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A B S T R A C T   

Here we describe the development of an Integrated Approach to Testing and Assessment (IATA) to support the 
grouping of different types (nanoforms; NFs) of High Aspect Ratio Nanomaterials (HARNs), based on their po-
tential to cause mesothelioma. Hazards posed by the inhalation of HARNs are of particular concern as they 
exhibit physical characteristics similar to pathogenic asbestos fibres. The approach for grouping HARNs pre-
sented here is part of a framework to provide guidance and tools to group similar NFs and aims to reduce the 
need to assess toxicity on a case-by-case basis. The approach to grouping is hypothesis-driven, in which the 
hypothesis is based on scientific evidence linking critical physicochemical descriptors for NFs to defined fate/ 
toxicokinetic and hazard outcomes. The HARN IATA prompts users to address relevant questions (at decision 
nodes; DNs) regarding the morphology, biopersistence and inflammatory potential of the HARNs under inves-
tigation to provide the necessary evidence to accept or reject the grouping hypothesis. Each DN in the IATA is 
addressed in a tiered manner, using data from simple in vitro or in silico methods in the lowest tier or from in vivo 
approaches in the highest tier. For these proposed methods we provide justification for the critical descriptors 
and thresholds that allow grouping decisions to be made. Application of the IATA allows the user to selectively 
identify HARNs which may pose a mesothelioma hazard, as demonstrated through a literature-based case study. 
By promoting the use of alternative, non-rodent approaches such as in silico modelling, in vitro and cell-free tests 
in the initial tiers, the IATA testing strategy streamlines information gathering at all stages of innovation through 
to regulatory risk assessment while reducing the ethical, time and economic burden of testing.   

Abbreviations: AgNW, Silver Nanowires; CNT, Carbon Nanotube; AOP, Adverse Outcome Pathway; Dae, Aerodynamic Diameter; DN, Decision Node; HARN, High 
Aspect Ratio Nanomaterial; IARC, International Agency for Research on Cancer; IATA, Integrated Approach to Testing and Assessment; ISO, International Orga-
nisation for Standardization; KE, Key Event; KER, Key Event Relationship; MIE, Molecular Initiating Event; MMAD, Mass Median Aerodynamic Diameter; MPPD, 
Multiple Path Particle Dosimetry; MoA, Mechanism of Action; MWCNT, Multiwall Carbon Nanotube; NF, Nanoform; NiNW, Nickel Nanowire; NM, Nanomaterial; 
OECD, Organisation for Economic Co-operation and Development; PC, Physicochemical Characteristic; ROS, Reactive Oxygen Species; SbD, Safer-by-Design; SEM, 
Scanning Electron Microscopy; SOP, Standard Operating Procedure; TEM, Transmission Electron Microscopy. 
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1. Introduction 

Grouping and read-across have evolved as important tools in the 
safety assessment of chemical substances including nanomaterials 
(NMs). Within the EU-funded project, GRACIOUS, a Framework which 
aims to support grouping of ‘similar’ nanoforms (NFs)(Commission, E, 
2018) of NMs is being developed. Grouping NFs which present similar 
and therefore predictable fate or hazard after exposure will reduce the 
burden of testing individual NFs by allowing read-across of hazard data 
from data rich ‘source’ materials to ‘targets’ which lack data (Stone 
et al., 2020). 

Formation of a group requires the properties of the grouped sub-
stances to be similar or follow a consistent trend. For chemical sub-
stances grouping is typically based on evidence of common chemical 
structures including functional groups, common precursors or common 
breakdown products (European Chemicals Agency, 2008). For NMs, 
grouping may involve different NFs (and potentially non-nanoforms) of 
one chemical substance. Compared to chemicals, NM grouping requires 
evidence of similarity in a more diverse set of physicochemical (PC) 
parameters with known relevance for human uptake, toxicokinetics and 
hazard, or environmental fate and ecotoxicity. Key intrinsic material 
characteristics include chemical composition, impurities and surface 
functionalization in addition to particle size, shape and surface area 
(European Chemicals Agency, 2019a). Similarity in extrinsic or system- 
dependent properties, defined by the surroundings in which the NF is 
placed (e.g. dissolution rate in biological media, surface reactivity and 
dispersibility), is also required to support grouping (Park et al., 2018). 
Incorporating these concepts, a number of ‘pre-defined’ grouping hy-
potheses have been generated by the GRACIOUS consortium, based on 
well-defined toxicokinetic pathways or mechanisms of action (MoA) to 
allow the user to quickly recognize a potential hazard which may be 
applicable to the NFs under investigation. Both intrinsic and extrinsic PC 
characteristics are considered by the GRACIOUS hypotheses to allow 
grouping of exposure-relevant material. 

To assess the suitability of a GRACIOUS pre-defined hypothesis ev-
idence from different sources (e.g. literature review, or experimental 
testing (in chemico, in silico, in vitro, and/or in vivo) is gathered via 
application of an Integrated Approach to Testing and Assessment (IATA) 
(OECD, 2017). By prioritising the collection of information relating to 
the descriptors identified by the hypothesis, the IATA facilitates a 
structured and focused comparison between NFs to allow acceptance or 
rejection of the grouping hypothesis. 

Here we described a pre-defined hypothesis to group High Aspect 
Ratio Nanomaterials (HARNs) which present a similar hazard to the 
mesothelium after inhalation exposure. The potential inhalation hazard 
posed by HARNs is of particular concern due to the legacy of fibre- 
related pulmonary disease resulting from inhalation exposure to path-
ogenic asbestos fibres. Following inhalation, certain forms of asbestos 
fibres can elicit adverse health impacts including lung tumours, lung 
fibrosis (asbestosis) and mesothelioma, a tumour that arises from the 
mesothelial cells lining the chest wall and lungs. There is therefore an 
urgent need to differentiate between HARNs which may pose a fibre- 
related inhalation hazard from those which do not. Here we use the 
definition of a HARN as a ‘NF with two similar external dimensions and a 
significantly larger third dimension (aspect ratio of 5:1 or greater) and 
substantially parallel sides’. (European Chemicals Agency, 2019b). 
However, aspect ratio is not the sole criteria governing potential path-
ogenicity and only a subcategory of all HARNs imbued with the addi-
tional characteristics which direct the fate and hazard of pathogenic 
fibres will pose a common mesothelioma hazard. 

The GRACIOUS HARN hypothesis builds on the well-characterized 
and robust structure-activity relationship governing asbestos carcino-
genicity, known as the fibre pathogenicity paradigm, which identifies 
width, length, rigidity and biopersistence of fibres as the critical de-
terminants of mesothelioma development following inhalation 
(Donaldson et al., 2010). Here we provide the evidence base 

underpinning the GRACIOUS hypothesis for grouping HARNs which 
pose a similar mesothelioma hazard. Furthermore the use of the 
grouping hypothesis and application of the associated IATA is demon-
strated to successfully differentiate different NFs and selectively group 
HARNs which pose a similar mesothelioma hazard, using multiwalled 
carbon nanotubes (MWCNT) as a case study. 

2. The HARN hypothesis 

The GRACIOUS consortium generated a template to structure the 
required content for generating a grouping hypothesis (Fig. 1). The 
template includes key considerations that influence a grouping decision, 
namely: 1) The purpose and context of grouping, 2) Lifecycle/Exposure 
and 3), Interaction between PC characteristics (‘What they are’), Fate 
(‘Where they go’) and Hazard (‘What they do’). The rationale under-
pinning the HARN hypothesis in terms of each of these main elements is 
briefly described below. 

