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ABSTRACT
Due to the unique characteristics of nanomaterials (NM) there has been an increase in their use
in nanomedicines and innovative medical devices (MD). Although large numbers of NMs have
now been developed, comprehensive safety investigations are still lacking. Current gaps in
understanding the potential mechanisms of NM-induced toxicity can make it challenging to
determine the safety testing necessary to support inclusion of NMs in MD applications. This art-
icle provides guidance for implementation of pre-clinical tailored safety assessment strategies
with the aim to increase the translation of NMs from bench development to clinical use.
Integrated Approaches to Testing and Assessment (IATAs) are a key tool in developing these
strategies. IATAs follow an iterative approach to answer a defined question in a specific regula-
tory context to guide the gathering of relevant information for safety assessment, including
existing experimental data, integrated with in silico model predictions where available and
appropriate, and/or experimental procedures and protocols for generating new data to fill gaps.
This allows NM developers to work toward current guidelines and regulations, while taking NM
specific considerations into account. Here, an example IATA for NMs with potential for direct
blood contact was developed for the assessment of haemocompatibility. This example IATA
brings together the current guidelines for NM safety assessment within a framework that can be
used to guide information and data gathering for the safety assessment of intravenously
injected NMs. Additionally, the decision framework underpinning this IATA has the potential to
be adapted to other testing needs and regulatory contexts.
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Introduction

Nanomaterials (NMs) have at least one dimension in
the nanoscale (1–100 nm) and can have strikingly
altered properties compared to the bulk biomate-
rial, such as silver (Ag) or gold (Au) NMs which
have been exploited in cancer treatments such as
photothermal therapy and diagnostic imaging
(Rawal and Patel 2019). As such, NMs are increas-
ingly being used in medical devices (MD) (termed
NM-MD) to improve treatment and diagnosis
(Ratner and Bryant 2004; Osorio et al. 2019). Indeed,
NM-MDs have already been used in sutures to pro-
mote healing, in dental implants, to replace

damaged tissue in joint replacements, as theragnos-
tic agents, and as biosensors (Edwards-Jones 2009;
Yang, Zhang, and Webster 2011; Lim et al. 2015;
Thiagarajan et al. 2016; European Commission 2017;
Houacine et al. 2018). To continue the exploitation
of NMs, their safety and biocompatibility must be
considered, as the potential adverse health effects
of NMs are not yet fully understood (Accomasso,
Cristallini, and Giachino 2018; Williams 2019).

The safety assessment of MDs is strictly regu-
lated, with internationally accepted standards such
as the International Standards Organization (ISO)
standard series 10993, which is closely aligned with
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the European Commission regulation for MD, 2017/
745 (European Commission 2017; International
Organization for Standardization 2017a). The ISO
10993 series provides guidance on the testing that
should be performed to evaluate MD safety and
includes guidance (in Part 22) on the assessment of
MDs that incorporate (or may generate) NMs. Safety
testing of MDs for regulatory purposes has trad-
itionally largely relied on in vivo models, which uses
significant numbers of animals, and requires a con-
siderable investment of resources and time
(Johnston et al. 2018). As the numbers and com-
plexity of NMs used in MD increases, it will be
increasingly difficult to justify the large number of
animals and the resources needed for testing to
support regulatory acceptance. In addition, the rele-
vance of in vivo animal data for predicting potential
effects on human physiology is often challenged.
ISO 10993 aims to support a potential reduction in
animal testing by promoting non-animal testing
throughout, allowing incorporation of available lit-
erature/data and the use of non-testing methods
into the safety screening of the NMs. In addition,
regulations, such as 2017/745/EC, promote alterna-
tive testing methods (European Commission 2017)
and thus provide an opportunity to improve safety
testing of NMs by making data gathering more eth-
ical and hopefully financially viable. However, the
rapid development of increasingly complex NMs
means that industries find it challenging to develop
appropriate safety testing strategies, especially diffi-
cult in non-animal testing, which tends to be asso-
ciated with a higher degree of uncertainty than
animal testing (Kroll et al. 2009; International
Organization for Standardization 2017b).

