J. Fatisson, et al., Int. J. of Safety and Security Eng., Vol. 3, No. 4 (2013) 241-264

A PILOT STUDY TOWARDS RANKING OCCUPATIONAL
HEALTH RISK FACTORS EMANATING FROM
ENGINEERED NANOPARTICLES: REVIEW OF A DECADE
OF LITERATURE

J. FATISSON!, S. NADEAU!, S. HALLE!, C. VIAU23, M. CAMUS? & Y. CLOUTIER*
"Mechanical Engineering, Ecole de Technologie Supérieure, Montreal, Quebec, Canada.
2Institut de Recherche en Santé Publique, Université of Montreal, Montreal, Quebec, Canada.
3Occupational and Environmental Health Department, Université of Montreal, Montreal, Quebec, Canada.
“Institut de Recherche Robert Sauvé en Santé et Sécurité du Travail, Montreal, Québec, Canada.

ABSTRACT

As beneficial applications of nanotechnologies in industry and medicine continue to emerge, so do
new problems associated with engineered nanoparticle (ENP) production, which so far is going ahead
without prior evaluation of its impact on human health and environment. Worker exposure continues to
increase while no global consensus on ENP regulation has been reached. Protection of workers requires
an approach to risk management properly adapted to the ENP context. Although ENP properties have
been studied in depth over the past 10 years, much uncertainty continues to loom over the definition
of the key parameters. The aim of this review of the literature was to construct a detailed list of known
risks associated with ENPs from an occupational health and safety perspective. A hierarchised network
of risks was thus revealed, illustrating the complexity of the system in terms of interdependence of
elements of risk.

Keywords: Engineered nanoparticle, hierarchised network, risk assessment, risk categorisation, risk
management.

1 INTRODUCTION

‘Nanotechnology consumer products are in your mouth and on your face’. This affirmation
dates back at least to April 24, 2008, when it was surmised from the list maintained by the
Project on emerging nanotechnologies [1] that new products were being introduced into the
market at a rate of three or four per week, a trend that has since accelerated. The global mar-
ket for nanomaterials is expected to exceed 2400 billion $ US by 2015 [2]. Each day, science
demonstrates the usefulness of nanotechnologies, and the production of nanomaterials is now
viewed as a major contributor to the next industrial and medical revolution. However, in spite
of their beneficial properties, these new materials also raise suspicions, in particular regard-
ing new problems relating to human health, while many industries are plunging headlong into
production without prior evaluation of the impact of their materials or products on health or
the environment.

Nanotechnologies are involved in almost all major sectors of production: construction,
automobiles, aeronautical industry, textiles, energy, electronics, medical industries, agri-food
and so on. NanoQuébec in 2008 enumerated an estimated 573 nanotechnological industries
in the USA and 51 in Canada. In 2011, Nanowerk [3] counted 1168 commercial organisa-
tions active in nanotechnologies in USA and 86 in Canada. Industry Canada counts 21
Quebec manufacturers of nanotechnology products. As the nanotechnology market continues
to grow, so does the number of workers continually exposed to nanoparticles. This number
remains difficult to determine, although it appears to be very large and could reach two
million within 10 years [4, 5]. Based on global surveys, as many as two million new jobs
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related to nanotechnologies could be created by 2015 [6]. This phenomenon appears to
involve small-to-medium-sized businesses as well as multi-nationals. Meanwhile, there is
still no regulatory system in place, no doubt due to the absence of a clear definition of nano-
materials, although numerous efforts addressing this situation are noted [7] and a broad
definition has been proposed recently in Europe [8]. At the same time, organisations, such as
the Environmental Protection Agency [9], the World Health Organization with resolution 11/4
[10] or the European Commission with the REACH framework [11], have already started to
propose regulations on nanobased products. However, no global consensus has been reached
yet, while the number of businesses producing nanomaterials continues to grow and the
notion of worker protection in this field remains nebulous. Some observers have reached the
conclusion that the difficulties encountered in attempting to define the potential impact of
ultra-fine particles on human well being are major [12, 13].

For the past several years, the number of studies of the physical, chemical and biological
properties of nanoparticles has grown in proportion with the associated economic activity.
Based on PubMed, the number of publications matching keywords such as ultrafine particles
or nanoparticles plus toxicity or effects on health was 5 in 2001, 246 in 2006 and 1516 in
2011. However, much uncertainty remains and limits the understanding of their mechanisms
of toxic interaction with the human body as well as conditions of exposure [14, 15]. The
understanding of nanotoxicity [16] is evolving fast as well as the science of the characterisa-
tion of these risks, while nanotechnologies follow and evolve just as quickly.

