Strategy for Identification

of Nanomaterials’ Critical Properties
Linked to Biological Impacts: Interlinking
of Experimental and Computational
Approaches

Iseult Lynch, Antreas Afantitis, Georgios Leonis, Georgia Melagraki
and Eugenia Valsami-Jones

Abstract Significant progress has been made over the last 10 years towards
understanding those characteristics of nanoscale particles which correlate with
enhanced biological activity and/or toxicity, as the basis for development of pre-
dictive tools for risk assessment and safer-by-design strategies. However, there are
still a number of disconnects in the nanosafety workflow that hamper rapid progress
towards full understanding of nano-specific mechanisms of action and nanomate-
rials (NMs)-induced adverse outcome pathways. One such disconnect is between
physico-chemical characteristics determined experimentally as part of routine NMs
characterisation, and the ability to predict a NM’s uptake and impacts on biological
systems based on its pristine physico-chemical characteristics. Identification of
critical properties (physico-chemical descriptors) that confer the ability to induce
harm in biological systems under the relevant exposure conditions is central, in
order to enable both prediction of impacts from related NMs [via quantitative
property-activity or structure-activity relationships (QPARs/QSARs)] and
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development of strategies to ensure that these features are avoided in NM pro-
duction in the future (“safety by design”). For this purpose, we have launched the
Enalos InSilico platform, which is dedicated to the dissemination of our developed
in silico workflows for NM risk assessment. So far, two predictive models have
been made available online. The first tool is a Quantitative Nanostructure-Activity
Relationship (QNAR) model for the prediction of the cellular uptake of NMs in
pancreatic cancer cells and the second is an online tool for in silico screening of iron
oxide NMs with a predictive classification model for their toxicological assessment.

Keywords Nanomaterial characterization + Physico-chemical/structural proper-
ties « Data mining - Machine learning for nanomaterial data - Quantitative
Nanostructure-Activity Relationship (QNAR)

List of Abbreviations

AOP Adverse Outcome Pathway

BSAI Biological Surface Adsorption Index

CCC Critical Coagulation Concentration

EU European Union

HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital

MIE Molecular Initiating Event

NM Nanomaterial

NP Nanoparticle

PS-NH, Amino-functionalized polystyrene

PZC Point of Zero Charge

QNAR  Quantitative Nanomaterial-Activity Relationship
QPAR  Quantitative Property-Activity Relationship
QSAR  Quantitative Structure-Activity Relationship
ROS Reactive Oxygen Species

TEM Transmission Electron Microscopy

1 Introduction

Nanomaterials (NMs) are a highly diverse group of chemicals, defined mainly by
their small size, which ranges from 1 to 100 nm, but varying enormously regarding
their physico-chemical properties, such as composition, shape, surface charge,
crystallinity, and reactivity, among others (Stamm 2011). Researchers in the field of
NM science are struggling to associate the primary properties of NMs with their
biological reactivity and toxicity (Valsami-Jones 2015; Nel 2015), as well as for-
mulating appropriate methodologies to understand and utilize them to their full
potential. Due to the widespread application and commercial usefulness of NMs in
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products ranging from industrial to consumer goods (Tsuzuki 2009), it is necessary
to view NMs from a regulatory perspective. However, this is particularly chal-
lenging, in part because methods to identify many of the important
physico-chemical properties are lacking, or are not yet sufficiently validated (von
der Kammer et al. 2012). Consequently, there is an extensive literature indicating
that only size measurements are currently reliable to establish a regulatory defini-
tion of NMs (Linsinger 2012). Three main NM-associated concerns have been
implicated in making regulation, read-across and impact prediction of NMs prob-
lematic: (1) the fact that many properties are non-scalable, (2) the need to distin-
guish between intrinsic versus extrinsic (i.e., context dependent) properties, (Lynch
et al. 2014a) and (3) the fact that many properties are interlinked (e.g., changing one
property may induce changes to another) which renders the description of
property-activity relationships arduous and makes the development of systemic
libraries of NMs challenging. These concerns are presented below in detail.

As part of continuing EU efforts to define NMs for regulatory purposes, the Joint
Research Centre (JRC) of the European Commission have classified
physico-chemical parameters of NMs into those that scale with size (scalable) and
those that display unique nanoscale characteristics below a certain size
(non-scalable) (Lovestam 2010). Examples of non-scalable properties include
confinement effects, such as the broad HOMO-LUMO gap (or the related band gap)
of semiconductor NMs that increases drastically for diameters below 5 nm, thermal
properties, such as the exponential decrease of the melting point of In and Sn NMs
below a diameter of 15 nm, and the solubility via dependence on the surface
tension, which deviates significantly from the classical behaviour when particle
sizes drop below 25 nm (Lovestam 2010). Size-dependent crystallinity also alters
the interface properties of NMs, such as surface reaction rates, adsorption capacity,
catalytic processes and redox potential, which control molecular processes that are
related to diverse cell functions. The challenge is evident since non-scalable
properties are material-dependent, and there is no straightforward,
material-independent relation between particle size and properties or functions
(Lovestam 2010).

In connection with the non-scalable parameters, several NM properties depend
on the context in which they are studied, meaning that they are affected by the
“environment”. For example, the layer of biological molecules that surrounds
certain NMs upon dispersion in a biological fluid has been implicated in conferring
a “biological identity” (Walczyk 2010), which derives from the elemental synthetic
identity, (Fadeel 2013) as this determines which biomolecules bind to the surface
(e.g., through electrostatic and hydrophobic interactions, as well as favourable
entropy contributions) (Dawson 2007). A critical article from Yang et al. outlines
the relationship among NM surface properties, the properties of the surrounding
medium (e.g., pH, ionic strength, salt composition) and the properties of the bio- or
macro-molecules under study (Yang 2013). A related approach has been considered
to describe and predict NM interactions in the natural environment, thus high-
lighting the ecological identity of NMs (Lynch et al. 2014a). A suggested classi-
fication framework assumed that NM toxicity can be predicted as the sum of three
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“quantifiable” parameters (principal components). These parameters include the
diversity of modes of action of NMs, and are classified as intrinsic properties (e.g.,
structural features), extrinsic properties (e.g., surface interactions, changes induced
upon binding of biomolecules and other environmental interactions), and compo-
sition (Lynch et al. 2014b). Several NM physico-chemical properties belong to the
intrinsic category (for example, strain which also includes shape, porosity, structure
and HOMO-LUMO gap), and our consideration allows the construction of a scale
depicting their relative contributions to this category. Similarly, conformational
changes due to binding of biomolecules, such as protein unfolding, receptor acti-
vation, membrane damage, and fibrillation comprise the second category. Chemical
composition is the third category and properties linked to the inherent molecular
toxicity, charge, hydrophobicity and coating (also associated with both the intrinsic
and extrinsic descriptions) are important (Lynch et al. 2014a). Table 1 provides an
initial estimation of the key physico-chemical features that are considered crucial
for NM toxicity, and whether they are likely to be context-dependent and thus
require additional characterisation under the relevant exposure conditions as well as
in the pristine form. The importance of such changes to the NMs properties and
their adsorbed layers of biomolecules (the so-called biological and ecological
identities of NMs), in terms of predicting NM uptake and toxicity is one of the key
questions to be addressed by QSARs/QPARs currently. As yet however, limited
attention has been paid to the physical transformations that NMs themselves
undergo during, for example, environmental ageing (Lowry 2012) in terms of
incorporation into QSARs.

The third challenge is the inter-dependency of many NM properties. Unfortu-
nately, the exact relationships governing these interdependencies have yet to be
established, in part due to the lack of available libraries of systematically varied
individual NM properties. This would require property variation in a precise
manner to identify crucial parameters driving toxicity, and to evaluate toxicity
thresholds for various descriptors. However, the development of systematically
varied NMs libraries is hampered by the fact that the variation of one property may
inadvertently induce changes to several others, for example synthesis strategies to
change the shape or length of a NM may require use of different templating
molecules that result in differences in the surface chemistry of the particles also
(Soler 2007; Bussy 2012; Zhang 2012b). This is illustrated in Fig. 1 for two dif-
ferent NMs (Au and ZnO, being typical examples of a metal and a soluble metal
oxide, respectively), where the obviously interlinked properties are highlighted,
although other inter-linkages likely also exist. This interdependence of
physico-chemical properties also contributes to the inadequacy of the scientific
efforts to date to obtain a set of agreed descriptors for NMs classification [even on a
limited set of physico-chemical end-points against which to characterise NMs (see
Stefaniak 2013 and discussion therein)].