A potential solution to help focus and streamline
the safety assessment of NMs, to reduce the reli-
ance on animal testing and to aid risk-benefit ana-
lysis is via the development and application of
Integrated Approaches to Testing and Assessment
(IATAs). IATAs, as proposed by the Organization for
Economic Cooperation and Development (OECD)
(2017a), are decision trees that logically order ques-
tions to guide the identification of the most rele-
vant information required to assess a specific
hazard endpoint associated with exposure to poten-
tially toxic substances.

Within the EU Horizon 2020 project BIORIMA
(BIOmaterials RIsk MAnagement; Grant Agreement

No: 760928), a risk management framework (RMF)
has been developed that guides stakeholders (e.g.
manufacturers, regulators, scientists, consultants) to
identify data and tools that are useful to support
risk assessment of NMs in an occupational or envir-
onmental setting (Giubilato et al. 2020). The
BIORIMA RMF employs IATAs to guide the identifi-
cation and generation of human and ecological
hazard information to support risk assessment.
Whilst the RMF focuses on the safety of NMs within
occupational and environmental settings, the IATAs
are not limited to these settings and can be applied
to a wide range of exposure scenarios, including
those in consumer and medical settings.

In the European Commission Horizon 2020 pro-
ject GRACIOUS (Grant Agreement ID: 760840;
Website: https://www.h2020gracious.eu/), several
IATAs have been developed according to exposure
context, for inhalation (Braakhuis et al. 2021;
Murphy et al. 2021), ingestion (Di Cristo et al. 2021)
and dermal routes (di Cristo et al., manuscript in
preparation) of exposure to non-medical NMs.
GRACIOUS has termed the questions of these deci-
sion trees as ‘decision nodes’ (Murphy et al. 2021).
Each decision node is supported by a tiered testing
strategy, structured to consider existing data and to
guide testing using simple tier 1 methods (e.g.
chemical reactions, assessing responses of monocul-
tures of cell lines or modeling), tier 2 methods (e.g.
more complex co-culture models) or tier 3 methods
(in vivo). The GRACIOUS IATAs do not directly sup-
port risk assessment of individual NMs, but instead
are formulated to support grouping and read-across
of different NMs in order to streamline risk assess-
ment (Stone et al. 2020). However, the GRACIOUS
IATAs provide a useful tool to inform the gener-
ation of IATAs for other purposes such as risk
assessment and to inform a risk-benefit analysis.

Introducing new approaches, such as IATAs, will
allow NM safety assessments to be conducted while
taking into consideration the need to reduce animal
testing. Each IATA addresses a specific route of
exposure thereby allowing a user to conduct tar-
geted hazard assessment which they may wish to
limit to the route of exposure of most concern in
the first instance. However if multiple exposure
scenarios apply additional IATA may need to be fol-
lowed to fully assess the potential hazards posed
by a NM. By prompting the user to perform safety
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testing in a tiered manner, the number of animals
used for in vivo studies could be reduced, for
example by identifying relevant exposure concen-
tration ranges, by prioritizing relevant endpoints
and by screening out highly toxic NMs at an early
stage prior to animal testing.

The use of IATAs is not restricted to informing
regulatory testing. Ideally, NM would be designed
with safety aspects considered from the start of the
development process, for example, by adopting
safe(r)-by-design (SbD) strategies, with the physico-
chemical characteristics of the NM taken into
account (Park et al. 2017). Therefore, the use of
IATAs could allow industry to more clearly identify
unsuitable candidates at an earlier stage in NM
development, saving vital time and finances
(Nieskens and Sj€ogren 2019).