2.1. Purpose of grouping and implications of a grouping decision 

Recognizing the purpose and context for grouping clarifies both the 
rationale for forming a group and the potential implications for HARNs 
being placed within a specified group (Stone et al., 2020). The pre- 
defined HARN hypothesis may be used by a variety of stakeholders 
who will benefit from the adoption of grouping approaches to streamline 
the hazard assessment of HARNs. Examples to illustrate the purposes for 
which the HARN hypothesis can be used are outlined in Table 1. 

2.2. Lifecycle and exposure 

Within the grouping hypothesis template, the relevant exposure 
scenario(s) are based on input from lifecycle and release. This scenario 
informs the route of exposure, which leads to subsequent considerations 
of the PC characteristics (what they are), toxicokinetics (where they go), 
and potential hazards (what they do) relevant for grouping (Stone et al., 
2014). 

Based on the history of occupational inhalation exposure driving the 
epidemic of asbestos-related disease (Stayner et al., 2013), it is pertinent 
to prioritise the occupational context for grouping HARNs. ‘Lifecycle 
and exposure’ assessment can highlight the potential processes and 
scenarios resulting in release and aerosolisation of HARNs during their 
production and incorporation into other products. The potential for 
inhalation exposure to HARNs has been reported in facilities that 
manufacture carbon nanotubes (CNTs)(Han et al., 2008; Lee et al., 2010; 
Maynard et al., 2004; Tsai et al., 2015) and those that incorporate CNTs 
into devices (Bello et al., 2009; Dahm et al., 2012; Cena and Peters, 
2011). Certain processes such as bagging, maintenance of the reactor, 
and powder conditioning were associated with higher exposure levels in 
the production area, whereas increased exposure levels in the R&D area 
were related to handling of CNT powders (Kuijpers et al., 2016). Me-
sothelioma has been reported to develop in response to very low levels of 
exposure to pathogenic fibres therefore defining the exact level of 
release and exposure may not be critical for the safety assessment of 
HARN since even very low levels of exposure already pose a high risk 
(Noonan, 2017). 

2.3. What they are? 

To support evidence-based grouping, characterization of HARN PC 
properties is required to both verify that the ‘target’ HARNs adhere to 
the hypothesis and to allow comparison with other ‘source’ HARNs 
within the same group. The ‘What they are’ section of the hypothesis 
focuses on the specific PC characteristics shared between members of a 
group that determine the fate and hazard. The justification for the in-
clusion of critical PC descriptors which define the HARN hypothesis is 
briefly outlined below. 

F. Murphy et al.                                                                                                                                                                                                                                 
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2.3.1. Aerodynamic diameter 
Aerodynamic diameter dictates where inhaled particles will deposit 

along the respiratory tract (Asgharian and Yu, 1989). Inhaled fibres tend 
to align parallel with the airstream, therefore it is the fibre diameter 
rather than length which will dictate deposition along the respiratory 
tract. Deposition of fibres deep in the lung, beyond the ciliated airways 
by-passes the mucocillary escalator clearance mechanism leading to the 
accumulation of fibres in the distal airways of the lung. 

2.3.2. Length 
Fibre length has long been recognized as a critical determinant of 

fibre pathogenicity(Stanton et al., 1981; Davis et al., 1986; Moalli et al., 
1987) as macrophages fail to effectively phagocytose fibres longer than 
their average diameter (ranging from 10 to 20 μm, dependent on species 
(Krombach et al., 1997)) leading to a state of chronic activation known 
as frustrated phagocytosis (Donaldson et al., 2010). The inability of 
macrophages to clear long fibres means that they are both more likely to 
be retained, and also more stimulatory and biologically active than short 
fibres when they make contact with cells. 

HARNs including CNT (Boyles et al., 2015; Palomäki et al., 2011; 
Murphy et al., 2011), TiO2 nanobelts (Hamilton et al., 2009), nickel 
nanowires (NiNW) and silver nanowires (AgNW)(Schinwald et al., 
2012) have also been shown to hinder effective macrophage uptake 
leading to frustrated phagocytosis and pro-inflammatory effects in vitro. 
Length-dependent pathogenic responses in vivo inducing chronic 
inflammation (Porter et al., 2013), fibrosis and mesothelioma (Murphy 
et al., 2011; Chernova et al., 2017; Sakamoto et al., 2018), have simi-
larly been reported for MWCNT. 

2.3.3. Biopersistence 
Biopersistence refers to both resistance to physiological clearance 

mechanisms (e.g. macrophage uptake), and resistance to chemical 
dissolution in biological media. Fibres composed of a material that 
readily undergoes chemical dissolution in the lungs (e.g. Synthetic Vit-
reous Fibres) develop weaknesses along the fibre length which eventu-
ally break producing shorter fibres (Bernstein et al., 1997). These 
shorter fibres can be enclosed by macrophages without the macrophage 
becoming activated, so the macrophage can move out of the lung with its 
short fibre burden. Conversely, biopersistent fibres will inhibit 

macrophage motility leading to a build-up of dose in the target tissue 
over time. 

2.3.4. Rigidity 
Fibre rigidity, the ability of an elongated particle to maintain its 

shape, without damage, when subject to mechanical forces, has recently 
been postulated as a fourth critical parameter dictating fibre pathoge-
nicity in addition to diameter, length and biopersistence (Kane et al., 
2018). Flexural rigidity governs whether a fibre can be buckled by 
compressive forces, for example, during the active process of phagocy-
tosis by macrophages and therefore can dictate whether a fibre can be 
effectively cleared or conversely induce frustrated phagocytosis (Fortini 
et al., 2020). Rigid HARN have been shown to be more cytotoxic to 
macrophages and inhibit effective macrophage fibre uptake clearance, 
while non-rigid HARN are more easily cleared by macrophages (Zhu 
et al., 2016; Lehmann et al., 2019; Lee et al., 2018; Duke et al., 2017). 

In addition to flexing potential, rigidity may contribute to the 
agglomeration state. For example, highly curled, non-rigid fibres have 
the propensity to form tangled agglomerates. Despite long length and 
high aspect ratio on an individual fibre basis, as agglomerates such 
HARN behave in vivo more like granular particles than fibres (Lee et al., 
2018; Duke et al., 2017). Despite not adhering to the fibre hazard 
paradigm inhalation exposure to non-rigid HARN may result in toxic 
effects driven by alternative mechanisms of action driven for example by 
surface reactivity or lung overload (Saleh et al., 2020; Ma-Hock et al., 
2009; Muller et al., 2008). Non-rigid HARN should therefore not be 
automatically considered non-hazardous but rather assessed via alter-
native toxicity hypotheses. 

Intrinsic PC characteristics such as fibre length and diameter as well 
as system-dependent factors such as rigidity and biopersistence, directly 
govern the deposition and retention of fibres at the target tissues of the 
distal lung and serosal cavities (pleural and peritoneal). ‘What they are’ 
therefore directly impacts on ‘Where they go’. 

2.4. Where they go? 

2.4.1. Deposition in the lung and translocation to the pleural cavity 
A number of routes by which fibres translocate from the lung to the 

pleural cavity have been proposed (Miserocchi et al., 2008), however 

Fig. 1. Using the GRACIOUS hypothesis template to generate a grouping hypothesis for HARNs which pose a mesothelioma hazard after exposure via inhalation.  
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the predominant route has not been identified. Therefore, the fibre 
characteristics which impact on translocation are not known. 

Although no studies have yet reported the presence of any engi-
neered HARN in the pleural cavity of humans/exposed workers, bio-
distribution studies in rodents with CNTs have observed pleural 
penetration after inhalation exposure (Ryman-Rasmussen et al., 2009; 
Mercer et al., 2013a), and confirmed translocation to the pleural cavity 
(Mercer et al., 2013b; Kasai et al., 2015). A number of approaches have 
been utilized to identify CNT in the pleural cavity in rodent models e.g. 
by light microscopy (Murphy et al., 2012a), and enhanced dark-field 
microscopy (Mercer et al., 2013a) of chest wall and diaphragm tissue. 
Lysates from pleural lavage cell pellets have been used to quantify the 
translocation of MWCNT after inhalation exposure (Kasai et al., 2016). 
Importantly in existing studies only single fibres or discreet fibre-like 
bundles were identified on the parietal pleura after inhalation (Mercer 
et al., 2013a; Mercer et al., 2013b; Kasai et al., 2016), suggesting that the 
agglomerate state of fibres may affect the ability of a material to 
translocate to the pleural cavity. 