The schematic representation (Fig. 1) shows some of the descriptor space that
can, in principle, be varied through development of NM libraries and also
demonstrates that (i) not all descriptors are relevant to all NM types, and (ii) not all
parameters can be varied independently as in some cases the method used to vary
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Table 1 Initial assessment of the potential context-dependent changes in physico-chemical

properties of NMs

Parameter/Descriptor | Context Potential impacts of surroundings
dependent?
Size/Size Yes In the environment, most likely decreased by binding of
distribution natural organic matter (stabilization). Protein binding may
lead to either increased or decreased size via bridging or
steric stabilisation
pH/ionic strength may alter agglomeration
Surface area Yes Aggregation/agglomeration will reduce available surface
area
Purity Maybe Impurities/dispersants may be more effectively released
(particle/dispersant) from NM surface under different environmental conditions
Dissolution potential | Yes pH, ionic strength, redox potential and adsorbed
biomolecules affect dissolution rate
Photochemical Most likely | Differences in pH and ionic strength and presence/absence
activity of organic matter may affect electron transfer and result in
protonation of different excited states
Surface Yes Binding of ions/biomolecules may confer a different
charge/chemistry charge/charge distribution and surface groups but this may
be dynamic
Hydrophobicity Yes Binding of biomolecules typically results in a more

hydrophilic surface presentation, although may be dynamic

Redox activity

Most likely

Different surfaces/coatings/bound ligands may result in
different radical species being generated (Li 2013)

Shape

Most likely

Agglomeration will result in different overall shape.
Bundling/unbundling of nanotubes is an example

Crystal structure

Unlikely

Structure is a bulk property, established during the
formation of an NM and cannot change by processes
occurring on the surface, unless if the NM dissolves
completely and re-precipitates

Porosity/Surface
defects

Most likely

Though dependent on pore size or nature of defect, most
likely decreased due to biomolecule absorption; may also be
influenced by dissolution if NMs do not dissolve
congruently or are a mixed phase

one parameter also changes another. The examples show gold (Au) NMs and ZnO
NMs, which are used to represent easily versus poorly soluble NMs. In the example
of Au NMs, several of the parameters are automatically ruled out as the atomic
structure and subsequent packing of Au molecules does not result in particles with
different crystal structures [at least at sizes beyond ~1 nm whereupon the cluster
structure is templated into the particles (Wells 2015)]. In the example of ZnO NMs,
it is clear that changing the capping agent will impact on dissolution potential, and
surface properties such as charge and hydrophobicity, and thus the capping agent
cannot be varied in insolation from other (interlinked) properties.
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Fig. 1 Graphical presentation of the principles of NM library development and how systematic
variation of one parameter can result in changes to other (interlinked) parameters

In addition to the direct interdependencies of physico-chemical properties, there
is also the potential for additive (cooperative) or competitive effects in terms of how
NMs properties result in interactions with, and impacts on, living systems.
Enhanced binding to target cells using multiple physical and chemical interactions,
and a range of distances where the addition of two effective repulsive interactions
became an attraction, has been demonstrated (Nap 2013). Such models give insight
into the competing and highly non-additive nature of different effective interactions
in nanoscale systems in constrained environments, such as are ubiquitous in syn-
thetic and biological systems, and suggest that these should be taken into account in
the development of QNARs.

Besides the aforementioned NM challenges, there are also practical concerns
among the diverse communities working with NMs to communicate with each
other, regarding terminology, limitations of synthetic procedures, characterisation
and modelling approaches, etc. as well realistic plans to produce the experimental
results needed to underpin and validate models in the short and medium terms.
Thus, there are two major obstacles regarding successful development of QNARs:
(a) the lack of adequate and systematic experimental data (which requires
high-quality systematically varied NM libraries) and (b) the currently limited
knowledge on mechanisms of toxic action of NMs under realistic exposure and
ageing conditions. Subsequent sections of this chapter offer insights into the current
state of the art in terms of NM libraries and the QSARs that have been developed
using these libraries, as well as the present understanding of the main
physico-chemical properties of toxicological relevance (see also Table 1).

An understanding of the relationship between the physico-chemical properties of
a particular NM and its in vitro and in vivo behaviour would provide the basic
information for assessing toxic response and more importantly may yield predictive
models for sub-classes of NMs allowing grouping of NMs in a similar manner to
that applied for chemicals. Thus, we also outline current efforts to bridge the current
disconnect between the modelling and experimental communities, and thereby to
enhance progress. Among the successes listed so far are the development of a tool
for surface chemistry, which is challenging experimentalists to re-think the way
NMs and their surfaces are described and connect these with cellular uptake, and a
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model for toxicity assessment of iron oxides with different core, coating and surface
modifications.

Here, we propose a living classification system that incorporates the
context-dependent evolution of several physico-chemical features of NMs (as
shown in Table 1) and evolves continuously with new data generation and as new
patterns emerge. Practically, this process may be likened to a modelling scheme,
where the initial steps constitute a training process, populating it with data, which
associate physico-chemical descriptors of NMs (including aged and biologically or
environmentally transformed forms) with biological impacts. This would be the
cornerstone for a second phase of testing the classification system against less well
defined NMs to ensure that the predicted classifications match the data generated,
and then following an approach where less and less experimental data is needed in
order to evaluate classification and safety implications. This will produce a valuable
set of tools for QSARs/QPARs and prediction of NM effects for risk assessment,
regulation, and re-design of NMs synthesis according to the principles of safety by
design to minimise the occurrence and effect of descriptors found to link directly to
a toxicological mechanism or end-point as shown in Fig. 2.
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Fig. 2 Spiralling-type approach to NM classification, where earlier phases are “inspired” by
tentative efforts at defining the later stages. Note graphical illustrations for stages 2 and 3 are from
Hassellov (2009) and Meng (2009), respectively
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2 NM Physico-chemical Properties of Toxicological
Relevance

The establishment of a safe nanotechnology necessitates the development of
evaluation procedures to determine hazardous NM properties that could be modi-
fied to improve NM safety (George 2012).

(1) the release of toxic compounds from NMs (e.g., Cd from quantum dots)—
i.e., NM dissolution;

(i) the direct effects induced after physical contact with NMs, influenced by their
size, shape and surface features, and which interfere with important bio-
logical functions—i.e., NM interactions; (so-called extrinsic factors)

(iii) the inherent features of the NM, such as photochemical and redox properties
resulting from band gap or crystalline phase—i.e., NM (surface) specific
effects; (so-called intrinsic factors), and

(iv) the capacity of NMs to act as transporters of toxic chemicals to sensitive
tissues—i.e., NM Trojan horse effects.

Once a NM enters a cell, toxicity may occur via one or a combination of these
mechanisms. Some toxicity patterns are also emerging; for example, positively
charged NMs are generally more toxic than negatively charged NMs (Bexiga 2011;
Pagnout 2012; Zheng 2013), although this is not always the case (Lee 2013; Merhi
2012).

Most physico-chemical properties from Table 1 are somehow related to toxicity
in several of the mechanisms, however, the quantitative relationships between these
properties and the biological uptake and toxicity are not yet clarified. Some
examples of the four aforementioned mechanisms are presented below, with an
emphasis on the physico-chemical properties, which have been implicated in direct
associations with toxicity.