This article aims to provide a methodology and
guidance on the generation of IATAs to support the
safety testing strategies for NMs. As a case study to

illustrate the process, we will demonstrate the gen-
eration of an IATA intended to be used in the SbD
process (e.g. by the developer) of NMs intended for
intravenous (IV) injection into blood, that could be
used to assess the haemocompatibility of the NM.
The example NM investigated in this case study is a
dispersion of Fe3O4 (magnetite) NMs used in mag-
netic hyperthermia for the treatment of solid
tumors. The presented IATA could be applied to a
wider range of IV administered NMs (e.g., different
iron oxides NMs) to assess their effects on blood.
The IV IATA could also be used to guide safety data
acquisition for NMs that translocate into blood from
other locations (e.g. lungs or gastrointestinal tract),
but it does not cover the assessment of effects in
other tissues (e.g. systemic toxicity). This article also
aims to demonstrate the benefit of IATAs in pro-
moting streamlined testing, through clearly struc-
tured research questions and application of tiered
testing strategies to support decision making.

Figure 1. IATA structures: sequential testing strategy and integrated testing strategy overview. A sequential testing strategy is
shown in A, where the results obtained in one step of the IATA may generate adequate evidence for safety assessment, or the
results can be used in conjunction with other information within the IATA. The integrated testing strategy shown in B demon-
strates that results can be combined to generate sufficient evidence for safety assessment or can be used individually if sufficient
alone. Adapted with approval from OECD (2017a).
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Guidance on the design and generation of an
IATA for assessing the hazards of NMs

IATA structures

IATAs can be organized either as a sequential test-
ing strategy such as a step wise linear decision tree,
as outlined in Figure 1(a) (adapted from OECD.
2017a), or as an integrated testing strategy that
assesses multiple sources of information simultan-
eously, as outlined in Figure 1(b) (adapted from
OECD 2017a) (Horev-Azaria et al. 2013; OECD 2017a;
Labouta et al. 2019). The choice between a linear
versus an integrated testing strategy depends upon
the hazards to be considered. Known or predicted
toxicokinetics can also play a role in determining
the IATA structure and the prioritization of decision
nodes in a sequential IATA format or the decision
to give equal weighting to decisions nodes if the
integrated approach is followed. We will return to
this discussion later.

The generic IATA decision tree structure put for-
ward here (Figure 2) follows a sequential strategy
which uses decision nodes (orange square) contain-
ing specific questions that identify the information
needed to make a decision regarding NM safety. To
answer the questions presented, each decision
node is associated with suggested testing methods

and relevant guidelines/regulations (where avail-
able) related to these methods.

Design of an IATA

The key information required before a user can
generate the appropriate decision nodes and out-
comes presented within an IATA is highlighted in
Figure 3(A). This information includes details of the
intended user of the IATA (e.g. industry, academic
research, regulators), the purpose of the safety
information gathering (e.g. for SbD, or to follow
regulatory guidelines), the administration route (e.g.
IV, inhalation), as well as their physicochemical char-
acteristics (e.g. composition, size).

The IATA is designed so that the user can insert
either estimated information (e.g. during the design
phase), modeled information (e.g. during the early
innovation phase) or real data (e.g. if testing infor-
mation has already been generated). The goal is to
use this information to focus the direction and level
of detail needed in the subsequent IATA. This infor-
mation equates to the ‘basic information’ that is
also used in the GRACIOUS grouping framework,
where it is used to generate a grouping hypothesis
and subsequent IATA design (Murphy et al. 2021). If
development of the NM proceeds, then any

Figure 2. Basic building blocks of an IATA. The orange boxes contain decision nodes, whilst the red boxes contain outcomes
based upon the decision made. The blue boxes contain information to provide the user with more context on the question or
decision made. At the end of the IATA, the safety assessment may be complete, or the user may be directed to a subsequent
IATA for further assessment.
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estimated or modeled information used in the basic
information step can be replaced by measured val-
ues. Measured values will be essential for regulatory
requirements.