2.4.2. Size-restricted clearance from the pleural cavity 
Clearance of particles from the peritoneal and pleural cavities is 

either via passive drainage through stomata or pores in the mesothelial 
lining which connect to the lymphatic system, or via active removal by 

the resident macrophages. Both processes are size-restricted with the 
diameter of the stomata between 3 and 10 μm and the size limit for 
pleural macrophage phagocytosis approximately 15 μm (Donaldson 
et al., 2010; Moalli et al., 1987). It has been reported that intraperitoneal 
injections of short amosite asbestos (1.7% > 5 μm) produced only 1 
mesothelioma among 24 rats (after 837 days), while long amosite (30% 
> 5 μm) produced 20 mesotheliomas among 21 rats (Davis et al., 1986) 
suggesting fibres shorter than 5 μm appear to be ineffective at inducing 
mesothelioma. Panels of MWCNT, NiNW and AgNW have been used to 
demonstrate length dependent pro-inflammatory and pro-fibrotic re-
sponses after injection directly into the peritoneal or pleural cavity. 
These effects were attributed to size-restricted clearance mechanisms 
through the stomata (Murphy et al., 2011; Schinwald et al., 2012; 
Poland et al., 2008). For example, Schinwald et al. (2012) confirmed a 
threshold of 5 μm for fibre retention in the pleural cavity, utilising a 
panel of AgNW with tight length cut-offs (Schinwald et al., 2012). The 
impact of size-restricted clearance mechanisms in the development of 
mesothelioma is further supported by the lack of response to short CNT 
(~1 μm) injected into the peritoneal cavity as the dose was rapidly 
cleared (Muller et al., 2009). 

2.5. What they do? 

‘What they do’ addresses interactions between HARNs and the target 
cells and tissue underlying the development of disease (mesothelioma). 
Furthermore ‘What they do’ frames the mechanistic similarity between 
putative group members in the activation of relevant biological re-
sponses leading to disease. 

2.5.1. Frustrated phagocytosis- NALP3 inflammasome activation 
Frustrated phagocytosis describes a phenomenon whereby macro-

phages are unable to completely engulf long fibres, leading to either 
piercing or failed closure of the macrophage cell membrane. Frustrated 
phagocytosis not only inhibits macrophage motility preventing clear-
ance but leads to activation of pro-inflammatory signalling, release of 
cell contents, reactive oxygen species (ROS) generation and cell death, 
causing local tissue damage and propagating an inflammatory reaction 
(Mossman and Churg, 1998). It is suggested as a common mechanism of 
fibre toxicity to explain length-dependent pathogenicity regardless of 
material chemical composition. In addition to inducing acute inflam-
mation that accompanies early injury and attempted clearance of 
asbestos fibres, sustained activation of immune cells by biopersistent 
fibres leads to the development of a chronic inflammatory response, 
which is considered to play a key role in the pathogenesis of fibre-related 
disease (Chernova et al., 2017). 

Activation of the NALP3 pathway leading to interleukin-1 beta (IL- 
1β) release is a key feature of cells undergoing frustrated phagocytosis 
(Wang et al., 2017). The NALP3 inflammasome can be activated via 
disruption to the lysosome and release of the lysosomal contents into the 
cell. Lysosomal membrane damage in macrophages leads to release of 
cathepsin B from the lysosome, that activates caspase-1, resulting in 
activation of the NALP3 inflammasome in the cytoplasm (Sayan and 
Mossman, 2016). Inflammasome activation can trigger release of potent 
proinflammatory mediators, IL-1β and IL-18 (Broz and Dixit, 2016). 
Evidence for the role of chronic inflammation triggered by IL-1β sig-
nalling was reported in a murine peritoneal model of mesothelioma 
induced by asbestos fibres. Development of malignant mesothelioma 
was delayed in mice lacking a component of the NALP3 inflammasome 
complex or following treatment with anakinra, an inhibitor of the IL-1 
receptor (Kadariya et al., 2016). 

Frustrated phagocytosis is believed to be caused by fibres with a 
length greater than the diameter of a macrophage (10-20 μm24), how-
ever the mechanism of NALP3 activation via lysosomal disruption may 
require a much shorter threshold length as has been demonstrated by 
studies with cerium dioxide (CeO2) NW and AgNW (Ji et al., 2012; 
Schinwald and Donaldson, 2012). This therefore suggests that some 

Table 1 
Purposes of grouping HARN.   

Implication of grouping Example of use for HARN 

Regulatory Streamlined risk assessment of 
similar NFs. 
When compiling dossiers for 
regulatory purposes (e.g. 
REACH registration dossiers), 
grouping can be used to fill 
data gaps for a substance using 
data available on similar 
substances instead of 
conducting particular tests. 
This includes the possibility to 
apply read-across (European 
Chemicals Agency, 2017). 

Sufficient evidence of similarity 
between group members may 
be used to support the adoption 
of a hazard categorization 
across the group in lieu of case- 
by-case in vivo testing for 
mesothelioma development of 
each group member. If the 
hypothesis is rejected then the 
user may discount 
mesothelioma as the critical 
effect in a hazard evaluation of 
the HARN excluded from the 
group. 

Safe(r) by 
Design 

Rapid and cost-effective 
decision making during 
product development of novel 
NFs or nano-enabled products. 

To support Safe(r)-by-Design 
(SbD) innovation a user may 
wish to quickly assess whether a 
HARN has the potential to align 
or ‘group’ with other 
pathogenic fibres or HARNs 
shown to cause mesothelioma 
in vivo which will impact 
decision making regarding the 
continuation of the 
development of the product. 

Precautionary Identify adequate risk 
management measures for all 
group members during NF 
development or use based on 
information on group 
members for which such 
measures are already 
established. 

Grouping may promote the 
adoption of precautionary 
measures for materials on 
which limited hazard data is 
available. Occupational 
exposure levels (OEL) or 
hygiene controls based on data 
for one data-rich group member 
may be adopted across the 
group if sufficient similarity 
between members can be 
demonstrated. For the HARNs 
which adhere to the grouping 
hypothesis, inhalation exposure 
would need to be prevented (or 
limited below the OELs for 
asbestos fibres) by preventing 
(or drastically limiting) the 
generation of aerosols 
(throughout the whole life cycle 
of the HARNs).  
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fibres can appear fully bound by the cell plasma membrane but cause 
lysosomal disruption within the cell and stimulate a pro-inflammatory 
response. 