2.1 NM Dissolution

As a representative example of the first toxicity pathway, dissolution of ZnO NMs
and subsequent Zn”" release is known to induce cytotoxicity effects, with the
mechanisms having recently been elucidated as reactive oxygen species
(ROS) generation and activation of an integrated cytotoxic pathway, which involves
intracellular calcium flux, mitochondrial depolarization, and plasma membrane
leakage (George 2012). A recent seminal work has shown that ZnO cytotoxicity
could be reduced by iron doping, which altered the material matrix to diminish
Zn*" release (George 2012). This study showed a workflow for identification of an
NM descriptor of toxicological relevance, and also provided a strategy to “design
out” the toxicity by Fe doping in order to reduce the ZnO NM dissolution potential.
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While coating is a typical approach to slow or prevent NM dissolution, recent
work has suggested that surface coating or passivation may itself affect the NM
core, with more fundamental consequences for stability and toxicity. Thus, surface
passivation of 8 nm cobalt ferrite NMs, besides the formation of an iron-rich sur-
face layer, was observed to improve the crystal quality while altering the Fe/Co
cation distribution and the NM dissolution rate profile (Soler 2007). Magnetic data
revealed that the saturation magnetization increased for surface-passivated NMs
compared to the non-passivated ones, though coercivity decreased after passivation.
These two phenomena occurred due to changes in the cation distribution among the
available tetrahedral and octahedral sites (Soler 2007). Another important outcome
from this study is that all of the aged magnetic fluid NM samples deviated from the
precursor stoichiometry, thus revealing a discrepancy in the dissolution of cobalt
ferrite NMs, which influenced the lattice parameter value (Soler 2007). This
highlights the fact that change of one parameter may inadvertently affect another
(or several other) parameter(s) with direct consequences for quantitative
property-activity relationships.

NM composition is the main determinant of whether a NM will dissolve or not,
which is linked to the elements’ solubility in water. However, as shown in Table 2,
particle size and size distribution, which are linked to particle surface area, also
influence the rate of dissolution, which typically occurs from the surface. Crystal

Table 2 Contributions of various physico-chemical properties (from Table 1) to the different
toxicity mechanisms described here

Measured parameters | Dissolution | NM NM (surface) specific Trojan
interactions effects Horse
Size/size distribution vV v v vV
Surface area 24 v v 24
Purity ~ v - -
(particle/dispersant)
Photochemical activity |v' v v -
Surface v v v v
charge/chemistry
Hydrophobicity ~ v - v
Redox activity v - v -
Shape vV v v v
Crystal structure v v v vV
Porosity/surface defects | v/ v v v

Two ticks indicate strong contribution, one tick indicates some contribution, ~ indicates not clear
as yet while — indicates likely no significant contribution. Note that these are opinions rather that
quantitative values. Measuring the relative contributions quantitatively is challenging and has yet
to be achieved
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structure and phase also play a role, with faces having coordination numbers {1 1
1} and {1 1 0} dissolving faster than others such as the {1 0 0} face of nanocrystals
(Liu 2008; Misra 2012). Shape is also an important parameter, again linked to
surface area, but also as narrow areas will dissolve faster that thicker ones. To a
lesser degree (although this has not been quantified but is rather an opinion)
porosity, again linked to surface area, as well as photochemical and redox activity
will drive dissolution, as most cases of nanoparticle (NP) dissolution under envi-
ronmental conditions are driven by oxidative processes (Ho 2010).

2.2 NM Interactions

2.2.1 Cationic Surface Charge (as Determined by Zeta Potential)
Linked to Membrane Damage

The toxic mechanism of a 60-nm cationic (amino-functionalized) polystyrene NM
(PS-NH,) in bacterial cells was explored using a genome-wide collection of bac-
terial single-gene deletion mutants (Ivask 2012). Over 4000 single nonessential
mutants of Escherichia coli were screened for the growth phenotype of each strain
in the presence and absence of PS-NH,. The largest number of genes contributing
to bacterial sensitivity for PS-NH, nanospheres was associated with the formation
and functioning of the bacterial cell membrane, followed by defects in
lipopolysaccharide and ubiquinone biosynthesis, flagellar formation, and DNA
repair. The authors assumed that the proper formation, stability, and functionality of
the bacterial cell wall are necessary for the bacteria’s ability to compete against
cationic NM-induced stress (Ivask 2012). ROS production was also shown to be a
crucial pathway of toxicity for PS-NH,; importantly, it was observed that there is at
least one mutant for which there is an additive effect between ROS sensitivity and
disruption of membrane integrity. This finding indicates that these two toxicity
mechanisms are independent (i.e., disruption of membrane integrity is not neces-
sarily due to ROS production by the NM) (Ivask 2012).

As indicated in Table 2, surface charge thus plays an important role in deter-
mining NM interactions with biological and environmental macromolecules,
including those incorporated into key biological membranes. Here, hydrophobicity
and redox activity will also play a key role in moderating the observed toxicity,
with hydrophobicity helping to anchor the NMs close to membranes, and redox
activity providing a supply of ROS to amplify the damage from the NMs.

2.2.2 Point of Zero Charge (PZC) and Critical Coagulation
Concentration (CCC)

A useful alternative to zeta potential ({-potential) measurements [which are very
often poorly presented and misinterpreted in the literature, as zeta potential depends
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Fig. 3 Comparison of CCC for the TiO, NMs with different crystallinity, morphology, and
composition at various pH values as reported in the literature (from Liu 2013b and references
therein). The CCC values at acidic pH (e.g., pH 5) were generally higher than at neutral pH (e.g.,
pH 7), which is close to the PZC. The CCC for 10 X 40 nm rutile (10 mM) and 50 nm anatase
(18 mM) were higher compared with the 5 nm anatase (5 mM), due to the detected impurities of
Si and P and consequently more negative surface charge at pH 7. Further analysis on the material
properties of the other TiO, is not feasible, due to the insufficient information on the composition
of the pristine TiO,. The star symbol stands for the estimated value of CCC, due to the
unavailability of the aggregation kinetics data. Ana anatase, Rut rutile, Bro brookite. From Liu
(2013b)

on ionic strength, pH and agglomeration/aggregation (Lowry 2016)] is to take into
account the context-dependent parameters, such as the point of zero charge
(PZC) and the critical coagulation concentration (CCC), since these properties
require experimentation under titrating conditions, therefore having less room for
dangerous misunderstandings.

An elegant approach to evaluate which physico-chemical properties of TiO,
NMs and carbon nanotubes determine their environmental stability and transport
was recently proposed, although full implementation was prevented by the lack of
relevant data under realistic exposure conditions (Liu 2013b). This study showed a
high correlation among impurities (including Si and P) resulting from the synthesis
route and the PZC, which was in turn correlated with the CCC (Fig. 3) and some
implications for transport were discussed. It was suggested that in order to diminish
the environmental risks of TiO, NMs alternative procedure or chemicals that are Si-
and P-free are preferable to use during synthesis (Liu 2013b).

However, in the environment, the adsorption of natural organic matter
(NOM) can significantly influence the surface properties and behaviour of TiO,
NMs (from Liu 2013a and references therein). Thus, further studies are needed
regarding the interactions between NOM and TiO, of varying properties, as well as
to determine whether the property of adsorbed NOM or TiO, mainly controls the
stability and transport in the natural environment (Liu 2013a).
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Other physico-chemical properties strongly linked with NM stability and thus
exposure dose and resulting toxicity are photochemical activity, in so much as this
can alter the surface composition and thus the PZC and CCC, and likely also crystal
structure.

2.2.3 Biological Surface Adsorption Index (BSAI)

A biological surface adsorption index (BSAI) has been proposed as a way to
describe the interactions between NMs and biomolecules by estimating the com-
petitive adsorption of a set of small molecule probes onto the NMs (Fig. 4). This is
achieved by mimicking the molecular interactions of the NM with the protein
residues (Xia 2010). The adsorption of NMs is assumed to depend on Coulomb
forces (charged particles), London dispersion (hydrophobic interactions),
hydrogen-bond (HB) interactions, dipolarity/polarizability, and lone-pair electrons.
Adsorption coefficients of the probe compounds were measured and then were used
to construct a set of nanodescriptors representing the contributions and relative
strengths of each molecular interaction. The method successfully predicted the

Manoparticle adsorption sites

. \ 4 uﬂ ; Small molecules

3) > . R'/

Solid-liquid interface

Nanoparticle
core

4 Corona-media
A4 interface

Amino-acid residues

MNanoparticles Small molecules Plasma proteins
. = ‘ - .