When generating an IATA, the regulatory require-
ments and recommended methods available for the
specific NM and administration (and therefore
exposure) route must be identified (Figure 4). This
will feed into the IATA design and the information
requested for specific decision nodes. The IATA
design could also be influenced by any physico-
chemical characteristics of the particle under inves-
tigation, for example information regarding the
endotoxin contamination of the NM should be
gathered at this stage, as endotoxin contamination
will affect the results of the safety assessment of
the NM (OECD 2016). Furthermore, existing under-
standing of the mechanism of toxicity or an

Adverse Outcome Pathway (AOP) that identifies
molecular initiating events between a toxin and cell
and the key events that result in an adverse out-
come in the target tissue, can be used to inform
the selection of pertinent IATA decision nodes ques-
tions (Willett 2019). The scheme outlined in Figure
3, can be used to inform a literature and data
search for existing information that allows design of
a focused and relevant IATA and associated tiered
testing strategies for each decision node. The infor-
mation gathered should include, where available,
human, in vivo, in vitro and in silico studies, as sug-
gested in Figure 4. The relevance, reliability, and
adequacy of such studies can also be assessed
using methods such as the Klimisch scoring system
(Klimisch, Andreae, and Tillmann 1997; European
Chemicals Agency 2017), or a data quality scoring
system developed specifically for NMs (Fern�andez-

Figure 3. Types of information and data required to generate a tailored IATA for NM. A. When generating the IATA, the author
must identify the end user of the IATA and the purpose of the IATA. In addition, information regarding the NM should be gath-
ered, for example the route of NM administration and the primary system expected to be exposed, as well as the physicochemical
characteristics of the NM. B. In this example, the information required to generate an IATA that will be used by a developer to
design an intravenously injected NM containing 100 nm iron oxide NMs has been identified.
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Cruz et al. 2018). A similar approach could be used
when identifying suitable data sources to support
use of the IATAs for the risk assessment of NMs.

For some NMs, very little information may be
available to directly inform IATA design. In this case,
information from other materials used for similar
applications, or the same materials used for differ-
ent applications could be used. Where data are
used for similar NMs, this can be informed via
expert judgment or by grouping approaches as
developed in GRACIOUS (Stone et al. 2020). The
information required here is for informing the initial
design of the IATA and so it does not need to be a
full data set. When designing the IATA, it is useful
to place more weight on the studies of highest sci-
entific relevance, e.g. human or in vivo data, as
these are more likely to generate relevant results.
At this information gathering stage, expert judg-
ment is required when identifying existing relevant
data, and suitable weigh-of-evidence (WoE)
approaches may be used.

Knowing the purpose of testing allows the user
to tailor the IATA (Figure 4 – IATA role), to deliver
the level and type of detail required. For example,
for the product developer considering SbD applica-
tions, new testing would focus on integrating exist-
ing data with in silico and in vitro approaches. In
comparison, for regulatory purposes (for either a
product developer or regulator), data generation
from a wider array of sources, such as in vivo and
human/clinical studies, may need to be considered.
In the regulatory context, the use of existing infor-
mation combined with in silico, simple in vitro

testing and more advanced in vitro 3D models
should decrease the amount of additional animal
testing required, for example, by reducing the need
for animal studies or by refining animal study
design. In addition, from consideration of the
potential uses of NM, the most relevant administra-
tion route(s) will be identified, allowing the IATA to
be streamlined to that administration route (e.g.
injection, inhalation, ingestion, or dermal) (Dai et al.
2018; Hamad et al. 2018).

The final IATA structure is therefore informed by
combining the purpose of the NM risk assessment
(considering risk assessment regulations), the type
of application/administration, route of exposure, the
physicochemical characteristics of the NM and any
pertinent existing information relating to mecha-
nisms of toxicity. This information allows specific
tailored questions/actions to be generated and
organized into the decision tree structure of the
IATA that will allow decisions to be made regarding
endpoints to prioritize for NM safety assessment.
For example, the questions asked could relate to
the physicochemical properties of the NM, such as
whether the NM dissolution is fast or slow.