The uncertainty surrounding nanomaterials is due also to a lack of standardisation of char-
acterisation procedures and toxicological testing methods [17-21]. Some research groups
[22], the Organisation for Economic Co-operation and Development (OECD) and other
standards organisations [23-26] are developing procedures and other guidelines for the use
and the characterisation of nanomaterials in order to help fill this void. Even if, synthetic
nanomaterials are legally defined as substances by REACH regulation (EC regulation no
1907/2006) [11] but REACH framework might not be adapted for nanomaterials. Therefore,
evaluation of health and safety or environmental risks more specific to nanomaterials remains
necessary (COM/2008/0366 final) [27]. In the absence of global consensus, no recent proto-
col regarding regulation has been implemented [22], in spite of efforts by the Occupational
Safety and Health Organization. The comparison of studies, therefore, remains very difficult
and the task seems insurmountable given the multitude of nanoparticle types, now com-
pounded by the possibility of mixing different types for specific applications. While we wait
for toxicological results and the development of characterisation techniques, Québec applies
the precautionary principle in limiting harmful effects to a certain extent while not closing the
door to benefiting from the development of new nanomaterials [28].

However, precautionary principle, as well as classic risk management methods, seems
unsuitable in front of the challenges brought by nanotechnology [29]. Given the speed at
which nanotechnologies are developing, new risk assessment and management methods are
required. As emphasised by Aitken ef al. [21], risk evaluation methods are inadequate and
require better use of the data available as well as the acquisition of new data. New methods
of risk management must be implemented in order to protect individuals who enter into con-
tact with engineered nanoparticles (ENP) one way or another. The first step in the development
of risk management tools involves cataloguing and classifying all risk factors associated with
nanoparticles. Kara Morgan [30] has, thus, developed a basic framework for guiding the
analysis and management of risks to human health and the environment due to nanoparticles.
This excellent work was completed 8 years ago and should be pursued. Meanwhile, ENP
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toxicity studies have grown tenfold (401 publications between 2001 and 2005 and 4542
between 2006 and 2011). In order to preserve the essential human perspective on the com-
plexity of the problem, we have devoted our literature review to ENP. This type of
nanomaterial is the single most common type and involves the largest number of workers and
exposures to the highest concentrations. Once the implications for the health of workers are
understood and suitable protective measures are implemented, similar monitoring could be
implemented for consumers in general. In fact, considering the diversity of ENP and their
applications, a case-by-case approach would be a very time-consuming process. Nadeau
et al. [31] recently argued that the development of a flexible, easy to use, dynamic and inte-
grated tool incorporating reliable data on the risks associated with nanoparticles was urgent.
Several others have also recommended this strategy [32, 33].

For the analysis of risks associated with chemicals, the first step is hazard identification
[34]. Transposing this notion to nanoparticles, which may be considered as chemicals [11],
amounts to listing all hazard and exposure factors and effects. The aim of the present review
was, therefore, to categorise the risk factors currently associated with ENP in the workplace
in order to facilitate the development of a decision-aid tool intended for producers of syn-
thetic nanoparticles and for specialists in preventive measures. Eight major groups of risks
were thus identified in the literature and represented in a hierarchised risk network in order to
portray the complexity of the system. This work thus illustrates clearly the interdependence
between the elements of risk as well as needs regarding the evaluation of certain risks, for
example, the need to integrate exposure data. The results obtained in this pilot study will
serve as a basis for further developments and discussions.

2 METHODOLOGY
2.1 Review of the literature

This literature review was conducted according to a previously described widely adopted
systematic protocol [35]. The research questions were as follows: Over the past decade, what
risk factors associated with nanoparticles have been identified and what associations exist
between them? Using PubMed database and the SciFinder scholarly research tool, we con-
ducted the systematic literature review for the years 2001-2011 using the following keywords:
nanoparticle, nanomaterial, risk, uncertainty, risk management, risk assessment, health effect,
toxicity, in various combinations. To focus the process, review articles and commission
reports were first selected, followed by research articles. References cited in these papers
were used to identify additional studies published during the 2001-2011 period. In order to
refine the results, a descending method was used initially, taking advantage of recent second-
ary bibliographic sources. The references in these sources allowed us to reach the primary
bibliographic sources and improve the list of keywords used. In view of the large number of
studies, we then reverted to an ascending method allowing us to refine the search and keep
this literature database continually updated. Through rigorous examination of each article,
we listed the risk factors identified by the authors of the studies. Articles not published during
the selected period were excluded, as were those judged not relevant to the research question,
thus reducing interpretation biases and highly deficient protocols.

Following this initial step, we continued the literature review using an iterative process
conducted in three steps (Fig. 1) and which followed an approach based on creating a fault
tree [36]. We first classified all occupational health-related risk elements (Step 2), on the basis
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Figure 1: Four-step risk assessment method used to develop a decision-aid tool prototype.

of whether the factor was associated with an intrinsic parameter (source), with a transfer to
target (exposure) factor or with a harmful effect (target) [30, 37, 38]. In a third step, using
specific keywords corresponding to each variable listed, we identified all observed links
between all individual risk factors (Step 3). All observations and data from this review were
further compiled and associations between risk factors were arranged in a hierarchised net-
work (Step 4).