Fig. 4 Left in a physiological environment, NMs are exposed to various proteins and small
molecules. Right the competitive adsorption of small molecules (upper) and the residues of
proteins (lower) on an NM. The orange ring on the NM with blue irregular shapes represents the
adsorption sites that are not uniformly distributed on the surface. Small molecules with known
molecular descriptors [R, 7, a, ff, V] can be used as probes to measure the molecular interaction
strengths of the NMs with small molecules and biomolecules. From Xia (2010)
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adsorption of various small molecules onto carbon nanotubes, and the nanode-
scriptors were also calculated for 12 other NMs (Xia 2010).

The adsorption coefficients of the probe compounds on a given NM (e.g.,
multi-walled carbon nanotubes—MWCNTSs) were measured using a solid-phase
microextraction (SPME)-gas chromatography mass spectrometry (GC-MS)
method. The correlation of logk with the solute descriptors was established after
multiple linear regression analysis of the [logk, R, &, a, B, V] matrix, where logk is
the adsorption coefficients of a probe compound (that binds to the MWCNT) and
[R, 7, o, p and V] are solvation descriptors of the probe compounds—Coulomb
forces, London dispersion, hydrogen-bond acidity and basicity, polarizability and
lone-pair electrons (Xia 2010). Thus, the BSAI approach provides rational inter-
pretations for the molecular interactions, and also yields five physico-chemical
parameters, which characterize the relative strengths of the molecular interactions of
the NMs (Xia 2010).

The BSAI nanodescriptors can be related to membrane interaction and biodis-
tribution properties (e.g., absorption rate, distribution coefficient and extent of
cellular uptake) of the NM to develop physiologically based pharmacokinetic
models, and also for quantitative risk assessment and safety evaluation of NMs (Xia
2010).

Other key physico-chemical parameters affecting biomolecule binding, and thus
conferring a biological identity and influencing NM toxicity, include hydropho-
bicity, surface area and surface curvature (linked to NM size), and crystal structure,
as indicated in Table 2. Different NM crystal faces have different energies, resulting
in different binding affinities for biomolecules (Lynch et al. 2014a; Sund 2011).

2.2.4 NM-Binding Induced Changes in Protein Conformation May Lead
to Receptor Activation

A series of studies using negatively charged poly(acrylic acid)-conjugated gold
NMs of various sizes has shown that particle size may affect protein structural
changes resulting from binding, which can then induce different modes of inter-
action between NMs and cells or tissues (Deng 2011, 2013). Activation of the
integrin receptor (Mac-1) by 5 nm poly(acrylic acid)-conjugated gold NMs was
found to occur due to conformational changes of the bound fibrinogen, leading to
increased nuclear factor NF-kB signalling, which in turn resulted in the release of
inflammatory cytokines (Deng 2011). However, larger [20 nm poly(acrylic acid)-
conjugated] gold NMs, which also bound fibrinogen, did not induce this effect. This
is a clear demonstration of a NM-protein binding-induced signalling pathway and
suggests an alternative mechanism to the more commonly described role of
oxidative stress in the inflammatory response to NMs.

A follow-on study to estimate the effect of binding to gold NMs of different size
(5-20 nm) with different surface charge on fibrinogen conformation showed that
fibrinogen bound with high affinity to both (positively and negatively charged) NM
(Deng 2013). However, binding kinetics and protease digestion suggested that each
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NM adopted a different binding orientation, and verified that only the negatively
charged NMs induced cytokine release from THP-1 cells (Deng 2011). It was
concluded that “since common proteins can bind to different NMs with quite dif-
ferent biological outcomes, knowledge of the composition of the protein corona is
not sufficient to predict biological effects of NMs, and conformational and orien-
tational information is also required”.

Other NM factors known to influence protein unfolding and formation of
so-called cryptic epitopes which can lead to novel toxicities (Lynch 2007), include
hydrophobicity, surface curvature [linked to NM size (Klein 2007)] and porosity or
surface defects (Clemments 2015).

2.3 NM (Surface) Specific Effects

2.3.1 Surface Defects, Including Those Induced by Surface Oxidation

A study of the effect of nanosize Ag spheres, plates, and wires on a fish gill
epithelial cell line (RT-W1) and on zebrafish embryos showed significantly
increased toxicity from the Ag nanoplates compared to the other particle shapes
(George 2012). Features, such as Ag ion shedding and bioavailability failed to
thoroughly explain the enhanced toxicity of the nanoplates. High-resolution
transmission electron microscopy showed a high level of crystal defects (stacking
faults and point defects) on the nanoplate surfaces. A noticeable reduction of
toxicity in RT-W1 cells and zebrafish embryos was observed upon surface coating
with cysteine to passivate the surface defects (George 2012).

Graphene oxide (GO) is considered as being biocompatible, but until recently
there has been a limited amount of data to verify this. Currently, four general
top-down routes for GO production use different acids to oxidise the surface and
offer hydrophilicity. The cytotoxicity of GOs (prepared by the four oxidative
treatments above) was measured by means of the mitochondrial activity in adherent
lung epithelial cells (A549), using commercially available viability assays (MTT
and WST-8) (Chng 2013). All four GO NMs yielded strong dose-dependent
cytotoxic responses after 24 h exposure, and a relation between the oxygen
content/functional groups of GOs with their toxicological response against the
A549 cells was observed: The various oxidative approaches produced GOs with
different properties due to varying C/O ratios and proportions of the types of
oxygen-containing groups (e.g., carbonyl group) (Chng 2013). This is the first
study, which demonstrates how the oxidative routes employed to prepare GOs (also
other carbon-based NMs) may profoundly affect their toxicity.

Another article demonstrating that the selected method to vary the NM
physico-chemical features can itself induce other unwanted effects is that of Bussy
et al. (2012), where the impact of carbon nanotube length on toxicity was inves-
tigated (Bussy 2012). A broad study was designed to compare the effects of two
samples of MWCNT (synthesized following a similar production process, i.e.,
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aerosol-assisted CVD) on murine macrophages; a soft ultrasonic treatment in water
was used to change the length of one of the MWCNTs (Bussy 2012). It was shown
that altering the length of MWCNT leads to associated structural (i.e., defects) and
chemical (i.e., oxidation) changes that affect both surface and residual catalyst iron
NM content of the CNT. The structural defects and oxidation (induced by the length
reduction process) were shown to be at least as responsible as the length reduction
itself for the increased pro-inflammatory and pro-oxidative response observed with
short (oxidized) MWCNT compared to long (pristine) MWCNT (Bussy 2012). This
further demonstrates the problem of the inter-dependence of various
physico-chemical properties and the significant challenges inherent in the devel-
opment of systematically varied libraries of NMs as the basis for mechanistic
studies. However, designing libraries with this knowledge of predicted
physico-chemical interdependencies in place will allow this information to be
included into the physico-chemical testing strategy and into the structure-property
relationships under development.

2.3.2 Bandgap as a Proxy for Oxidative Stress

Oxide semiconductors can serve as channels for electron transfer between aqueous
reactants. The occurrence of these transfers depends on similarities in the energetic
states of the NMs and ambient redox-active aqueous substances (Zhang 2012b).
Burello and Worth proposed a theoretical scheme where the relationship between
the cellular redox potential to metal oxide (MOx) band gap clarifies the observed
oxidative stress and toxicity generation by some of these materials (Burello 2011).
According to this band gap hypothesis, it is possible to predict the oxidative stress
potential of MOx NMs by comparing the E, (valence band) and E. (conduction
band) levels to the cellular redox potential (Burello 2011).