At this point, the IATA designer has a series of
questions structured as decision nodes, which are
designed so that ‘yes’ answers move down
through the diagram, leading to an outcome
where hazard is considered low, and ‘no’ answers
move to the right. A ‘yes’ to the hazard endpoints
does not mean there is risk, it means that an
assessment of risk is required that considers
exposure dose and hazard, and is tailored to the

Figure 4. A diagrammatic representation of the approach used to generate an IATA. IATA generation is based on information
gathering, assessment of the quality of data and identification of data gaps; this information is used to generate specific actions
within the IATA that allow safety decisions to be made regarding NMs.
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purpose of considering risk. It is likely that the
IATA design is an iterative process, with the initial
design edited to improve relevance and usability
as different case studies are assessed. To answer
the questions in each decision node, specific
methods are required which are provided by the
tiered testing strategy.

Development of tiered testing strategies to
address individual decision nodes

Tiered testing strategies are needed to allow the
required information to be compiled in order to
address the questions of each decision node. The
use of existing information is prioritized, with test-
ing only conducted if data gaps exist, or if the exist-
ing data are insufficient in terms of quantity, quality
or type (OECD 2017b) (see below).

If additional data are required, the tiered testing
strategy for each decision node guides the acquisi-
tion of these data in a focused and progressive
manner. Existing data also enable the identification
of suitable controls and benchmark materials. Early
tiers adopt alternative approaches such as in silico
computer modeling and simple acellular or in vitro
models, before leading to more complex 3D or ex
vivo models, and finally to in vivo models, but only
if the lower tiers do not provide sufficient certainty
to support decision making or if required by regula-
tions (OECD 2017a). Standardized methods (e.g.
OECD test guidelines) are prioritized where available
in order to increase data quality, to help reduce
uncertainty and to support the mutual acceptance
of data (Rasmussen et al. 2016).

A generic outline of the structure and use of a
tiered testing strategy is provided in Figure 5.
Examples within the figure relate to the safety test-
ing of an NM intended for intravenous (IV) injection,
which will be discussed in greater detail in the fol-
lowing sections.

The tiered testing strategy does not have to follow
a linear pattern. For example, if existing data for an
in vivo model are sufficient to support decision mak-
ing for that decision node, then no further testing is
required. Some decision nodes may require threshold
values that allow the user to make a decision (e.g. a
percentage change in a blood clotting parameter
which is considered pathophysiological relevant)
(International Organization for Standardization

2017a). These thresholds need to be evidence based,
where a specific magnitude of parameter (or bio-
marker) change is associated with an
adverse outcome.

All outcomes from all decision nodes need to
be compiled into a matrix of evidence in order to
support the decision-making process. There are
three possible outcomes of adopting the tiered
testing strategy: 1) insufficient information is avail-
able and so more testing is required, 2) the level
of toxicity is unacceptable thereby preventing pro-
gression to clinical testing, or 3) the toxicity
observed is sufficiently acceptable to allow pro-
gression to clinical trial. No decision regarding
progression to a clinical trial would be generated
from a single decision node. Conversely, if one
decision node generates an outcome that the
level of toxicity is unacceptable to allow progres-
sion to a clinical trial, then the testing and IATA
use could be stopped immediately, thereby saving
time and money.

Use of quality data to support decision making

Data quantity and quality are essential to support
the decision making described above. Data quality
can be assessed by the Klimisch scoring system
(Klimisch, Andreae, and Tillmann 1997; European
Chemicals Agency 2017). The suitability and quality
of generated data may require use of expert judg-
ment, which can be assisted by WoE approaches
when different types of data need to be combined
to make an assessment. WoE can be performed via
a simple structured scoring system, where the qual-
ity of the information is scored according to rele-
vance, reliability, and strength such as those used
by the United States Environmental Protection
Agency (US EPA) or by multi-criteria decision ana-
lysis methodologies (U.S. Environmental Protection
Agency (U.S. EPA) 1992; Hristozov et al. 2014; Suter,
Cormier, and Barron 2017; Rocca et al. 2018).