We could produce an additional grouping into eight different categories at the end of
step 4: intrinsic properties of ENP, interfacial properties, mobility-related properties, task-
related exposure factors, ambient exposure factors, physiological effects on the body, specific
effects on cells and other harmful effects. Each of these categories is described in detail in the
following section. The purpose of this grouping was also to simplify the graphic representa-
tion of the network of associations existing between the various factors and effects. The
expression ‘elements of risk’ refers to hazards, factors of transfer to the target and effects.

2.2 Influence diagram

Two types of approach were taken to estimating influences among risk factors and effects: a
priori and a posteriori. Since epidemiological studies of nanoparticles are so scant, the pre-
ferred approach would appear to be a priori, which estimates the possible associations
between causes and consequences before undesirable events occur.

The purpose of an influence diagram, commonly called a risk tree, is to provide a graphic
representation of cause—consequence associations existing between various elements of risk,
as well as the harm associated with the risks. There are several techniques based on causes,
consequences or events for connecting causes to consequences. A fault tree is a logical dia-
gram that shows the relationships leading to an undesirable event. This approach is easy to
use, favours systematic search for causes and their associations and does not require chrono-
logical relations between risk factors and effects [39].

As will be described in greater detail below, fault trees as defined [36] need to be converted
to a hierarchised network of risks [40]. Other more complex modelling systems also will be
required in order to develop an adequate and adaptable decision-aid tool.

Arrows between elements of risk (Fig. 2) indicate cause—consequence associations; the
arrow heads indicate which element is influenced or that influence is mutual. Arrow thickness
represents the importance of the associations, based on an initial estimation of the number of
studies reporting the influence of a given factor on another or on an effect. This enumeration
was not exhaustive, in any case, since several reviews of the literature have reached the con-
clusion that this would be a colossal task. However, the bare number of studies discussing a
factor is not necessarily a reliable indicator of its importance. Certain instrumentation, testing
techniques and analytical possibilities were unknown 10 years ago. It was easier to measure
the size of nanoparticles using microscopy than to perform real-time analysis of particle
agglomeration rates in matrices identical or nearly identical to those used in cytotoxicity
studies.
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3 DEVELOPMENT
3.1 Elements of risk

In order to simplify the exercise, each element was assimilated into a more general factor,
based on its definition in the literature (see Table 1). For example, optical, thermal or mechan-
ical properties were grouped into a single factor called physical properties. All identified
elements of risk were first grouped into three principal categories (level-1 classification)
based on whether they were part of a danger factor, a parameter stemming from exposure
(transfer to the target) or an effect. To date, 14 factors representing occupational health and
safety (OHS) hazards have been listed as inherent in nanoparticles (level-3 classification).

3.1.1 ENP hazards

Grass et al. [41] demonstrated that risks associated specifically with nanoparticles stem ulti-
mately from three sources: large interfacial area, the possibility of quantum effects and
non-conventional mobility factors (agglomeration, toxicokinetics, translocation, accumula-
tion). However, their studies were essentially conducted in vitro and did not take exposure
factors into consideration. Furthermore, certain effects cannot be studied in vitro. A second
classification of hazards was nevertheless completed. Certain parameters were thus consid-
ered intrinsically associated with nanoparticles, others with their surface or interfacial
properties or with their mobility properties. In addition, as noted by Oberdorster ef al. [42],
the mechanisms of nanoparticle toxicity are now being studied in terms of mobility properties
and surface interactions. Table 1 lists the 14 hazards and sub-hazards, as well as references
that describe these parameters as important for the evaluation of risks associated with nano-
particles.

According to a review by Grieger et al. [19], general or intrinsic characteristics of nanoma-
terials are the second most significant source of uncertainty in risk evaluation. These include
the most studied and reported characteristic, namely nanoparticle size. Several means of
defining nanoparticle size exist: measurement of primary dimensions (often by transmission
electron microscopy or TEM), average size or even size distribution, as described in several
reports mentioned in Table 1. The OECD has included size distribution in the gaseous phase
and in liquid medium in the list of major physicochemical properties to be characterised for
ENP risk evaluation purposes [25]. The Scientific Committee on Emerging and Newly-
Identified Health Risks (SCENIHR) has also identified size as a parameter to be characterised
[43]. Exposure to airborne particles is defined in terms of inhalation of various size categories
(also called fractions) [44]. However, size is not necessarily the principal characteristic deter-
mining the mechanisms leading to particle toxicity. It is, therefore, necessary to create a tool
for defining and ranking the risks inherent in each ENP. In fact, ENP size characterisation
should be associated with nanoparticle shape. Whether cited as shape, aspect ratio or mor-
phology, this factor may be determinant in interactions among particles or with other
substrates, biological or otherwise. Furthermore, according to the definition proposed by the
Royal Society, ‘nanotechnology is the production and application of structures, devices and
systems by controlling shape and size at the nanometre scale’ [45]. This definition places
ENP shape in a preponderant position. Aitken et al. [21] and Paik et al. [46] also noted the
relevance of shape to proper evaluation of nanoparticle properties.