Using a panel of 24 MOx NMs (George et al. 2012) showed that with the use of
conduction band energy levels (band gap), it is possible to describe their toxico-
logical potential at cellular and whole organism levels. Among the NMs, the
overlap of conduction band energy (E.) levels with the cellular redox potential
(—4.12 to —4.84 eV) was strongly associated with the ability of Co304, Cr,0s5,
Ni,O3, Mn,03 and CoO NMs to induce oxygen radicals, oxidative stress, and
inflammation (George 2012). Although CuO and ZnO produced oxidative stress
and acute pulmonary inflammation, which is not predicted by E, levels, the adverse
biological effects of these NMs are explained by their solubility, as demonstrated by
ICP-MS experiments (George 2012). These results indicated that the toxicity of a
large series of MOx NMs can be predicted in the lung based on semiconductor
properties and an integrated in vitro/in vivo hazard ranking model based on
oxidative stress. It is not yet clear whether there are additional factors that con-
tribute to band-gap in addition to crystal structure and composition, although for
silicon wires bond angles and bond strain cause a transition from direct to indirect
band gap behaviour and the properties can be tailored through surface chemistry
(Brus 1994). This could be an area for future nanosafety research, focussing on, for
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example, the role of porosity, defects, doping or anion exchange on energy transfer
within nanocrystals.

2.4 NM Trojan Horse Effects—Increased Local
Concentrations of (Dissolved) Species

In medicine, the Trojan horse effect is defined as “Any disastrous result of an
anticipated gain; or, the masking of a dangerous agent within an innocent garb”.!
There are numerous cases where NMs act as Trojan horses, both when the NM
alone releases high concentrations of ionic species in sites that they would not
normally reach such high concentrations (Park 2010; Studer 2010), and when the
NM carries another compound along, thus accessing an otherwise inaccessible
location (Baun 2008). Both types of the Trojan horse effect are based on the size
properties and biomolecule adsorption of NMs, which enable them to participate in
the active receptor-mediated transport processes of cells and organisms that are
often less accessible to ionic or molecular species, which are typically internalised
based on passive diffusion (Salvati 2011).

Silver NMs (distributed in foetal bovine serum, average size: 68.9 nm, con-
centrations: 0.2, 0.4, 0.8, and 1.6 ppm, exposure time: 24, 48, 72, and 96 h)
appeared cytotoxic to cultured RAW?264.7 cells by increasing sub G1 fraction,
which denotes cellular apoptosis (Park 2010). Silver NMs were found in the cytosol
of activated cells, whereas were absent in the dead cells, thus suggesting their
dissolution and release of ions and cytotoxicity by a Trojan-horse type mechanism
(Park 2010). Studer et al. (2010) studied the toxicities of copper oxide and carbon
coated copper metal NMs at constant copper exposure dose, and observed
noticeably different responses from the two NM forms: while copper oxide was
highly cytotoxic, carbon-coated copper NMs were much less cytotoxic and more
tolerated, which corresponded with the two material’s intra- and extracellular sol-
ubility in model buffers (Studer 2010). Thus, the differences in toxicity correlated
with different copper release in line with a Trojan horse-type scenario.

Ceo-NMs (Buckminster fullerenes) are known to function as carriers of contami-
nants in aqueous systems. This has been verified in a series of toxicity tests with algae
(Pseudokirchneriella subcapitata) and crustaceans (Daphnia magna) with four
common environmental contaminants (atrazine, methyl parathion, pentachlorophenol
(PCP), and phenanthrene) as model compounds with different physico-chemical
properties and toxic modes of action (Baun 2008). In algal tests, Cgp-aggregates
increased the toxicity of phenanthrene by 60% and decreased the toxicity of PCP about
twofold. Addition of Cgg-aggregates increased the toxicity of phenanthrene ten fold
when results were expressed as water phase concentrations. Metals, such as Cd bound
to NM (e.g., titania) surface, show increased bioavailability in fish (carp) (Shaw

"http://medical-dictionary.thefreedictionary.com/Trojan+Horse+Effect.
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2008). Since many NMs are negatively charged, they act as suitable carriers for
cationic metals. The data mentioned above underline that both inherent toxicity of
manufactured NMs, and interactions with other compounds and characterisation of
NMs in aqueous suspension are crucial data for risk assessment of NMs.

Table 2 also highlighted the range of physiochemical parameters that can play a
role in determining pollutant binding to NMs, as a prerequisite for Trojan horse
effects resulting from the pollutant gaining a new access route carried on the NM.
This also shows that the same NM physico-chemical parameter may contribute to
multiple modes of action, which may occur simultaneously.

3 Systematic NM Libraries Reported in the Literature

To associate particular physico-chemical properties of an NM with its toxicity, it is
imperative to establish combinatorial libraries, constructed in a way that systematic
variation of important physico-chemical properties (probably related to toxicity) can
occur (Xia 2012). Property variations may include NM size, shape, surface area,
band gap, porosity, crystallinity, charge, solubility, and surface functionalization, as
shown in Fig. 5.
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Fig. 5 Examples of combinatorial NM libraries. Combinatorial libraries are constructed by
synthesizing one of the compositional NMs to vary physico-chemical properties, which may be
involved in toxicity. Property variations apply to NM size, shape, charge, porosity, hydrophilicity,
hydrophobicity, crystallinity, band gap, photoactivation, solubility, and surface area. A single
property change may also affect other properties, thus rigorous re-characterization is required.
From Xia (2012)
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Here, we offer an overview of the types of NM libraries that have been devel-
oped in academic groups to date, although these are not available commercially,
and they have typically varied only one or two materials, thus preventing safe
generalisations. Important attempts to develop QNARs based on these libraries are
also presented. So far, two tools to address the need for constructing validated
QNARs have been developed and are disseminated as ready-to-use applications for
anyone interested in NMs risk assessment. These tools aim to investigate the NMs’
diverse effects by estimating the impact of different surface modifiers on cellular
uptake and by exploring the dependency between various physico-chemical
descriptors of iron oxide and toxicity. These two approaches may facilitate ongoing
research on the identification of the crucial descriptors for the virtual screening of
NMs diverse effects.

One of the few organized datasets of NMs that has been presented in the liter-
ature contains the cellular uptake of 109 NMs in pancreatic cancer cells (PaCa2).
Each NM within this dataset involves the same metal core (iron oxide/NH, cores)
but different surface modifiers, which are small organic molecules conjugated to the
NM surface (Weissleder 2005). For the development of our first tool, we have
constructed and validated a QNSAR model for the prediction of the cellular uptake
in pancreatic cancer cells based on this dataset. The in silico workflow is available
online through the Enalos InSilicoNano platform (http://enalos.insilicotox.com/
QNAR_PaCa2/), which is a web service based solely on open source and freely
available software that was developed to make our model available to any one
aiming at acquiring knowledge on potential biological effects in the decision
making framework (Fig. 6). To test the usefulness of the web service, the entire
PubChem database was exploited to select compounds similar to a known active
structure. Next, the Enalos InSilicoNano platform was used to identify novel potent
NMs from a prioritized list of compounds (Melagraki 2014).
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Fig. 6 Screenshot of the Enalos Platform input page for the prediction of NMs uptake in PaCa2
cells
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A second online tool for the computational screening of iron oxide NMs was
also developed to complement our previously reported efforts to extract valuable
information from available datasets and to develop user friendly applications for the
risk assessment of NMs. For this purpose, a predictive classification model was
developed for the toxicological evaluation of 44 iron oxide NMs with different core,
coating and surface modifications based on several different properties, such as size,
relaxivities, zeta potential and type of coating (Shaw 2008).

The model was fully validated through several validation tests and was released
online via the Enalos InSilicoNano Platform (http://enalos.insilicotox.com/QNAR_
IronOxide_Toxicity/). This web service allows a user to insert specific properties
(Fig. 7) and subsequently to obtain a toxicity prediction (and an indication of the
reliability of the prediction) based on the domain of applicability (Melagraki 2015).
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Fig. 7 Screen shot of Enalos QNAR iron oxide toxicity platform input page
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These freely available web services are the first efforts to establish an online tool
that the wider scientific community can easily apply in the computer-aided NM
design and may be a means to reliably predict the activity of novel nano-structures.
The user friendly environment enables different datasets to be directly imported
based on the particular requirements of the user. Both web services offered via the
Enalos InSilicoNano platform aim to provide significant aid within a virtual
screening framework, for the design of novel NMs or their prioritization based on
predicted diverse effects.