2.5.2. Chronic inflammation- link to adverse outcome pathways (AOP) 
To support the acceptance of a grouping hypothesis and subsequent 

formation of a group, evidence is required that the group members will 
behave in a similar or predictable manner, leading to the development of 
a disease. An Adverse Outcome Pathway (AOP) is a model that identifies 
the sequence of molecular and cellular events required to produce a 
toxic effect when an organism is exposed to a substance (Villeneuve 
et al., 2014). The AOP connecting molecular initiating events (MIE) and 
adverse outcomes (AO) are defined by key events (KEs) which represent 
measurable biological changes, and key event relationships (KERs) be-
tween the KEs (Villeneuve et al., 2014). Two AOPs are currently under 
development which identify the relevant KEs in the pathway to meso-
thelioma development. AOP303 cites frustrated phagocytosis as a MIE in 
the development of lung cancer (Halappanavar et al., 2020). Contrary to 
well-defined MIEs for chemicals such as ligand-receptor binding or 
protein modification, the MIEs responsible for triggering NM-induced 
toxicity are vague and lack specificity often presenting as mechanical 
damage to cellular organelles (Gerloff et al., 2017). This broader defi-
nition of a MIE necessitated by the physical nature of NMs which in-
cludes the damaging physical interactions between macrophages and 
HARN exemplified by the process of ‘frustrated phagocytosis’. Following 
frustrated phagocytosis, increased secretion of pro-inflammatory medi-
ators (cytokines) (KE1), leads to an influx of leukocytes into lungs (KE2) 
and increased reactive oxygen species (ROS) generation (KE3). A sus-
tained inflammatory response to biopersistent fibres generates a pro- 
tumorigenic environment characterized by oxidative stress leading to 
DNA damage and mutation (KE4) and increased cell proliferation (KE5). 
AOP171 identifies the chronic cycle of cytotoxicity and regeneration of 
mesothelial cells in a microenvironment of chronic inflammation and 
oxidative stress as the KEs driving mesothelioma formation, although for 
this AOP no MIE is specified (www.aopwiki.org). We propose the MIE 
and KEs identified in AOP303 linking frustrated phagocytosis to lung 
tumour formation can be integrated with the evidence base defining the 

KEs underlying the development of mesothelioma in AOP171 to 
demonstrate HARNs within a group are operating via the same MoA 
leading to mesothelioma development (Fig. 2). 

3. GRACIOUS HARN IATA 

The HARN mesothelioma grouping hypothesis and IATA form part of 
the larger GRACIOUS Framework for grouping and read-across (Stone 
et al., 2020). Entry to the Framework requires the end user to input basic 
information on the intrinsic PC characteristics (measured or estimated) 
of the target NFs which, combined with the purpose for grouping and 
relevant use/exposure scenarios will allow selection of applicable ‘pre- 
defined’ grouping hypotheses. Scenarios with the potential to release 
HARN into the air will short-list grouping hypotheses related to the 
inhalation route of exposure and basic PC characterization which 
identifies ‘elongated’ shape will prioritise the HARN hypothesis as 
potentially relevant for grouping. 

The HARN IATA, presented in a decision tree format, logically fol-
lows the fate of the HARN from the initial inhalation exposure to the 
interactions with resident cells at the mesothelium leading to patho-
genesis. The IATAs consist of a series of Decision Nodes (DNs) which 
gather the critical information required to selectively distinguish HARNs 
which may pose a mesothelioma hazard. Importantly the information 
required to satisfy each of the DNs in the IATA can be taken from existing 
data in the literature if the quality is considered sufficient, and so de-
cision making does not necessarily rely on the generation of new data. 
However if the generation of new data is required each DN incorporates 
a tiered testing strategy based on the most appropriate test methods 
currently available for each endpoint, including validated standard 
operating protocols (SOPs) such as ISO protocols and OECD test guide-
lines where available. The tiered approach to testing, ranges from 
acellular or simple in vitro screening assays to more complex in vitro 
models and finally in vivo models. ‘Simple’ generally applies to an in vitro 
model where one cell type (cell-line or primary) is exposed to HARNs for 
a short period of time in submerged culture conditions and acute re-
sponses measured (e.g. 24 h cytotoxicity study). ‘Complex’ in vitro 
models are more physiologically relevant models which may use 

Fig. 2. Proposed AOP from frustrated phagocytosis to mesothelioma development; integration of AOPs (303 and 171).  
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multiple cells types in co-culture or microtissue, repeat exposures or 
exposures of longer durations to assess more chronic responses (Sanchez 
et al., 2011; Chortarea et al., 2018; Kabadi et al., 2019). Complex in vitro 
models may be used to support the basis of a group by providing more 
mechanistic evidence underlying a hazard prior to escalation to in vivo 
assays. The tiers chosen reflects the level of confidence required in the 
substantiation of the grouping hypothesis, which is dependent on the 
initial purpose for grouping and the associated level of uncertainty 
considered acceptable for the user’s needs. The IATA tailored to test the 
applicability of the HARN hypothesis for mesothelioma hazard is out-
lined in Fig. 3, and the methods recommended to address each DN 
described in the tiered testing strategy in Table 2. 

3.1. HARN mesothelioma IATA decision nodes (DN) 

3.1.1. Can the HARN deposit in the distal lung? 
As the mechanism of translocation from the alveolar space to the 

pleural cavity is not well understood there is no clear relationship be-
tween the level of deposition in the distal lung and the development of 
mesothelioma. Therefore if the NF meets the criteria for potential 
deposition in the distal regions of the lung the worst-case scenario 
should be assumed i.e. a proportion of all HARNs which deposit in the 
distal lung have the potential to translocate to the pleural cavity and 
therefore pose a mesothelioma hazard. In order to address this DN, ev-
idence that the NF has an aerodynamic diameter (Dae) of <4 μm is 

required as this represents the respirable fraction of particles that reach 
the alveoli (d50 = 4 μm) (BSI, 1993). 

Addressing this DN at Tier 1 involves estimating the Dae which is 
dependent on the measured diameter and density of the HARN. The 
measured diameter can be obtained either from a dispersion of the NF 
powder, visualized by transmission or scanning electron microscopy 
(TEM, SEM) following the NanoDefine protocols (Mech et al., 2020). 

The potential wide variation in fibre morphology and agglomeration 
status of a HARN sample may lead to a high level of uncertainty in the 
DN outcome when based on Tier 1 estimation of Dae. Qualitative elec-
tron microscopy (EM) can provide an indication of the heterogeneity 
within the HARN sample i.e. presence of fibrous and particulate fractions 
and level of agglomeration. The level of heterogeneity and user needs 
will determine whether Tier 1 estimation of Dae will prove sufficient to 
support the conclusion on the likelihood of deposition. 

For more heterogenous samples, tier 2 measurement of the mass 
median aerodynamic diameter (MMAD) of the aerosolised HARN can 
confirm the potential for inhalation and lung deposition with a higher 
level of confidence. Dustiness standards combine aerosol generation and 
aerosol measurement (BSI, 2019), and as dustiness is a required REACH 
parameter (Commission, E, 2018), the MMAD of the sample may be 
readily available. 

High levels of heterogeneity of particle morphology and agglomer-
ation state are commonly seen within aerosols of HARNs such as 
MWCNTs. Since fibre-like and granular particles have different 

Fig. 3. HARN IATA to support the grouping hypothesis: ‘Respirable, biopersistent, rigid HARNs: Following inhalation exposure and translocation of HARNs to the 
pleura, mesothelioma development can occur’. Blue bordered boxes are Decision Nodes, red bordered boxes are decisions, black boarded boxes are conclusions 
arising from addressing a decision node. The green shading relates to the ‘Where they go’ decision nodes and the orange shading relates to the ‘What they do’ decision 
nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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aerodynamic behaviours and distinct deposition patterns in the respi-
ratory tract, a practical approach for interpreting the particle size 
analysis and MMAD from an aerosol would be to separate the particles 
into categories (fibrous versus granular) (David and Juan, 1999). The 
size and number of the particles in each category could then be deter-
mined and MMAD reported separately. This is in line with ECHA guid-
ance for REACH registration, which requires a registrant to report 
different size distributions for different shape modalities within one 
material sample (European Chemicals Agency, 2019a). 

For heterogenous NMs a worst-case approach should be taken, 
whereby all potential hazard endpoints related to the different mor-
phologies should be considered; even a low proportion of HARNs within 
a sample would indicate that mesothelioma remains a potential hazard. 

To assess similarity across a group of HARNs the MMAD can be 
utilized to facilitate comparisons between the predicted deposition 
patterns of HARNs as modelled by lung deposition modelling software 
such as the Multiple Path Particle Deposition model (Miller et al., 2016). 