From a combination of physical dimensions (size and shape), it is possible to determine the
surface area. This characteristic may be considered as a risk factor, since several research
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groups and organisations have identified it as a standard of characterisation, as well as a term
for defining exposure conditions [21, 25, 43]. In addition, based on a Delphi-type survey,
experts chosen by Berube et al. [47] ranked surface area as the fourth out of 14 problematic
characteristics peculiar to nanoparticles. In view of the broad scope of proposed European
recommendations for the definition of nanomaterials, dimensions outside of the nanometre
scale could also be included [8]. Numerous reports describe dangers associated with particle
fibrous character such as asbestos [48]. This characteristic is currently applicable to carbon
nanotubes [49], although other materials could also be processed into fibres or produced
as such.

Size, shape and surface area have direct influences on the various physical properties of
nanoparticles. Among these properties are thermal, mechanical, catalytic, optical, radiant and
magnetic properties, as listed in Table 1. Different research groups have identified these prop-
erties as potential elements of risk. For example, ENP electrical or thermal conductivity
should be considered when choosing or designing the area in which these materials are pro-
duced, and proper monitoring, insulation and isolation of workers should be provided. Aitken
et al. [21] have used physical properties (electrical and magnetic among others) to categorise
various types of nanoparticles in a review of workplace hygiene. Aside from physical factors,
ENP chemical characteristics, as well as the structural defects, could also influence other
properties, as well as affect particle toxicity. Furthermore, these factors have been identified
by nanoparticle-risk-monitoring organisations as essential for ENP evaluation [25, 43, 50].
Other authors [37, 51] have also examined the possibility that new nanoproducts have yet
unknown physical or chemical properties and therefore represent unknown risks to human
health. A recent study has shown the feasibility of using a multi-criteria method to evaluate
risks associated with a carbon nanotube synthesis pathway [52]. Cited in other reviews of the
literature [21, 53, 54], this report suggests that ENP synthesis methods should be considered
as an intrinsic risk factor in the sense that they have physical, chemical and biological conse-
quences.

High-risk properties of ENP products could be examined from the perspective of their
potential for interactions with other objects, which may be living or not [41]. Among the
more notable interfacial properties cited in the literature are interfacial tension and surface
charge or zeta potential. According to the well-known theory of Derjaguin—Landau—Verwey—
Overbeek, the principal forces involved during interaction between two objects are
electrostatic. It is, therefore, plausible that interactions among ENP products or with living
cells will depend on net charge, even if it is known that cells usually bear a negative charge.
Another category of well-studied and often cited interfacial properties is concerned with
surface chemistry, the surface distribution of chemical sites and the coating of ENP products,
intentional or otherwise (Table 1). During contact between ENP products and a biological
material, the nanoparticles may become coated with molecules from the extracellular milieu,
such as proteins or other ionic substances. Such unintentional coating may change the ENP
surface chemistry [55-58] and consequently modify attractive or repulsive forces between
ENP bodies or between these and cells. A wide variety of other mechanisms must, therefore,
be taken into consideration when evaluating ENP toxicity.

Other properties associated with ENP chemical reactivity but not identified in other cate-
gories may also be important, such as redox potential. The capacity of metallic ENP products
to generate reactive oxygen species (ROS) based on redox potential [59, 60] often appears
plausible as a mechanism explaining their cellular toxicity or inflammatory reactions. Another
chemical phenomenon cited by Morgan [30] and Grieger et al. [19] stems directly from
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chemical reactivity and should be in its own category. This concerns the potentially toxic
breakdown products from reactions between ENP products and their targets. Using the exam-
ple of quantum dots, it has been shown that dissolving the core of these particles liberates
cadmium ions, which are recognised as highly toxic [61], while the particles themselves are
not necessarily as toxic. Similar properties have been shown in the case of other ENP
products [62, 63].

The third principal category of intrinsic properties of ENP products is related to their
mobility and associated characteristics. Physical, chemical and interfacial properties stem
from ENP behaviour in different media. For example, water-dispersible ENP products will
not have the same effects as more hydrophobic products on biological organisms. Depending
on their solubility, their mobility calculated on the basis of diffusion in a given medium [41]
can have implications for possible interactions with cells or extracellular macromolecules.
They also may or may not aggregate or form stable colloids. Agglomeration is often cited as
an essential standard of characterisation (Table 1). In fact, the nominal size of ENPs as meas-
ured by TEM may provide little information about their behaviour in the aqueous phase [64].
For example, the mechanisms of entry of individual particles or aggregates into cells can
differ, depending on plasma membrane pores [65].

