation coefficient of R* > 0.98. The output of LC-MS analysis is that al least 125

different proteins present in serum, bind to the surface of silica.
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In conclusion, specific analysis of corona composition in at least a first level of cqmpleRityie onine
might be widely available and useful when developing a RM for toxicology.

Moreover, recent simulation methods allow describing dynamics and time evolution of the
corona formation. Such models can even be extended in order to model the interaction

between an ENP and its target as shown by Dell’Orco et al. [108].

- Time evolution of protein corona

Already in the 1960’s Leo Vroman reported that adsorption of blood serum proteins to an
inorganic surface is time dependent [109]. In a similar way, dynamic evolution of the protein
corona onto nanoparticles has been more recently reported: fast or more abundant proteins
interact first with nanoparticles surface and are later replaced by less mobile or abundant
proteins with higher affinity [53]. Casals et al. [110] explored the formation and time
evolution of protein corona formation onto Au-NPs. They show a transition from loosely
attached to irreversible attached protein corona over time. The formation of a stable protein
corona may take from few minutes, as in the case of silica [53], up to several hours as for Au-
NPs [110].

Despite time, also the particle size and ratio NPs/protein may influence protein corona
formation [53, 96, 110].

Figure 8-a shows zeta potential values for Au-NPs in serum-rich media depending on time
and protein content. Figure 8-b shows a numerical simulation of time evolution profiles of
different human albumins onto nanoparticles, where the exchanging of fast proteins by those

with higher affinities is illustrated.
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Figure 8: (a) Decrease in zeta potential of gold nanoparticles depending on incubation time
and serum content; schematic plot of the raw data by Casals et al. [110]. (b) Numerical
simulation of time evolution profiles of two different human plasma proteins on

nanoparticles; schematic plot from raw data by Dell’Orco et al. [111].

4. Future perspectives: hybrid nanoparticles as more robust RMs

As previously exposed, the most common approach to RMs assumes that the material should
be representative of existent relevant commercial materials. However, there is an increasing
interest in the use of different types of functionalised or hybrid nanoparticles for a large
variety of applications [112, 113]. Some examples of spherical nanoparticles with different
architectures are shown in Figure 9. Moreover, “bare” commercial nanoparticles often present
drawbacks in terms of colloidal stability, which can drastically influence the outcome of
toxicological tests [27, 48]. Therefore, the development of functionalised, colloidal stable
RMs may be very interesting in order to improve comparability between different groups of
scientists [43]. In fact, surface functionalization to gain colloidal stability is already common
for silver and gold nanoparticles [65]. In the case of silica, a convenient strategy to prepare
silica-PEG hybrid nanoparticles without major synthetic efforts is the use of the one-step
method reported by Xu et al. [114]. Diaz et al. [98] reported that such silica-PEG
nanoparticles present enhanced colloidal stability compared to pristine silica in serum-rich

media. These results are in good agreement with our findings for the same nanoparticles in
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buffered BSA solutions [96]. Therefore, the conception that hybrid nanopartjgles, arfierft

representative of existent commercial NPs may also change in the next years.

Figure 9: Some examples of hybrid spherical nanoparticles: (a) NPs with short functional
groups at surface; (b) NPs covered by polymeric chains; (c) inorganic core@shell NPs; (d)
bulk hybrid nanoparticles.

5. Conclusions

In the last years, the need of a better characterisation of nanomaterials has emerged as a
crucial aspect for the reliable assessment of the risk associated to ENP-handling and potential
emission of NPs from technical materials. However, there is not a clear commitment about
what minimum requirements are necessary to establish a reference material which can be used
to validate and compare toxicology methods. Actual approaches to RMs for nanotoxicology
are based on certification of one parameter (size or composition) and ignore other important
characteristics like particle size distribution in real testing media and information about
protein corona. Nevertheless, one-parametric RMs may probably be insufficient for the
achievement of reliable and comparable toxicological studies.

In the present contribution the need of a new generation of multi-parametric reference
materials is pointed out and discussed for priority ENPs.

Moreover, the importance of emerging organic-inorganic hybrid materials is also remarked.
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7. Acronyms

AFM
BET

CCM
Cryo-TEM
DLS

DSC

EDX
ENPs
ES-DMA
EU
ICP-MS
IRMM
ISO

ITA
MWCNTs

NIST

NPs
NTA
OECD
PC
RM
SAXS
SEM
SMPS
SNPs

SOPs
SWCNTs
TEM
AUC
XAS
XPS
XRD

atomic force microscopy

gas adsorption according to [115]

cell culture media

cryogenic transmission electron microscopy
dynamic light scattering

disc sedimentation centrifugation

energy dispersive X-ray

engineered nanoparticles

Electrospray differential mobility analysis
Collaborative European project

inductive coupled plasma mass spectrometry
Institute for Reference Materials and Measurements

International Organization for Standardization
Institute of Technology Assestment

multi-wall carbon nanotubes

National Institute of Standards and Technology

nanoparticles

nanoparticle tracking analysis
Organisation for Economic Co-operation and Development
physico-chemical

reference material

small angle X-ray scattering
scanning electron microscopy
Scanning mobility particle sizer
amorphous silica nanoparticles
standard operation procedures
single wall carbon nanotubes
transmission electron microscopy
analytical ultra centrifugation
X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction
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9. Supplementary material

9.1 Preparation of nanoparticles

Silica particles BAM-50 and BAM-80 were prepared in ethanol following the well-known
Stober method [88]. Siver and gold nanoparticles were prepared by following the methods
described in [116].

9.2 TEM histograms

TEM investigations were performed on a Jeol JEM 2200-FS operating at 200 kV. At high
magnification, the in-column Q-filter was used to improve the contrast. Samples were prepared
by immersion of grids of S-160-3 type (Cu coated with carbon film, Plano GmbH) in a small
volume (0.5 mL) of BSA solutions followed by solvent evaporation in a dust-protected
atmosphere. Particle size distributions were obtained by analysing at least 200 NPs from TEM

images using ImageJ software [117]. Example of computed histogram for BAM-50 is shown.
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