3.1 Gold Nanoparticle Libraries

Gold nanoparticles were selected by a group at the university of Oregon to represent
an ideal platform for the systematic evaluation of the effect of various
physico-chemical properties (including core size, charge, and surface chemistry) on
biological responses to NM exposure (Harper 2011). A matrix of nine structurally
diverse, precision-engineered Au NMs of high purity and known composition was
constructed. This included three core sizes and four unique surface coatings that
contain positively and negatively charged head groups, as shown in Fig. 8.

Testing the different combinations of core sizes and ligand shells enabled
evaluation of the importance of small changes in core size and ligand composition
independently. Zebrafish embryo mortality, malformations, uptake, and elimination
of Au NMs depended on the above parameters, thus highlighting the need for very
careful experimental design and NM characterization (Harper 2011).

Besides the great control over particle size and the simple functionalization
through surface modification (Fig. 9), gold NMs are excellent systems for further
development of NMs libraries, due to the recent developments in controlling the
shape of the nanocrystals (Sau 2009). The size, shape, and structural control of the
nanocrystals is achieved through handling of the kinetic and thermodynamic
parameters of the systems with the aid of additives, light and thermal energy, as
well as their combinations (Sau 2009 and references therein). The formation of
diverse shapes most likely arises from the relationship between the faceting ten-
dency of the stabilizing agent and the growth kinetics (rate of supply of Au” to the
crystal planes) (Ahmadi 1996). Sau et al. presented a seed-mediated growth method
to regulate the morphology and dimensions of gold nanocrystals by manipulating
the experimental parameters in aqueous medium at room temperature (Sau 2009).
This chemical procedure generated several architectures with rod-, rectangle-, tri-
angle-, hexagon-, cube-, and star likes structures and branched (i.e., bi-, tri-, tetra-,
and multipod) Au nanocrystals of varied dimensions in high yield, in the presence
of a single surfactant (cetyltrimethylammonium bromide, Fig. 8) (Sau 2004).
Although this surfactant is not typically used in toxicology studies, this work makes
evident that shape maybe changed in a manner such that all shapes result from
identical starting structures. This observation is important because it suggests that
only the shape changes from one material to another, while other parameters (e.g.,
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Fig. 8 Gold NM synthesis, structure, and properties. a Synthesis reaction of functionalized gold
NMs from gold triphenylphosphine (AuTTP) NM building blocks. b Name, charge, and structure
are provided for each ligand tested. ¢ Properties with implications for dose metrics for the different
NM core sizes are also given. From Harper (2011)

defects, faceting face etc.) are also obviously affected. Moreover, this approach
would allow the experimental evaluation of differences in biomolecule binding,
diffusion and interaction with receptors etc. based on NM shape in a systematic
manner. This may constitute the basis for further improvement and validation of
models and QSARs. For example, molecular dynamics (MD) simulations have
shown that the efficacy of passive endocytosis is higher for spherocylindrical par-
ticles compared to spheres and that endocytosis is abolished for sharp-edge particles
(Vacha 2011).

Walkey et al. have recently presented the synthesis and experimental evaluation
of a chemically diverse set of 105 gold NMs with various surface modifiers
(Walkey 2014). The authors considered three different core sizes, namely 15, 30
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Fig. 9 Schematic illustration of the variation of gold NM morphology and dimensions (shape and
structure) by manipulation of the experimental parameters in aqueous solution at room
temperature. From Sau (2004)

and 60 nm, and employed 67 organic surface modifiers, which included small
molecules, polymers, peptides, surfactants and lipids that can be identified as
“neutral”, “anionic” and “cationic” according to their structural and charge prop-
erties at physiological pH. Different parameters for each NM were measured before
and after exposure in blood serum stimulating the biomolecular environment during
in vitro cell culture experiments. In total, 21 physico-chemical parameters before
and after exposure were calculated and 785 distinct serum proteins were recognized
on the NMs. Furthermore, all NMs were evaluated regarding their association with

A549 human lung epithelial carcinoma cells (Albanese 2014).

3.2 Metal Oxide Nanoparticle Libraries

The Centre for Environmental Implications of Nanoscience and Nanotechnologies
at UCLA have developed a compositional library of 24 different metal oxide NMs
(whose compositions, size distribution and zeta potential are shown in Table 3),
which was constructed to explore the correlation of NM electronic properties and
their toxicity results (Lin et al. 2013). Most of the NMs were directly purchased,
and others (CuO, Co304, Fe;04, Sb,03, TiO,, WO3, and ZnO) were synthesized
in-house by flame spray pyrolysis (Teoh 2010). The results of Table 3 suggested
that the hydrodynamic size of these NMs in Holtfreter’s medium (pH 7.0) ranges
from 200 to 500 nm, with only a few materials (Al,O3, Fe30,4, Ni,O3, SnO,, Y,03,
Yb,03) reaching 500 nm. The {-potentials of all NMs were negative (—20 to
—30 mV) due to alginate coating.

Using the above NM library, Lin et al. (2013) established a predictive toxico-
logical paradigm (that of metal oxide dissolution and ligation of the zebrafish
hatching enzyme 1 (ZHE1) enzyme centre by specific metal ions), which can be
used for the safety evaluation of dissolved metal oxide NMs in aqueous media. The
excellent correlation between ZHEI inactivation and hatching interference in intact
embryos rationalized the molecular mechanism of hatching interference exerted by
CuO, ZnO, Cr,O3 and NiO NMs (Lin et al. 2013). The authors concluded that
shedding of metal ions by dissolvable metal oxide NMs interferes with recombinant



Strategy for Identification of Nanomaterials’ Critical ... 407

Table 3 Physico-chemical features of 24 metal oxides in the UCLA library

Number | MOx | Primary size (nm)* | Hydrodynamic size (nm)® | Zeta-potential (mV)°
1 ALO; | 14.7 +52 524.8 + 32.8 —24.0 + 0.5
2 CeO, |128 +34 3213 + 8.6 289 +33
3 CoO 183 + 6.8 3783 + 164 -255+13
4 Cos04 | 100 24 247.6 + 16.9 —-29.0 £ 2.2
5 Cr,05 | 71.8 + 16.2 4785 + 7.2 262 + 3.1
6 CuO 193.0 + 90.0 289.5 + 31.0 —-26.9 + 0.8
7 Fe,O; | 123 +29 3852 + 6.3 -24.1 +20
8 Fe;04 | 12.0 £ 3.2 831.7 + 41.8 -270+23
9 Gd,O5 |43.8 + 15.8 726.7 + 54.8 -34.7 +£ 0.7
10 HfO, 284 +73 3499 + 52 —-243 £ 2.1
11 In,O3 |59.6 + 19.0 3032 +5.2 -355+24
12 La,O; (246 £5.3 471.2 + 20.9 —-27.8 £ 0.6
13 Mn,O3 | 515+ 73 5259 + 7.8 -309 + 04
14 NiO 13.1 £59 2775 = 23.0 -23.1 +£2.0
15 Ni,O3 |140.6 + 52.5 665.8 + 46.4 —244 + 22
16 Sb,03 [11.8 £ 3.3 4599 +22.7 -25.8 £ 09
17 SiO, 135+ 42 3749 + 29.0 -16.8 + 2.0
18 SnO, |62.4 + 132 635.0 +£ 52.0 -26.4 + 0.3
19 TiO, 12.6 + 4.3 497.0 + 17.1 =315+ 14
20 WO, 16.6 + 4.3 5119 + 194 -233 + 1.1
21 Y,0; |32.7 +8.1 594.5 + 33.0 —-27.6 + 04
22 Yb,05 | 61.7 £ 11.3 682.6 + 56.2 -29.7 £ 0.5
23 ZnO 22.6 £5.1 379.0 = 11.0 -27.0 £ 1.1
24 7ZrO, |40.1 + 12.6 384.4 + 25.0 —-19.7 £ 3.6

From Lin et al. (2013)

“Primary size of particles in their dry state was obtained by transmission electron microscopy
(JEOL, 1200 EX)

bHydrodynamic size was determined by high throughput dynamic light scattering (HT-DLS,
Dynapro Plate Reader, Wyatt Tech)

“Particle {-potential was measured using ZetaPALS (Brookhaven Instruments, Holtsville, NY).
Introduction of the NPs in Holtfreter’s medium (pH 7.0) did not significantly change the medium
pH in spite of the dissolution of metal oxide NPs

ZHE]1 activity. Consequently, it was anticipated that CuO, ZnO, Cr,O3 and NiO
NMs should interfere in embryo hatching (Lin et al. 2013).