Another factor, considered more of an exposure factor, may also be included in this cate-
gory, given that it too depends on ENP interfacial properties. The propensity of ENPs to form
dust or aerosols becomes particularly significant when adapting ENP manufacturing ventila-
tion systems. In addition, the tendency of some ENP products to accumulate on surfaces is a
strong indication that they are suspended in air or in moisture suspended in air or likely to
become so. This is another characteristic that needs to be evaluated since contact between
ENPs in the air, on surfaces (e.g. work plans) and the human body becomes possible. The
literature is replete with recommendations to confine and contain synthetic nanoparticles by
process design [66, 67], during operations, during maintenance and in situations of accidental
spills or potential aerosol formation [68—70]. Understanding ENP behaviour should make it
possible to determine the most probable entry routes and thereby facilitate rational design,
implementation and improvement of monitoring and control measures intended to reduce
exposure via these pathways [21, 41, 46, 71].

3.1.2 Exposure factors

Having described the principal ENP characteristics and properties that make them potentially
hazardous, before discussing harmful effects we must examine the transfer factors that allow
particles to enter into contact with workers. We have grouped these into two principal catego-
ries (level-2 classification), namely environmental factors and task-related factors (production,
clean-up, etc.).

The first factors to consider are those associated with the environment in which ENP prod-
ucts are produced or otherwise occur. Murashov et al. [72] have cited certain conditions to
consider with respect to measures addressing not only exposure, namely ambient atmos-
pheric moisture (potential for the production of ENP aerosols), temperature (which influences
particle mobility), light (it is known that TiO, particles can be toxic after activated by UV-
Visible light [73, 74]), but also the presence of other background particles. Unintentionally
produced nanoparticles occur in the air we breathe, such as diesel particles and particles
produced during machining [75], and can potentially affect the behaviour of nanoaerosols.
Several studies of workplace exposure [76] show that it is often difficult to distinguish ENP
products from background particles. Background particles can agglomerate with ENPs and



J. Fatisson, et al., Int. J. of Safety and Security Eng., Vol. 3, No. 4 (2013) 251

therefore affect ENP mobility, which we have already included in our list of intrinsic elements
of risk.

To these factors we must add the path of exposure by which ENPs will enter into contact
with the human body [21, 77]. The toxic mechanism (organs most affected) will vary depend-
ing on whether the particles are inhaled (are present in the ambient air), ingested or in contact
with the skin or eyes. Inhaled particles will enter the lungs and reach the blood or may reach
the brain via the olfactory nerve [78], whereas ingested particles will first be exposed to the
gastro-intestinal tract content before potential absorption and distribution to many organs.
Passage through the skin also allows them to gain access to the bloodstream.

During manufacture, ENPs can also become mixed (intentionally or otherwise) with other
products. The SCENIHR, therefore, recommends measuring ENP purity [43]. The presence
of contaminants, which may also be toxic, could influence ENP toxicity. It should also be
determined to what extent evaporating solvents can carry ENPs and thus introduce them into
the ambient air.

In addition to environmental factors per se, parameters associated directly with ENP pro-
duction or handling tasks should also be taken into consideration. As is the case for any
product, the human body likely has mechanisms for dealing with particles up to some point
and the definition of ENP toxicity will therefore include some concentration [6, 23, 43, 50].
ENP concentrations in ambient air may be a direct consequence of a task and the conditions
under which the task is carried out. Worker exposure will depend on the duration and fre-
quency of the task, the number of workers present and the type of task (manufacturing,
packaging, stock management, clean-up, etc.). These factors have been discussed in scientific
reports based on field studies [79] or have been examined during the development of moni-
toring tools for ensuring worker safety [46] or in previous reviews of the literature [19].

3.1.3 Effects

When evaluating ENP toxicity, several parameters must be examined in order to determine
which mechanism to consider for the purpose of defining the particles as toxic or not. Depend-
ing on the intrinsic properties listed above and on transfer factors, the effect to consider and
sometimes the evaluation method as well may differ. The effects category thus may be divided
into cell-based, whole body or indirect appreciations of the harmfulness of ENPs to human
beings. Measurements of cell viability following contact with ENPs are the subject of multi-
tude of studies and reports on the acute toxicity of numerous ENPs under different conditions
intended to shed light on the role of particle intrinsic properties. Much of the research has
been devoted to examining ENP entry into cells in quantitative terms in order to determine by
what mechanisms this occurs and what the intracellular effects are. The mechanisms by
which damage is inflicted upon the cells have also received much attention. While other
parameters remain shrouded in uncertainty, cellular uptake is one of the most studied ENP
characteristics, according to a recent inquiry by Grieger et al. [19].