For HARNs above the threshold (Dae < 4 μm) the user will exit the 
IATA, as the HARNs are considered unlikely to deposit in the respirable 
region of the lung. Deposition in the nasal cavity, throat and upper 
airways suggest the potential for local toxicity if the HARN is biologi-
cally reactive or alternatively potential for oral exposure as the HARN is 
subject to mucocilliary clearance and ingestion. Therefore an alternative 
hypothesis for grouping the HARN, considering alternative tox-
icokinetics pathway should be generated and a hypothesis-specific IATA 
applied. 

3.1.2. Does the HARN dissolve very slowly in lung lining fluid? Does the 
HARN dissolve very slowly in phagolysosomal fluid? 

Biopersistence takes into account dissolution and degradation in 
biological milieu, as well as the physical clearance of particles from the 

tissue by biological process such as mucociliary clearance and macro-
phage uptake. 

Evidence of durability in physiological media is used as a predictor of 
biopersistence in vivo. This DN requires a minimum Tier 1 assessment of 
durability in physiologically relevant media at both neutral pH to 
represent the lung lining fluid, and also the low pH media which mimics 
the phagolysosomal fluid of macrophages. Resistance to degradation 
within the phagolysosome is critical for fibre biopersistence, as it will 
prevent the clearance of fibres by macrophage ingestion. 

ISO has published guidance on the application of acellular in vitro 
tests and methodologies to assess NM durability which describes the use 
of both static or batch dissolution test and dynamic, continuous-flow 
systems (ISO, 2017). The choice of system may be dependent on, 
among other things, the chemical composition of the HARNs under 
investigation. For example, the batch dissolution assay may not be 
suitable for HARNs predicted to rapidly dissolve due to saturation of the 
medium, which will lead to inhibition of dissolution when equilibrium is 
reached. 

The half-life (t½ > 60 days) and dissolution rate (Kdiss ≤ 1 ng/cm2/h) 
thresholds were set to ensure only very slowly dissolving HARNs meet 
the DN criteria. These thresholds are based on literature from durability 
and biopersistence studies of mineral fibres and also recent studies of 
metal oxide NFs. For example, less than 1% dissolution after 56 days in 
phagolysosomal fluid has been reported for biopersistent crocidolite 
asbestos, whereas non-biopersistent MMVF22 showed 50% dissolution 
in the same timeframe (Maxim et al., 2002). A dissolution rate of ≤1 ng/ 
cm2/h has been shown to correlate with in vivo biopersistence; (Maxim 
et al., 2002) reported a Kdiss for amosite asbestos of 1.3 ng/cm2/h and for 
crocidolite asbestos of 0.15 ng/cm2/h, both of which have been shown in 
vivo to have a half-life in the lung >100 days (Maxim et al., 2002). 
Biopersistent fibres or very slowly dissolving NFs should be used as 

Table 2 
Tiered Testing Strategy of the HARN IATA. The IATA decision nodes form the title for each column. Each tier begins with a recommendation to review the existing 
data sets before generating new data. The green shading relates to the ‘Where they go’ decision nodes and the orange shading relates to the ‘What they do’ decision 
nodes. 

F. Murphy et al.                                                                                                                                                                                                                                 



NanoImpact 22 (2021) 100314

8

benchmark materials for inclusion in acellular assays, to confirm DN 
outcomes for grouping HARNs as very slowing dissolving HARNs. 
Electron microscopy assessment should be conducted on HARN pre and 
post incubation to provide qualitative evidence for the lack of trans-
formation, such as breakage or shortening of longer fibres, due to 
exposure to neutral pH or low pH biological fluids. 

Tier 2 recommends assays to examine durability in cellular systems 
which take into account a number of dynamic and physiologically 
relevant environments and pathways to NF degradation (Luoto et al., 
1995; Nguea et al., 2008; Gualtieri et al., 2018). Progression to Tier 2 
will be dependent on the user needs (higher level of confidence in 
durability outcome) and expert judgement (knowledge on susceptibility 
of different material types to enzymatic degradation). Cellular models to 
assess durability are not yet well standardized, however a number of 
studies have shown incubation with macrophages to be at least as pre-
dictive of biodurability as acellular assays for NFs (Koltermann-Jülly 
et al., 2018). In some cases the more physiologically relevant cellular 
system has been required to better understand the mechanisms of 
degradation (Warheit et al., 2006). 

The determination of biopersistence of HARNs requires long-term in 
vivo assays (David and Juan, 1999) which are only recommended at Tier 
3 of the HARN IATA. Depending on the purpose of grouping Tier 3 
testing may be required to confirm acellular in vitro durability corre-
sponds with an accumulation of HARN in the tissue. The updated OECD 
test guidelines for inhalation exposure (TG412, TG413) now require 
lung burdens and clearance rate to be included as recorded endpoints 
thereby indicating the biopersistence of the test material (OECD, 2018a; 
OECD, 2018b). 

If the NFs do not meet the criteria to be considered biopersistent and 
therefore do not pose a mesothelioma hazard, the user may consider an 
alternative inhalation IATA to support grouping as partially or quickly 
dissolving HARNs. These IATAs are currently under development within 
GRACIOUS. 

3.1.3. Is the HARN length > 5 μm? 
Combining epidemiological data and results from in vivo rodent 

models (Davis et al., 1986; Schinwald et al., 2012; Lippmann, 1988; 
Stanton et al., 1977), a critical threshold length between 5 and 10 μm for 
mesothelioma development has been proposed (Lippmann, 2014; Bou-
langer et al., 2014). 

HARNs generally exist as populations with a distribution of sizes, 
therefore a summary metric reporting median or mean fibre length is not 
sufficient to address this decision node. Instead, size distribution profiles 
should be provided. Therefore Tier 1 is based on measuring the size 
distribution profiles of individual HARN fibres by TEM/SEM and 
reporting the % fibres >5 μm. There is no clear threshold dose related to 
mesothelioma development, therefore it is not possible to define a 
proportion of fibres >5 μm that differentiates between a hazardous and 
non-hazardous HARN. However here we propose a pragmatic threshold 
of 10% of fibres counted to categorize samples as ‘pathogenically long’. 
Whether the reported size profiles are generated from dispersions of 
HARNs prepared for intrinsic PC characterization (dispersed in solvent 
to allow visualization of individual fibres) or prepared for in vitro/in vivo 
hazard assessment (dispersed in physiological solutions with the addi-
tion of protein to reduce agglomeration) will need to be taken into 
account. 

Tier 1 assessment of the size profiles of HARN dispersed for EM (in 
solvent and/or treated by ultrasonication) does not necessarily reflect 
the size profile of the HARN when aerosolized. Tier 2 requires the 
measurement of shape and size profiles from aerosolized samples and 
will provide confirmation that the HARN in aerosolized form will meet 
the threshold. The threshold to satisfy Tier 2 is set according to WHO 
criteria of 0.1% of particles having an aspect ratio of >3:1 and length >
5 μm(World Health Organisation, 1997) with both individual fibres and 
fibrous agglomerates included. 

Failure to meet the DN criteria for length leads to the rejection of the 

hypothesis that the HARNs pose a mesothelioma hazard, as this endpoint 
is specifically related to long, fibrous materials. The user will be 
prompted to consider alternative hazard endpoints pertinent to the 
inhalation exposure of NFs (including spherical or granular forms) such 
as accumulation and toxicity in the lungs leading to fibrosis and tumour 
formation. 