Applying the guidance for designing an IATA
to assess the safety of a specific NM
case study

Based on the guidance above, an IATA was devel-
oped that is intended to be used for the safety
assessment of an NM designed for IV injection to

NANOTOXICOLOGY 7



Figure 5. Tiered Testing Strategy (TTS) proposed for the risk-benefit analysis of NMs intended for administration via intravenous
injection. In the first instance, all existing relevant peer-reviewed data should be considered. In tier 1, physicochemical character-
ization data and simple in vitro data should be used to guide computational evidence-based modeling regarding the NM safety. If
additional data are required, progress is then made to tier 2 where complex in vitro based analysis takes place. Following tier 2, if
additional data are required, in vivo analysis should be performed as per tier 3. At all stages, the existing peer-reviewed data and
administration route should be considered.
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assess the effects of the NM on the blood only
(haemocompatibility).

Starting with the information requirements out-
lined in Figure 3(B), the case study includes the NM
developer as the user, and their purpose of using
the IATA; to incorporate safety into the design pro-
cess. The selected NM for the presented case study
is a dispersion of spherical and uncoated magnetite
(Fe3O4) NMs with a particle size of 100 nm, used as
hyperthermia agent in the treatment of solid
tumors and administered via IV route. This is the
bare minimum information needed to initiate the
IATA development. No relevant AOP was identified
to direct the hazard assessment.

According to Figures 3 and 4, an assessment of
the identified regulatory guidelines is required. A

number of ISO standards and European Medicines
Agency (EMA) recommendations were therefore
identified and incorporated into the IATA (Figure 6)
and tiered testing strategies (Figure 7) below. Each
are presented in a logical format in order to pro-
mote accessibility to a wide range of stakeholders.

As a case study to assess the suitability of the
IATA generation process, we followed the process
outlined in Figure 4, to use the IATA to gather rele-
vant existing information on the haemocompatibil-
ity of Fe3O4 NMs, to highlight potential data gaps
and thus guide NM safety assessment. To do this, a
literature search was conducted using the search
terms ‘Fe3O4 OR iron oxide OR magnetite’ AND
‘nanoparticle OR nanomaterial OR nanoform’ AND
‘IV OR intravenous OR blood’. The literature search

Figure 6. IATA for the safety assessment of NM intended for intravenous injection. A streamlined IATA that focuses on safety end-
points associated with intravenous injection and subsequent blood contact of NM.

NANOTOXICOLOGY 9



was performed in June 2021 using the Heriot-Watt
University library resources (e.g. Discovery, Web of
Science). The papers obtained were organized into
in vivo and in vitro studies, in order to allow appro-
priate weight to be given to the information pro-
vided. The quality of each paper and the major
findings of each paper were summarized by means
of a table which captured information on the par-
ticle physicochemical characteristics, the hazard
model used, the dose range tested, the endpoints
assessed, and the hazards identified (see supple-
mentary information). Expert judgment was used to
combine the information, along with the regulatory
requirements and the route of administration to
inform the IATA design. The information gathered
from the published literature highlights that there
are currently substantial data gaps regarding the
haemocompatibility of Fe3O4 NMs. Furthermore, the
existing data show that the safety of Fe3O4 NMs
may be altered by the physiochemical properties of
the Fe3O4 NM, such as the coating and particle size.

Figure 6 presents the resulting IATA, which
adopted the sequential IATA format and follows the
logical biokinetic path from the administration
route to potential adverse outcome i.e. adminis-
trated by IV leading to particle-driven toxicity in
blood cells resulting in adverse effects in the

circulatory system. The IATA starts with a decision
node, asking the user to confirm that the NM
comes into contact with blood. If the answer is ‘no’
then the user is directed to consider other adminis-
tration routes and targets. If the answer is ‘yes’ an
information box is provided that outlines the need
to consider changes to the surface of the NM
through interaction with the blood, as well as bio-
distribution and kinetics of the NM.