Other institutional reports [25, 43, 80] mention genotoxicity tests as necessary for proper
toxicological evaluation of ENPs. Other authors [46, 81] have also mentioned this as well as
other types of toxicity (carcinogenicity or mutagenicity) as possible non-negligible effects of
ENPs. In general, organisations and institutions mandated to protect the population as a
whole and workers in particular also recommend characterising cellular responses to acute,
repeated and even chronic exposure. However, while these organisations attempt to establish
testing standards, no consensus has yet emerged on the metric to use (particle diameter, sur-
face area, mass, etc.) [20, 77], and this remains a major methodological challenge for risk
evaluation [82].
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More holistic approaches to the evaluation of ENP toxicity may also be useful. Although it
is important to understand the mechanisms by which the particles enter cells, this information
alone is insufficient. Many studies report inflammatory effects of ENPs, and as mentioned by
Aitken et al. [21], one of the challenges in toxicology is the quantification of these effects.
The inflammatory response remains a key element of the response to contact with materials
in general and helps to determine genotoxic potential [43]. Due to its non-specific nature, the
inflammatory response is difficult to determine and quantify.

It appears just as relevant to consider the overall impact of ENPs on the human body.
Toxicokinetic and toxicodynamic studies of ENPS have been conducted using the widely
practised absorption, distribution, metabolism and excretion (ADME) approach. In order to
protect workers in contact with ENPs, it appears necessary to understand how nanoparticles
enter, circulate, are metabolised and excreted by the body as a whole as well as by specific
organs. The OECD and ISO recommend this approach [24, 25]. Several research groups
emphasise the importance of examining organ-to-organ migration or system-to-system
migration via blood vessels [83] or even via nerves [78] as possibilities for ENP effects in the
human body. Effects on the nervous system, vision, reproduction and skin function should
thus be considered. As observed by Oberdorster er al. [42] the approach to studying ENP
toxicology is evolving and diversifying. The increasing number of uncertainties is making the
evaluation of ENP-associated risk ever more challenging, a challenge that will only be met
by considering as many risk factors as possible.

Aside from effects due to direct interaction between ENPs and the human body, there are
other potential effects that represent major threats to worker safety. Various protection and
standardisation organisations [24, 25, 50] recommend tests for verifying ENP explosiveness,
combustibility and flammability.

3.2 Associations between factors

The aim of this review was not to produce an exhaustive list of the publications that reveal
associations between each factor (intrinsic or exposure) or with the listed effects. Using the
categories listed in Table 1 as keywords for searches conducted according to the approach
developed in Section 2 (search tools, period consulted), some insight into associations and
their relevance was gained.

3.2.1 Between each factor (level-3 classification)

The first step of phase 3 (Fig. 1) consisted of identifying the existing associations between
intrinsic properties that have been the subject of studies or reports. In the present review, we
are concerned with elements of risk considered individually and only the relationships judged
relevant by the authors of these studies or reports. Quantifying the impact of these relation-
ships would require in-depth meta-analysis of all of these relationships.

It is now recognised that the size of ENPs confers them properties that are quite different
from those of their micron-size equivalents. This is reflected in the number of studies devoted
to the effect of size on the various physical and chemical properties of ENPs described in the
previous section (Table 1). As mentioned by Auffan et al. [60], 30—40% of the atoms of ENP
spheres, 10 nm in diameter, are at the particle surface compared with only 20% for 30 nm
particles. In another study, these researchers demonstrated the impact of size on nanoparticle
crystallography using a thermodynamic approach [84]. Borm et al. [54, 85] produced a
non-exhaustive list of the influence of various ENP properties on other general parameters.
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Initial contact between ENPs and the human body involves adsorption of various proteins
and enzymes [56, 57, 65] on the nanoparticle surface. Studying this aspect, Vertegel et al.
[86] demonstrated that the size of silica nanoparticles can affect the structure and activity of
lysozyme, a bacteriolytic enzyme found in saliva and tears. Protein conformation can be
influenced by the nanoparticle form [55]. Another factor that also influences adsorption of
proteins is the presence of coatings on the ENP surface, which could have a direct impact on
cell-mediated responses [87—89].

The influence of ENP size on cytotoxicity or general toxic effects (inflammatory reaction)
has been the subject of numerous studies. Other parameters such as crystalline structure may
also have an impact on the mode of cell death, as demonstrated by Braydich-Stolle et al. [90].
Meanwhile, other teams have focused more on parameters such as shape and surface chem-
istry [91, 92] and their impact on particle internalisation by cells or on intracellular traffic in
order to gain better understanding of the ENP intracellular toxic process. Although the sur-
face coating question has led to contradictory answers, it remains an aspect that should be
studied in greater depth.

Very little attention has been given to the study of long-term effects stemming from ENP
breakdown. Some researchers have examined the effects of free radicals on ENP genotoxicity
[93], whereas others have discussed the impact of ion shedding on cytotoxicity [60, 94, 95].