3.1.4. Is the HARN rigid and does it maintain a fibrous, needle-like 
morphology? 

Diameter, alongside the elastic modulus (Youngs modulus) of a 
material can be used to predict fibre rigidity from the Euler Buckling 
theory. Fibre diameter is therefore used as an indirect indicator of ri-
gidity of an individual HARN. A diameter of 30 nm has been set, based 
on evidence which suggests this is a critical threshold for fibre buckling 
for a number of relevant materials under compressive forces of biolog-
ical process such as phagocytosis (~10− 19 Nm2) (Fortini et al., 2020; 
Zhu et al., 2016; Lehmann et al., 2019; Wang et al., 2019). 

It is important to note that HARN such as MWCNT have the pro-
pensity to form agglomerates which may result in the formation of 
aligned bundles of HARNs with a fibrous structure. This may include 
HARN which on an individual fibre basis would be considered non-rigid 
but when agglomerated together will present a rigid fibre-like structure. 
As the secondary structure is what cells in the tissue will encounter it 
should be considered the biologically-relevant form potentially driving 
hazard. Therefore a clear distinction between the different structures of 
the HARN which are under investigation should be made to allow 
grouping of ‘like with like’. Supporting EM images are needed to confirm 
whether the HARN are present as individual fibres, within aligned 
bundles or tangled agglomerates. Tier 2 methods addressing HARN ri-
gidity and maintenance of fibrous morphology are based on assessment 
of an aerosolised sample of the HARN, as recommended for the fibre 
length DN. 

Tier 3 aims to confirm whether the HARN remain rigid during the 
uptake and phagocytosis by macrophages. ‘Biological stiffness’ of 
aligned bundles composed of HARN, which individually may be 
considered flexible, can be confirmed from incubation with macro-
phages in vitro. Tier 3 is therefore a qualitative assessment of the fibre 
morphology of the HARN within macrophage cells in vitro, which may be 
carried out in conjunction with assays to assess inflammatory potential. 

A lack of rigidity will lead to the rejection of the hypothesis that 
HARNs under investigation will group with HARNs that pose a meso-
thelioma hazard. The user will exit the IATA and be prompted to 
consider alternative hypotheses related to the fate and hazard of 
spherical NFs in the lung. 

3.1.5. Does the HARN cause frustrated phagocytosis? 
Frustrated phagocytosis has been proposed as the presumptive MIE 

in the mesothelioma AOP (Fig. 2). As frustrated phagocytosis is not a 
well-defined phenomenon which can be readily measured, this DN is 
based on measuring biological markers indicative of a cell undergoing 
frustrated phagocytosis (Palomäki et al., 2011). Tier 1 assesses acute 
activation of the NALP3 inflammasome via disruption of the lysosome. 
The endpoints measured include: IL-1β release, Cathepsin B release and 
lysosomal disruption qualitatively assessed by fluorescent microscopy or 
TEM. Due to the system-dependent methods to assess interactions be-
tween HARNs and cells, and the inherent biological variability in these 
assays, it is not possible to define a threshold whereby a HARN can be 
characterized as causing frustrated phagocytosis to a pathologically- 
relevant degree. Therefore, as well as comparing the similarity of re-
sponses between the HARNs for each endpoint, potency of HARN re-
sponses can be compared to well-characterized negative and positive 
benchmark controls which have been demonstrated to elicit the 
endpoint response under investigation, examples of appropriate 
benchmark controls are included in Table 3. 

When introduced to an in vitro test system only a fraction of the 
applied HARN particles will come into contact with cells located at the 

F. Murphy et al.                                                                                                                                                                                                                                 



NanoImpact 22 (2021) 100314

9

bottom of a cell culture vessel within a given timeframe. In vitro 
assessment of HARNs should therefore be accompanied by determina-
tion of the effective dose of particles that have come into contact with 
cells, in order to achieve meaningful dose-response assessments and to 
compare similarity between HARNs. A number of models and ap-
proaches for dosimetry calculations in silico have been published 
(DeLoid et al., 2015; Hinderliter et al., 2010; Liu et al., 2015; Thomas 
et al., 2018; Bitounis et al., 2019). As HARNs will behave differently 
when settling in culture from spherical particles, Price et al., 2019 have 
developed a simple computational particokinetics model to adapt cur-
rent dosimetry models to facilitate applicability to HARNs (Price et al., 
2019). 

A proposed Tier 2 level assay measures the development of 3D 
macrophage granulomas in response to longer-term in vitro exposure to 
HARNs (Sanchez et al., 2011). To date this model has not been exten-
sively tested or validated, and as such should only be used for targeted 
testing to further illuminate similarity between HARNs in terms of MoA. 
Evidence of granuloma formation which represents the potential 
development of a chronic inflammatory response to HARNs can 
strengthen an argument to group similar HARNs as potentially patho-
genic, as the establishment of chronic inflammation is a KE in the AOP 
for tumour development triggered by frustrated phagocytosis (Fig. 2) 
(Halappanavar et al., 2020). Confirmation of a chronic response to the 
HARN, reflective of fibre pathogenicity in vivo, will also reduce uncer-
tainty inherent in the short-term assays included in Tier 1. These assays 
only measure acute pro-inflammatory responses to HARNs which may 
resolve over time, or alternatively be triggered by alternative mecha-
nisms unrelated to fibre morphology. 

The failure to elicit a pro-inflammatory response in vitro, when 
compared to a well-characterized benchmark material which is indica-
tive of frustrated phagocytosis, suggests that the HARN in question will 
be successfully engulfed and pacified by the resident macrophages and 
therefore will not trigger the chronic pro-inflammatory environment 
required for mesothelioma development. At this point the hypothesis is 
rejected and the user will exit the IATA. 

3.2. The IATA outcome 

Based on the above DNs a user can decide whether to accept or reject 
the grouping hypothesis. Adherence to the IATA DNs, provides support 

to accept the hypothesis for the provisional grouping of the NMs as 
respirable, biopersistent, rigid HARNs with potential to cause meso-
thelioma. Such an outcome may be a sufficient outcome for precau-
tionary or SbD purposes. Regulatory purposes, such as the adoption of a 
hazard catergorization (e.g. IARC classification of carcinogenicity) 
across the group, will require evidence of a high degree of similarity 
between the HARN group members for each of the DNs described above. 
Defining similarity between HARNs will require extensive assessment of 
the literature supplemented with empirical evidence from case studies to 
set similarity limits. A range of methods to assess similarity have been 
designed and are currently being tested. For regulatory purposes, evi-
dence of mechanistic similarity in the inflammatory potential and gen-
otoxicity posed by the grouped HARNs should also be demonstrated. 
Endpoints for assessing the inflammatory and genotoxicity potential 
should be informed by the mesothelioma AOP (Fig. 2) to ensure the 
information gathered is targeted and can be interpreted in terms of 
disease relevance. Inflammatory potential and genotoxicity can be 
tested in tiers from simple in vitro assays using cell-lines and acute 
endpoints (Tier 1), to more complex and physiologically-relevant in vitro 
models incorporating multiple cell types conducted over longer expo-
sure times (Tier 2), or if necessary Tier 3 in vivo models (Table 2). 

4. Case study 

The performance of the HARN mesothelioma IATA was evaluated 
using a literature case study. Only long-term studies with the potential to 
result in mesothelioma development were included, which to date is 
limited to studies conducted with MWCNT. 

A literature search was conducted to identify studies assessing the 
mesothelioma-generating potential of MWCNT. Studies assessing the 
mesothelioma-potential of a single MWCNT were used to test the use of 
the IATA to predict mesothelioma hazard (Fig. 4A), whereas studies 
which included multiple MWCNTs tested whether the IATA is stringent 
enough to differentiate between mesothelioma-positive and 
mesothelioma-negative MWCNT (Fig. 4B). 