The next decision node addresses dissolution of
the NM. This is driven by the observation that metal
oxide NMs can dissolve in biological media, and
that the release of ions can contribute to their tox-
icity (Tomb�acz et al. 2015; Wang et al. 2016; Vakili-
Ghartavol et al. 2020). If the Fe3O4 NM demon-
strates substantial dissolution (e.g. in biological
medium) then the user is prompted to conduct
safety assessment based upon the soluble ions.
When an NM dissolves quickly (e.g. in blood) there
may be potential for the constituent ions to repreci-
pitate into the particle form, however, the user
would still need to assess the safety of both the
particle and ionic form of the NM and thus the
safety assessment would proceed in the same way.

If dissolution is regarded as sufficiently low to
prevent Fe2þ/Fe3þ contribution to hazard, then an
information box prompts the user to consider an

Figure 7. Proposed tiered testing strategy for intravenously injected NM safety assessment. This figure accompanies the IATA to
guide the end user through the relevant guidelines, and where applicable, the appropriate tests that should be used to assess
NM safety. The TTS provided guides the user through the assessment of haemocompatibility only.
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NM that can persist for long enough in the blood
to interact with blood components. Identification of
the thresholds for dissolution of Fe3O4 NM to sup-
port decision making are beyond the scope of this
case study and paper. If the end user continues
with the IATA at this stage, they are then asked to
consider three main potential biological responses
to NM-blood interactions to determine haemocom-
patibility: hemolysis (disruption of red blood cells),
thrombosis (blood clotting), and endothelial or
monocyte activation (inflammation of blood vessels)
(Ghasemi-Mobarakeh et al. 2019). These particular
endpoints are based upon the recommendations
within ISO 10993-4, which provides details on the
types of testing that should be performed to iden-
tify MD interactions with blood (ISO 2017). As each
of these biological responses are distinct potential
hazards, the three endpoints are equally weighted
as a ‘yes’ to any of them will result in the need to
consider risk. Within this ISO standard, the relevant
experimental procedures are also recommended. If
significant hemolysis, thrombosis, endothelial or
monocyte activation occur, then the user is
prompted to reconsider the design of the NM in
order to reduce its hazard. If the hazards are suffi-
ciently low according to expert judgment, then the
NM is considered haemocompatible. However, the
ISO 10993-4 guidelines do not suggest suitable
thresholds of safety. For example, the guideline
states that acceptable and unacceptable amounts
of hemolysis cannot be defined for all MDs and
applications. Therefore, as part of NM safety assess-
ment, it is always important to perform a benefit-
risk analysis (BRA) related to patient exposure, as an
adverse outcome may not prevent the progression
of the NM, since the benefit to the patient may out-
weigh the risks of the treatment (Giubilato et al.
2020). Therefore, the IATA relies on the user to
define the acceptable level of potential risk. For
example, before the user can determine the haemo-
compatibility of the NM, they must determine
acceptable levels of hemolysis, thrombosis, and
endothelial/monocyte activation based upon a BRA.

In addition to the presented IATA, a tiered test-
ing strategy table was also generated (Figure 7).

When assessing the haemocompatibility of NMs
using a tiered testing approach, data generated in
earlier tiers may not be sufficient to make a safety
decision, due to the complexities involved in the

formation of blood clots and activation of endothe-
lial cells/monocytes. Thus, for SbD purposes, where
a full safety assessment is not necessary, it will be
crucial to understand the limitations of the lower
tier testing to interpret the results appropriately
and to make an informed safety decision (e.g. to
proceed with product development).