In relatively recent research, several groups have noted that ENPs display translocation
capability [54, 78, 83, 94, 96]. This is an alarming observation and has received much atten-
tion. Kreyling ez al. [96] have demonstrated that the translocation of iridium particles from
epithelial cells towards extra-pulmonary organs, though minimal, depends on particle size.
The role of intrinsic and exposure factors should be studied in depth with other types of ENP,
especially in the case of translocation through the lung lining into the bloodstream [54].
Simko and Mattsson [94] note that this property could have neurotoxic implications. The
SCENIHR [43] mentions this aspect as an integral part of the evaluation of risks posed by
nanotechnologies.

Several relationships between elements of risk (intrinsic factors, exposure factors, effects)
have yet to be studied. This may be due to a perceived lack of relevance of certain factors, low
priority at research funding organisations, instrumentation limitations, the succinct character-
isation of ENPs tested in numerous studies or limitations on comparisons between studies of
similar type due to poor standardisation of techniques. For example, we have not found
evidence of direct relationships between ENP size and shape. However, as already noted, size
and shape are directly related to surface area, which is in turn a factor in chemical reactivity
and hence the potential toxicity of ENPs.

Important relationships need not be direct. In order to establish the more obvious connex-
ions, risk-ranking tools are necessary. After producing an initial graphical representation (not
shown) of all of the associations listed, we then grouped all of these elements into sub-
categories for clarity.

3.2.2 Between the eight level-2 categories
Once all of the associations mentioned in the literature between the various intrinsic and
exposure factors and effects were represented in matrix form (Table S1), the various level-3
categories were grouped by level-2 category. The relationships between the different factors
were represented using arrows, producing the graphical representation shown in Fig. 2.

The direction of the arrows indicates the direction of the influence between the various
categories. By definition, an effect stems from a cause. The arrows connecting factors to effects
are therefore unidirectional (Fig. 2A). Most of the associations between factors (hazard and
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Figure 2: Hierarchised network of level-2 categories of elements of risk. (A) Cause to effect
relationships and (B) reciprocal relationships.

exposure) are bi-directional, representing the interrelationship between the ENP hazard and
transfer to the target (Fig. 2B). Each association between elements of risk (factors and effects)
has been counted. As there is an association between particle size and uptake by cells, another
between chemical composition and cell viability, then the score for these associations as a whole
is 2. The scores of each relationship among the eight level-2 categories are indicated in terms of
arrow thickness. In other words, most associations join causes and effects, especially intrinsic
properties or interfacial characteristics with effects on cells. This observation is no doubt due to
the number of elements present in each level-2 category. However, for equivalent categories in
relationship with a single category, ENP interfacial properties have been studied more than
mobility properties. Some relationships could be established in both directions (e.g. influence of
physical properties on exposure route and induction of changes in crystalline structure by UV)
within the same categories, thus meaning the interrelationship between all ENP characteristics.

In addition, few relationships involving exposure factors have been established in the liter-
ature. This reflects the lack of exposure studies, as noted elsewhere [20, 43, 51], even though
this type of study approaches field reality as experienced by workers and is therefore crucial.
Other relationships also appearing less studied, indeed neglected, are those between mobility
and general toxic effects. Direct connexions between ENP toxicokinetic effects and agglom-
eration effects should be examined. The representation obtained shows clearly the
interdependence of the factors with each other as well as with effects. This observation con-
firms the complexity of the system and of the management of ENP-associated risks.

4 DISCUSSION
Since the focus of the present review is OHS, some parameters relevant to ENP products
were not taken into consideration and do not appear in Table 1. These are essentially param-
eters relating specifically to the environment and having little impact on OHS, at least in
terms of direct contact between production site and workers. For example, transport, ecologic
bioavailability, bioaccumulation and ecotoxicity (Table S2) could be taken into consideration
in a study broadened to include the entire ENP lifecycle from production through commercial
use and dispersion in the environment as a waste or spent product. In addition, since produc-
tive industrial businesses experiencing strong growth nanotechnologies stock relatively little
product, it is reasonable to assume that ENP ageing represents a negligible risk for workers.
On the other hand, biomimetic properties of ENPs, as reported by Gleich ez al. [51], could be
included in the list, but the science in this field is still embryonic. Another non-listed factor
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that would deserve consideration is the individual susceptibility but has never been referred
previously in any risk assessment framework/review. One can logically think that disease or
allergies may be a factor worth mentioning since ENP toxic effects might be enhanced for
immune-compromised people.

In contrast with the work of Morgan [30] based on consultation of experts, the present
review is based on data published between 2001 and 2011. One of the comments of this
author referred to the lack of extensive scientific data. This observation should now be re-
examined. The number of studies published on the subject of nanotechnologies and their
effects on health has grown exponentially. However, another relatively recent study shows
that in spite of this growth, several methodological and knowledge gaps remain [19]. In fact,
both of these reports, based on consultation of experts, recommend improving and standard-
ising ENP characterisation and toxicity tests. One of the aims of the present review was to
produce a list of ENP-associated first-line risks, in other words focused specifically on the
protection of workers. Another aim was to shed light on the value, the importance and the
relevance of existing relationships between the various elements of risk, as reflected by
the plethora of studies published during the period of interest. We thus note in particular, by
way of simplified comparison, that certain categories of risk have been regarded in the scien-
tific community as more important than others seemingly equally deserving of in-depth
study. Morgan concluded her analysis with a similar remark [30]. Even without a precise
enumeration and scientific evaluation of the studies relating to mobility parameters, this cat-
egory of risk factor has apparently received relatively little attention.