Between 2008 and 2020 fourteen in vivo studies have assessed the 
potential of MWCNT to cause mesothelioma development in rodent 
models (Table 4). Routes of administration included direct injection into 
the peritoneal (8 studies) and pleural (1 study) cavities, injection into 
the scrotal sac (1 study), capsule implantation into a ‘Kertai fold’ in the 

Table 3 
Examples of appropriate benchmark materials for inclusion as controls in vitro assays to assess frustrated phagocytosis.  

Material Model Endpoint Time Dose Result Ref 

UICC Crocidolite 
asbestos 

THP-1 human 
monomyelocytic 
leukemia cell line 
Primary murine bone 
marrow derived 
macrophages 

Media supernatants were 
analysed for the presence of 
mature IL-1β by ELISA and by 
Western blotting. 

6 h 0.05, 
0.1, 
0.2 
mg/ml 

0.2 mg/ml dose resulted in ~2.5 fold increase 
in IL-1β release compared to untreated cells. 

Dostert 
et al., 2008 

TiO2 nanobelts 
Short <5 μm 
(0.8-4 μm): NB- 
1 
Long >15 μm 
(15-30 μm): 
NB-2 

Primary murine 
alveolar macrophages 
(AM) 

SEM and TEM of fibre uptake 
CathepsinB release 
Fluorescent imaging of 
lysosomes with acridine orange 
IL-1β and IL-18 ELISA 

Uptake 
assessed at 1 h 
Other 
endpoints 
assessed at 1, 2 
4 h 

100 
μg/ml 

NB-1 were taken up in to discrete lysosomes 
that were formed by the plasma membrane, 
NB-2 failed to produce functional lysosomes. 
CathepsinB activity in the AM media showed 
significant increases in cultures that were 
exposed to NB-2. 
IL-1β and IL-18 are significantly increased by 
NB-2 exposure but not NB-1 in the presence of 
a low concentration of the co-stimulant 
lipopolysaccaride (LPS). 

Hamilton 
et al., 2009 

Mitsui-7 MWCNT THP-1 human 
monomyelocytic 
leukemia cell line 

CNT uptake by light microscopy 
and SEM 
IL-1β ELISA 

24 h 5 μg/ 
cm2 

Mitui-7 caused a significant increase in IL-1β 
compared to untreated cells and cells exposed 
to short MWCNT and Printex90. 
Mitsui-7 appears to be protruding from the 
cells by light microscopy and SEM. 

Murphy 
et al., 
2012a,b 

Mitsui-7 
UICC 
Crocidolite 
asbestos 

Human peripheral 
blood monocytes 

NALP3 inflammasome activation 
IL-1β ELISA 

6 h 100 
μg/ml 

Mitsui-7 and crocidolite asbestos activate 
NALP3 inflammasome via ROS production, 
CathepsinB activaiton and Src and Syk kinases 
leading to IL-1β secretion. 

Palomaki 
et al., 2011  
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peritoneal cavity (1 study) and into the lungs by intratracheal spraying 
(3 studies). Across the 14 studies published, 16 different MWCNT were 
assessed for their potential to induce mesothelioma development. Based 
on the reported mesothelioma incidence, MWCNT from each study were 
categorized as mesothelioma-positive (10) or mesothelioma-negative 
(6) (Table 4). 

Information relevant to answering each DN in the HARN IATA was 
extracted from each study and a preliminary IATA-driven assessment of 
the potential to accept the grouping hypothesis for each of the MWCNTs 
was assessed (Table 5). The initial assessment based on the data pro-
vided within the mesothelioma studies suggests the IATA can distinguish 
between mesothelioma-positive and mesothelioma-negative MWCNT, 
however data gaps were evident. As the majority of studies directly 
applied the MWCNT to the mesothelium (intraperitoneal, intrapleural or 
intrascrotal injection), information regarding the deposition of MWCNT 
in the distal regions of the lung was lacking. It is not appropriate to 
extrapolate potential risk to inhalation exposure of HARN, as the models 
do not replicate a realistic inhalation exposure scenario. However, the 
focus of the presented IATA is to support a common mesothelioma 
hazard, for which the models included in the case studies are considered 
sufficiently predictive. 

The majority of existing in vivo studies did not examine the in-
teractions between the MWCNT and macrophages in vitro, therefore the 
DN evaluating the propensity of a HARN to cause frustrated phagocy-
tosis could not be addressed by these studies. Evidence to support a 
‘group’ of HARNs operate via the same MoA underlying the pathogenesis 
of mesothelioma development was therefore lacking. 

The IATA conclusively rejected the grouping hypothesis for 6 
different MWCNT, as they were not sufficiently long or rigid. None of the 
MWCNT rejected by the IATA caused mesothelioma formation in the 
rodent models tested. Therefore the IATA were sufficiently stringent to 
exclude ‘mesothelioma-negative’ MWCNT from the proposed group. 

To fill identified data gaps and to reduce uncertainty, specific in-
formation from additional in vivo and in vitro studies was sought. A 
targeted literature search was conducted, restricted to the specific 
MWCNT with a defined mesothelioma outcome (positive or negative), 

and information relevant to each of the DNs was integrated across 
studies to allow progression through the IATA (Table 6). Of the 16 
MWCNT categorized for mesothelioma potential, additional supporting 
studies for 4 mesothelioma-positive and 2 mesothelioma-negative 
MWCNT samples was found. Sufficient additional information to 
confirm the acceptance of the hypothesis for one MWCNT, Mitsui-7 was 
identified. Although additional information supporting the adherence of 
the hypothesis for the other 3 mesothelioma-positive MWCNT was 
collected, data gaps remained. No evidence for the rejection of the hy-
pothesis was reported using data obtained from the additional studies 
suggesting the hypothesis can be provisionally accepted until further 
information is available. Further evidence to support the rejection of the 
hypothesis for the 2 mesothelioma-negative MWCNT was identified, 
increasing certainty in the IATA outcome. 

Although largely considered to be of sufficient quality, a number of 
weaknesses common among the studies were identified, primarily con-
cerning data gaps in characterization of the MWCNT e.g. level of im-
purities. Limited reporting of size distribution profiles and reliance on 
the use of a sole summary metric, such as mean or median length and 
diameter, provides an incomplete and potentially biased representation 
of the MWCNT size profiles. 

We also assessed whether all the critical descriptors relevant for 
consideration of mesothelioma potential were included within the IATA. 
Information was collected from the literature on additional descriptors 
such as MWCNT purity, presence of contaminants, and surface defects, 
as indicated by D/G ratio measured by Raman spectroscopy (Dressel-
haus et al., 2010). MWCNT were ranked high-to-low for these physico-
chemical descriptors and compared against the MWCNT mesothelioma 
potential (Table 7). No trend reflective of mesothelioma development 
was identified, suggesting that the HARN IATA does not need to be 
expanded to include such data. 