A classification-based cytotoxicity nanostructure-activity relationship (nano-
SAR) with excellent classification accuracy was developed based on four descrip-
tors: atomization energy of the metal oxide, period of the NM metal, NM primary
size, and NM volume fraction (in solution). Based on a set of 9 metal oxide NMs to
which transformed bronchial epithelial cells (BEAS-2B) were exposed over a range
of concentrations and exposure times up to 24 h, the best-performing model had a
100% classification accuracy in both internal and external validation (Liu 2011).
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Additional applications of this NM library include the evaluation of a possible
connection between conduction band energy levels and toxicity, specifically
oxidative stress and acute pulmonary inflammation (Zhang 2012b). The authors
employed the same set of NMs from Table 3 to prove that the overlap of con-
duction band energy (E.) levels with the cellular redox potential (—4.12 to
—4.84 eV) was highly correlated to the ability of Co304, Mn,03, Cr,0O3, Ni,O5 and
CoO NMs to induce oxygen radicals, oxidative stress, and inflammation (Zhang
2012b).

Recently, the UCLA Centre have also used the flame spray pyrolysis
(FSP) technique to construct NM libraries where metal oxides are doped with Fe to
diminish their solubility or toxicity (e.g., pure or Fe-doped ZnO or TiO, NMs)
(Pokhrel 2012). It was demonstrated that FSP is a flexible method for the effective
design of a homologous library (i.e., a library based on a parent oxide, which is
doped with various amounts of dopant) and may also serve as a tool for exploring
the properties of the resulting compounds (Pokhrel 2012).

Another NM library of 17 metal oxides (size range: 15-90 nm) was established
by Puzyn et al. (2011). Experimental and computational results related to the
toxicity of the NMs in terms of predicted ECs, values (calculated using a single
descriptor, AH\, describing ionization enthalpy of the detached metal atoms) are
shown in Table 4 (Puzyn et al. 2011). Since particle size does not significantly
affect toxicity in the above size range, the chosen descriptors essentially represent
reactivity-related electronic properties. The NMs, which were used in the training
set to develop the QSAR equation are denoted by T (Table 4), and the NMs in the
validation sets by V; and V,. The model reliably predicted the toxicity of all
compounds under study (Puzyn et al. 2011).

3.3 Silica Nanoparticle Library

A silica NM library consisting of 12 variants of amorphous Stober silica, meso-
porous silica, amorphous fumed silica, silicalite and a-quartz was constructed to
investigate the crystallinity and surface effects of silica NMs (Zhang 2012a). Par-
ticular physico-chemical properties, such as size, size distribution and zeta potential
in water and two different media (containing protein or serum) of the different NMs
are presented in Table 5. Initial studies indicated that fumed silica is the most toxic
among the silicas in the library (Zhang 2012a). The toxicity can be reduced by
heating and re-imposed by hydration. The changes are most likely related to the
number of surface silanol groups and strained three-member Si rings (Zhang
2012a).
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Table 4 Experimental and predicted features of metal oxides used in the Puzyn study

Metal | Descriptor Leverage | Observed log Predicted log Residuals | Set
oxide | AH,., value, i | 1/ECso (mol I"") | I/ECs (mol 171)
(kcal mol™h)

Zn0O 662.44 0.33 3.45 3.30 0.15 T
CuO 706.25 0.29 3.20 3.24 -0.04 T
V,05; |1,097.73 0.11 3.14 2.74 0.40 Vi
Y,0; |837.15 0.21 2.87 3.08 -0.21 T
Bi,O; |1,137.40 0.10 2.82 2.69 0.13 T
In,0; |1,271.13 0.10 2.81 2.52 0.29 T
Sb,05 | 1,233.06 0.10 2.64 2.57 0.07 Vi
AlLO; |1,187.83 0.10 2.49 2.63 -0.14 T
Fe,0; |1,408.29 0.13 2.29 2.35 -0.06 T
Si0, 1,686.38 0.26 2.20 1.99 0.21 T
Zr0, | 1,357.66 0.11 2.15 2.41 -0.26 Vi
SnO, |1,717.32 0.28 2.01 1.95 0.06 T
TiO, 1,575.73 0.19 1.74 2.13 -0.39 T
CoO 601.80 0.38 3.51 3.38 0.13 Vs
NiO 596.70 0.39 3.45 3.38 0.07 Vs
Cr,0; |1,268.70 0.10 2.51 2.52 -0.01 Vs
La,0; |1,017.22 0.13 2.87 2.85 0.02 Vs

From Puzyn et al. (2011)
The leverage value h (acceptable if not higher than 0.6) indicates deviations of the structure of the
compound from those used for the QSAR development

3.4 Single-Wall Carbon Nanotube Library

A three-particle (HiPco-D, SG65-D, and P2-D), single-walled carbon nanotube
(SWCNT) library was created to explore the impact of hydrophobicity, metal
impurity, and dispersion state on NM toxicity (Chowdhury et al. 2012). In Table 6,
the physico-chemical features and the metal contaminants are presented. Using
these three SWCNTSs, Chowdhury et al. (2012) initiated a study to correlate their
transport with the various synthetic methods and residual catalyst contents in order
to elucidate their effect on the nanotubes (Chowdhury et al. 2012). After purifica-
tion, the residual metal catalyst between the SWCNTs follows the trend:
HiPco-D > SG65-D > P2-D. The electrophoretic mobility (EPM) and hydrody-
namic diameter of SWCNTs remained unaffected by SWCNT type, pH, and
presence of natural organic matter (NOM); nevertheless, the ionic strength (IS) and
ion valence (K*, Ca”") altered the hydrodynamic diameter and EPM properties of
SWCNTs. Overall, it was concluded that the different synthetic approaches resulted
in unique breakthrough trends, which were related to metal content (Chowdhury
et al. 2012).
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Table 6 Physical Characterization of different single-walled carbon nanotubes

Diameter range | Length Metal mass | Species® | Species mass | Metal species
(nm)* @m® | (%) % %
HiPco-D | 0.696-1.129 383 + 281 |6.52 Fe 6.52 100
SG65-D | 0.682-0.981 449 + 316 | 1.80 Co 0.22 12.26
Mo 1.58 87.74
P2-D 1.158-1.699 404 + 221 0.21 Y 0.06 30.24
Ni 0.15 69.76

From Chowdhury et al. (2012)

“The diameters of SWCNTs are determined by vis-NIR and TEM

"Lengths of SWCNTSs were determined from atomic force microscopy

“Residual metal species and mass determined via inductively coupled plasma atomic emission
spectroscopy

3.5 Combinatorial Synthesis of (Biodegradable) Polymers

Intensive research related to nanomedicine and nanosafety assessment is also
evolving. For instance, combinatorial techniques are widely used in the pharma-
ceutical industry, and are increasingly being applied to the development of polymer
coatings. A combinatorial synthesis of biodegradable polyanhydride film and NM
libraries as well as the high-throughput detection of protein release from these
libraries has recently been reported (Petersen 2012). The method enables the rapid
construction of micro-scale polymer libraries, reducing the batch size while creating
multivariant polymer systems. Moreover, the combinatorial polymer library can be
fabricated into blank or protein-loaded geometries upon dissolution of the polymer
library in a solvent and precipitation into a non-solvent (for NMs) or by vacuum
drying (for films). The libraries have been screened for protein release kinetics,
stability and antigenicity; in vitro cellular toxicity, cytokine production, surface
marker expression, adhesion, proliferation and differentiation; and in vivo biodis-
tribution and mucoadhesion (Petersen 2012 and references therein). Such approa-
ches are very promising regarding the development of systematically varied NM
libraries and their evaluation.