This review, nevertheless, provides a graphical representation of the interdependence of
all of the relevant factors and confirms the complexity of the ENP risk problem. This obser-
vation points to the structural character of the uncertainties involved. Structural uncertainty
refers to the results obtained using a model of uncertain functional form rather than uncer-
tainty regarding independent variables [97]. For example, while it is known that intrinsic
and interfacial properties affect the cytotoxicity of a given ENP product, it is impossible to
know if the same relationships are applicable to another type of ENP or if at least one
parameter has been intentionally changed. This is because the variables are not independent,
but interact.

In order to assess the accuracy and the rigour of our approach to managing risks associated
with ENPs, we attempted to validate our results as well as the reliability of the method. It
should be noted that the present review mostly provides observations and notes relating to
ENPs. Internal validity refers to the validation of a conclusion between the dependent and the
independent variables [98] and requires control of parasite variables and elimination of alter-
native explanations. At the present stage of development of ENP-associated OHS risk
management, validation of the associations represented in Fig. 1 would require more detailed
comparison of studies on the basis of specific criteria for a particular type of nanoparticle. In
contrast, external validation [98] supports the generalisation of a conclusion to a system
larger than the sample studied, for example, ENP products in general. The principal conclu-
sion of the present review is that too much uncertainty remains for the validity of an
association between any two level-2 or level-3 categories. This initial ranking of risks based
on the literature is a first step towards ranking risks associated with synthetic nanoparticles.
The fact that the large number of uncertainties limits the comparisons and, the relationships
refers to some sort of external validation. Indeed, no relationship applying to any single ENP
appears applicable to ENPs overall. This emphasises the need to use additional tools beyond
review of the literature in order to rank these risks from an OHS perspective, such as a
meta-analysis for example.
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As explained in Section 2 of this article, the literature review principles applied here were
those described in previously published reviews. While conditions have of course evolved
and our focus is different, the uncertainties noted in the present study are very similar to those
noted in similar previous studies [19, 30], which provides some support for the internal reli-
ability [99] of our method. However, given the unique inherent complexity of ENPs,
meta-analysis appears to be the best suited approach to evaluating external reliability.

Aside from the need for methods standardisation in order to improve the reliability of
characterisation and toxicity evaluation as emphasised previously, other challenges remain as
obstacles to effective risk management. The interdependence of all the system variables is
certainly one of these. An interdisciplinary approach based on awareness of the impact of
each parameter on other elements appears essential. Taking into consideration all of these
interactions in the risk-ranking task will require the development of decision-aid tools based
on original methods. Another major challenge will be integrating particle transfer [82]. In
other words, as shown in Fig. 1, exposure factors are less studied than are intrinsic properties,
even though it is the evaluation of these factors that will ultimately allow risk factor ranking
that is both accurate and properly adapted to the studied environment.

Given the OHS focus of the present work, other risks associated with governance and
communication should also be taken into account for a complete approach to risk manage-
ment. The International Risk Governance Council [100] has examined the potential
implications of nanotechnologies and the need to integrate these notions into a holistic
approach to the management of risks associated with nanotechnologies.

5 CONCLUSION AND PROSPECTS

This review is a first step towards risk management in a specific context and is not intended
as a ranking tool in itself. This work has nevertheless provided a detailed list of the risks
associated with ENPs from an OHS perspective. Based on the fault tree method, a hierar-
chised risk network has been constructed revealing the overall system complexity due to the
interdependence of the elements of risk. The graphical representation has also revealed defi-
ciencies regarding the evaluation of certain risks, such as means of integrating exposure
data.

Validation of the results obtained would benefit from consultation of experts to confirm
observations made in the course of analysing the hierarchised risk network. In association
with meta-analysis of associations between risk factors and effects and using a weight of
evidence approach [101], this would enhance understanding of the relevance of risks for the
purpose of protecting workers and OHS practitioners. Other steps, notably for integrating
multi-sector data, are also necessary [19, 30].

Initial trials of a decision-aid tool have already been conducted [52]. Although multi-criteria
methods are plausible choices for the management of ENP-associated risks, we question the
capacity of this type of tool to tolerate the structural uncertainty inherent in such a system [31].
Several reports emphasise the necessity of developing an adaptive tool [37, 102]. This would
involve the integration of toxicological data and field data in order to follow the constantly
increasing flow of information about nanotechnologies and to ensure proper adaptation of
monitoring and control measures intended to protect workers.
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OHS: Occupational Health and Safety

OSHA: Occupational Safety and Health Organization
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