5. Discussion 

Here we demonstrate an evidence-based grouping approach for 
HARNs, whereby a grouping hypothesis is first formulated, based on 

Fig. 4. Illustrative example of how studies assessing the mesothelioma-generating potential of single (A) or multiple MWCNT (B) were used to substantiate the 
HARN IATA. 
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Table 4 
Mesothelioma potential of MWCNT based on a review of the literature. Grey boxes: Mesothelioma-negative MWCNT (Takagi et al., 2008; Muller et al., 2005; 
Sakamoto et al., 2009; Varga and Szendi, 2010; Nagai et al., 2011; Takagi et al., 2012; Nagai et al., 2013; Rittinghausen et al., 2014; Huaux et al., 2016; Suzui et al., 
2016; Chernova et al., 2017; Sakamoto et al., 2018; Numano et al., 2019; Abdelgied et al., 2019). 
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Table 5 
Summary of MWCNT compared against the HARN IATA DN criteria for published in vivo studies. Conclusion of DN: YES (green), UNCERTAIN (amber), NO (red) 
provided for each decision node. ‘Not reported’: information to address DN not provided in the study (grey) (Takagi et al., 2008; Muller et al., 2009; Sakamoto et al., 
2009; Varga and Szendi, 2010; Nagai et al., 2011; Takagi et al., 2012; Nagai et al., 2013; Rittinghausen et al., 2014; Huaux et al., 2016; Suzui et al., 2016; Chernova 
et al., 2017; Sakamoto et al., 2018; Numano et al., 2019; Abdelgied et al., 2019; Morimoto et al., 2012; Oyabu et al., 2011). 
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Table 6 
IATA outcome for each case study MWCNT after integration of supporting information from additional studies (Takagi et al., 2008; Sakamoto et al., 2009; Nagai 
et al., 2011; Takagi et al., 2012; Huaux et al., 2016; Sakamoto et al., 2018; Numano et al., 2019; Abdelgied et al., 2019; Chernova et al., 2017; Muller et al., 2009; 
Nagai et al., 2011; Nagai et al., 2013; Porter et al., 2013; Kasai et al., 2015; McKinney et al., 2009; Umeda et al., 2013; Kasai et al., 2014; Porter et al., 2013; Fortini 
et al., 2020; Mercer et al., 2013a; Kasai et al., 2015; Mercer et al., 2013b; Kasai et al., 2016; Xu et al., 2014; Morimoto et al., 2012; Oyabu et al., 2011; Shinohara 
et al., 2016; Murphy et al., 2012a; Ma-Hock et al., 2009; Muller et al., 2009; Chen et al., 2012; Xu et al., 2014; Liao et al., 2018; Poland et al., 2008; Ma-Hock et al., 
2009; Zhu et al., 2016; Cui et al., 2014; Kadariya et al., 2016; Boyles et al., 2015; Palomäki et al., 2011; Lee et al., 2018; Chortarea et al., 2018; Murphy et al., 2012b; 
Hindman and Ma, 2019; Arnoldussen et al., 2015; Sanchez et al., 2011; Kabadi et al., 2019; Muller et al., 2005; Palomäki et al., 2015; Xu et al., 2012). 
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known drivers of fibre toxicity leading to mesothelioma development, 
and then substantiated through application of an IATA. This hypothesis- 
driven approach facilitates, via the IATA, the identification of HARNs 
which pose a mesothelioma hazard and directs the assessment of simi-
larity between selected HARNs to support the formation of a group. 

Evidence-based grouping of HARNs is timely in order to support risk 
assessment and risk decision making of HARNs. Currently the rigid, 
needle-like MWCNT, Mitsui-7, is classified by IARC as a ‘possible human 
carcinogen’, however this classification cannot be extended to other 
MWCNT due to insufficient evidence of in vivo carcinogenicity required 
for each individual MWCNT (Grosse et al., 2014). Conversely ChemSec, 
an independent non-profit organisation that advocates for substitution 
of toxic chemicals to safer alternatives, has included all forms of CNT on 
their SIN (‘substitute it now’) list of chemicals they believe should be 
restricted or banned in the EU, citing a lack of evidence to ‘justify where 
to draw a line between hazardous and less hazardous carbon nanotubes’ 
(Hansen and Lennquist, 2020). The ChemSec approach groups CNT 
based on chemical composition alone, and does not recognize varying 
properties that may elicit distinct biological outcomes in vitro and in vivo 
(Fadeel and Kostarelos, 2020). 

This approach of using well-substantiated, hypothesis-driven 
grouping may be used to support the waiving of extensive in vivo (tier 3) 
safety testing of materials for purposes such as regulatory hazard cate-
gorization or SbD decision making. The structured format of the IATA 
decision tree highlights where evidence required to support a grouping 
decision may be lacking, allowing data gaps to be prioritised for targeted 
testing using tier 1 and tier 2 methods, and areas of uncertainty to be 
transparently addressed. Overall the adoption of the GRACIOUS 
Framework for grouping HARNs will address the currently unmet need 
for a robust and streamlined hazard assessment of these novel, but 
potentially pathogenic, fibrous materials. 

The literature based case study used to test the performance of the 
IATA demonstrated the IATA DNs were stringent enough to differentiate 
between mesothelioma-positive and mesothelioma-negative MWCNT, 
and therefore can be used to support the formation of groups based on 

distinct biological outcomes. Further similarity assessment between the 
group members according to the IATA DNs could be used to strengthen 
the mechanistic argument for read-across between group members, to 
minimise the burden of carcinogenicity testing. Defining the acceptable 
limits of similarity for each of the HARN IATA DNs represents the next 
step in the development of the IATA. When applied to a comparison of 
HARNs within the proposed group, these limits will enable an assess-
ment of the relative similarity between the HARNs which can support 
the argument for interpolation of hazard data between group members. 

Here we have presented the hypothesis for grouping HARN on the 
basis of the potential hazard posed to the mesothelium, which may be 
distinct, albeit often overlapping, with the hazard posed by HARN and 
fibres within the lungs (fibrosis and lung tumours). In addition, a HARN 
may trigger multiple MoA in the lung which result in a range of path-
ological adverse effects. For example, effects could be driven by surface 
reactivity, metal contamination or particle overload (Wang et al., 2017). 
This means that the user may need to consider more than one hypothesis 
and IATA, especially if the hypothesis for mesothelioma hazard is 
rejected. Additional pre-defined hypothesis are currently under devel-
opment within the GRACIOUS project which will cover different MoA 
and different routes of exposure. 

The HARN IATA presented here has been developed based on ‘sim-
ple’ HARNs which may not reflect industrially-relevant, more complex 
forms and mixtures. However as demonstrated by the extensive 
evidence-base underpinning the grouping hypothesis and IATA, the key 
criteria for determining a fibre-like hazard are robust, and therefore 
likely to also hold true for novel materials and mixtures. The inclusion of 
such materials is considered out with the scope of the current project 
however in future the HARN IATA may be used as a robust foundation 
for an adapted testing strategy, appropriate to assess more complex and 
novel materials and mixtures. 

The HARN hypothesis and IATA are being integrated into the 
GRACIOUS Framework software blueprint, currently under develop-
ment and testing by stakeholders. By linking to NM databases (e.g. 
eNanoMapper(Jeliazkova et al., 2015)) an open-access blueprint will 

Table 7 
Evaluation for potential impact of additional descriptors not included in the IATA on mesothelioma development. Mesothelioma- 
positive MWCNT are shaded in green, mesothelioma-negative MWCNT are shaded in red. Data not reported (NR) shaded in grey. 
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facilitate the rapid identification of potential group members or putative 
source materials providing a user-friendly interface to facilitate the use 
of the IATA to support grouping and read-across (Stone et al., 2020). The 
MWCNT case study employed here, to manually test the IATA perfor-
mance, required some level of expert opinion to justify the formation of 
mesothelioma-positive groups, due to the limitations and quality of data 
available in the literature. In future as the IATA are adopted and utilized, 
the NM databases will be populated with the required information 
specified by the IATA which will help to increase the automation of the 
grouping process though use of the blueprint software. 

Here we have demonstrated the practical application of a GRACIOUS 
IATA supporting an evidence-based grouping hypothesis for HARNs in 
relation to their structural similarity to pathogenic asbestos fibres and 
the associated potential to pose a mesothelioma hazard. This IATA il-
lustrates how the mechanistic links between PC characteristics, such as 
size and shape, and factors such as biopersistence and toxicokinetics can 
be integrated and evidenced to form a well-substantiated grouping hy-
pothesis. Furthermore we demonstrated how the implementation of the 
IATA in tiers of testing with increasing specificity and complexity, will 
identify/generate the evidence required to test the hypothesis, as well as 
reduce, refine and replace the need for animal testing. This will result in 
well-substantiated grouping of HARNs for a number of applications 
spanning the fields of regulation, innovation, industry and academia. 
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