4 Gap Between Measured Physico-chemical Parameters
and Calculated QSAR Descriptors

Given the dynamic nature of NMs, and their context-dependence, there is a dis-
connect between the physico-chemical parameters characterised routinely and those
utilised in QSAR models (Valsami-Jones 2015). Indeed there is still considerable
variability in the various lists of minimal characterisation parameters that have been
discussed over the last 10 years (see Stefaniak 2013 for a review of these lists) and
their degree of overlap. A recent editorial in ACS Nano described this succinctly:
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“Structure-activity analyses of well-characterized material libraries (used for
exploring a series of nano/bio interfaces) have elucidated nanoscale-specific
properties that go beyond the traditional lists of intrinsic and extrinsic property
characterization” (Nel 2015). Examples of novel or non-traditional characteristics
or descriptors linked to novel toxicities include band gap and hydration energies
which have been linked to generation of oxidative stress in bacteria and mammalian
cells by metal oxide semiconductor materials (Zhang 2012b); surface strain
resulting from highly reactive silanols leading to membrane damage by pyrolytic
silica (Zhang 2012a), or unfolding of proteins at the NM surface leading to acti-
vation of inflammatory receptors (Deng 2011). Examples related to the occurrence
of dynamic changes or interactions (which have been termed extrinsic effects)
include the complexation of structural cellular phosphate residues on the surface of
rare earth oxides and up-conversion NP leading to lysosome damage (Li 2014); and
the degradation of surface coatings attached to NMs in the acidic lysosomal
environment, leading to lysosomal injury (Wang 2015). As pointed out by Nel
et al., none of these structure-activity relationships could have been predicted using
the traditional list of intrinsic and extrinsic property evaluations (Nel 2015). To
further illustrate this point, we have reviewed the QSAR literature and extracted the
descriptors that were used as the basis of predictive models compared to those
physico-chemical parameters of the NMs that were characterised, with very clear
divergence and discrepancies apparent (See Table 7). Thus, we either need to
develop models utilising the easily measured physico-chemical parameters, find
ways to extract more useful data from the traditional methods, or develop
approaches to routinely measure those parameters more directly linked to
structure-activity relationships.

As evident from this snapshot of QSAR models for NMs, most models are based
on calculated parameters that take no or limited account of the NMs characteristics
in the exposure medium or are derived from crystallographic data (for example)
(Puzyn et al. 2011) and are certainly not reliant on detailed physico-chemical
characterisation of the dynamics of NM behaviour in the biological medium and
organism. More recent efforts include extraction of detailed parameters from TEM
images (e.g. Gajewicz 2015) or protein adsorption to the NMs (e.g. Liu 2015a)
which are experimentally determined parameters, although corona characterisation
is not yet a routine characterisation or required as part of regulatory dossiers for
NMs, in large part due to the cost involved and the early stages in terms of
verification of a predictive relationship for NM uptake/toxicity. Figure 10 shows an
example utilising a calculated version of acid-base properties, which increased with
the number of oxygens in the oxide NM and proportion of surface molecules to
molecules in volume as descriptors to model NM toxicity to bacteria (Sizochenko
2014). As available datasets increase in number and size, models comparing
increasingly diverse NMs and exposure conditions are becoming available, sug-
gesting that significant progress is being made in this arena, although there is still a
need for concerted effort in this research field.

It is clear that there is a need for development of a strategy for identification of
NMs’ critical properties linked to biological impacts, and in particular to tease out
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~

E. Coli cell

\_ d
Fig. 10 Schematic representation of the mechanism of metal oxide nanoparticle toxicity for
E. coli cells. From Sizochenko (2014). The important descriptors for E. coli cytotoxicity of the
metal oxide NMs were determined to be: S; unbonded two-atomic fragments [Me]- - - [Me],
which were encoded based on SiRMS-derived descriptors, encoding the distance where the
potential reaches minimum at van der Waals interactions (7%); r,, Wigner—Seitz radius (22%); p
mass density (2%); CPP, cation polarizing power (30%); S, SiRMS-derived electronegativity
aligned descriptor of oxides molecules—in a sense the acid-base property of oxides. This
parameter increases with the number of oxygen atoms in a molecule (3%); S; tri-atomic fragments
[Me]-[O]-[Me], which were encoded by SiRMS-derived descriptors, encoding electronegativity
(29%); and SV, the proportion of surface molecules to molecules in volume (7%). % is used to
represent the absolute impacts for each descriptor

the various pathways involved. One potential starting point is to link with the
emerging Adverse Outcome Pathways (AOP) approach, which aims to identify
so-called molecular initiating events (MIE) and follow these through the subsequent
effects to adverse outcomes and cellular, organismal, community and population
levels. Initial conceptualization for nanotoxicology is already underway (Gerloff
2016), and a case study of liver toxicity proposed that the differences between NM
and chemically-induced adversity were primarily related to differences in toxi-
cokinetics and the nature of the initial Key Events in the AOP. NM reactivity was
associated with the NM’s potential to generate oxidative stress, determined as the
ability of the NMs to exchange electrons with biological redox species in the cell
(Gerloff 2016). The model was tested using the metal oxide libraries described in
Table 5 (Zhang 2012) and was only partially accurate in predicting the capacity of
metal oxide NMs to induce oxidative stress, since other metal oxide NMs induce
similar effects through ion dissolution, illustrating the importance of relating QSAR
properties to proposed MIEs (Gerloff 2016). Thus, teasing out the relative contri-
butions of different NM physico-chemical parameters to specific MIEs, and
grouping of NMs based on all properties that link to specific MIEs might be a useful
way forward. One proposal of how to do such a mapping of the partial contributions
of multiple parameters to a specific endpoint was proposed by Lynch et al., using
principle components analysis which could then be complemented with factorial
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analysis to determine contributions to the different modes of action (Lynch et al.
2014a). The commonality of NM physico-chemical parameters confirmed to con-
tribute across the different modes of action shown in Table 2 shows the scale of the
computational and experiment challenge, and highlights the need for much closer
cooperation between the two approaches, and the need for involvement of mod-
ellers in co-designing experimental studies to ensure they provide the full spectrum
of temporal and spatial datasets needed for computational and in silico approaches.

5 Conclusions

This chapter summarises the current state of the art in terms of mechanisms of NM
toxicity, in light of the emerging understanding of the context-dependence of
physico-chemical characteristics of NMs that may be specifically linked to their
toxicity. In addition, the chapter summarises some of the challenges for defining
and regulating NMs, and in particular for developing predictive read-across tools
including QSARs/QPARs, which result from the fact that NMs are a highly diverse
and highly dynamic group of materials. While there is growing consensus that
many of the biological effects from manufactured or engineered NMs may not be all
that different from ultrafine anthropogenic particles of similar compositions, it is
clear that the variety of materials that can be engineered at the nanoscale, and the
variety of forms (shapes, structures, morphologies, composites and hybrids etc.) that
can be produced opens up significantly more challenges than arise from
combustion-related particles.

In particular, the current state of the art in terms of NM libraries with accom-
panying physico-chemical characterisation and uptake or toxicity datasets available
in the literature that can be used as the basis for development of QSARs/QPARs is
presented. Building on this, some initial progress towards QSAR models was
presented, and the challenges and ongoing disconnect between measured properties
and those found to be predictive in QSARs, which are almost entirely calculated,
often entirely independently from the measured datasets was discussed.

An ongoing challenge for the field is that access to the NMs themselves for
additional experimentation/validation is generally limited outside the group that
produced the NMs. Thus, it would be valuable for journals to require that NMs
underpinning datasets be made available for sharing upon request or placement of
samples in a repository, although there are significant cost challenges associated
with this, as well as issues related to NMs ageing and evolution. However, it is
unlikely that the costs would be more significant than those associated with protein
synthesis or development of transgenic animal models, so approaches could be
adopted from these fields alternatively. An alternative would be that full SOPs for
production of the NMs be published (or included as part of the supplementary
information) and detailed accompanying characterisation information (including
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SOPs, instrument details and calibrations), and that authors are provided with
facilities for cross-checking of outputs by the original NM-library developer, as part
of the publication requirements for NMs datasets.
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