The standard operating procedures selected to
be included within the IV IATA tiered testing strat-
egy are validated and have been derived from the
regulatory guidelines such as the ISO 10993 series
(on the biological evaluation of medical devices). It
is important that standardized tests are used within
toxicity studies to reduce uncertainty and to pro-
mote the mutual acceptance of data. However, the
IATA could be adapted to include additional end-
points and testing methods, e.g. depending on the
needs of the user, as they become more widely uti-
lized and validated. A key role of the IATA in the
safety assessment of NMs is to highlight the testing
guidelines required for regulatory purposes so that
they are easily accessible within a framework that
can be accessed and used, for example, during NM
research and development.

Discussion

The aim of this article was to develop guidance for
the generation of IATAs for NM safety assessment,
and then to demonstrate the process by building
an IATA using as a case study to determine their
effects on blood. We exemplified the generation of
an IATA for NM safety assessment with a case study
based on the IV administration of a dispersion of
magnetite (Fe3O4) used for magnetic hyperthermia
in the treatment of solid tumors. The resulting IATA
takes into account the relevant regulations, existing
information/data related to the toxicity of the NM,
the route of NM administration, the physicochemi-
cal characteristics of the NM, the intended applica-
tions for the NM and the purpose of the NM safety
assessment. This IATA and tiered testing strategy
identified the data needs for the hazard assessment
of Fe3O4, and provided a strategy to generate new
datasets to support the assessment of Fe3O4

haemocompatibility.
This guidance document highlights the types of

information required and the approaches necessary
to generate IATAs for NM safety assessment in a
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user-friendly structure. The structure of the IATA
and prioritization of decision nodes are critical to
making the hazard assessment of NMs more effi-
cient. For example in the IATA presented here we
prioritize examining the dissolution of the NM as an
indicator of biopersistence before progressing to
hazard assessment. If a user started with hazard
assessment rather than dissolution testing for a NM
that rapidly dissolved in biological fluids they may
have invested significant time and effort in the
assessing the toxic response of cells to exposure to
a NM that they are unlikely to encounter in a real-
life scenario. Conversely the real hazard posed by
the ions or degradation products of the non-bioper-
sistent NM may be missed. Therefore applying the
IATA presented here may save the user time and
resources while also ensuring the hazard assess-
ment is conducted on the exposure-relevant form
(NM particle, constituent ions, mixture) of the sub-
stance under investigation.

Knowledge of the regulatory guidelines com-
bined with existing peer-reviewed published data
that exist for NM are needed to both formulate the
IATA questions, and to guide testing should the
generation of data be required. Alignment with the
current regulatory guidance will ensure the IATA
users make decisions that in the future will align
the NM with clinical testing requirements. Following
the IATA process will ensure users who may not be
familiar with the current guidance or best practice
approaches are including these requirements in the
design of their hazard assessment studies, ensuring
the required endpoints are sufficiently addressed
while minimizing unnecessary testing.

The route of administration information ensures
the IATA focuses on the most immediate tissues of
exposure. Additions to the IATA, or linking to other
IATAs will be required to address hazards in other
target sites should the NM be shown to translocate
from the blood. Biodistribution and kinetics studies
will be essential to address this information gap.
The GRACIOUS IATA were designed following a
standardized format to allow interconnectivity
between the IATAs i.e. a ‘no’ outcome at one deci-
sion node will lead a user to leave one IATA but
may present the option to link directly to an alter-
native (Stone et al. 2020). For example, there are 4
interconnected IATA following inhalation exposure
which differentiate NMs based on dissolution rates

and how biopersistence impacts the fate and haz-
ard outcomes of exposure to different NMs
(Braakhuis et al. 2021). As further IATA are devel-
oped, tested and refined for the BIORIMA purposes
explicit linkages between IATA which can account
for variations in properties e.g. dissolution rate, can
be taken into account and the user will be guided
to follow the most relevant testing strategy for
each different NM.

In this article, we have demonstrated the meth-
odology needed to generate an IATA and have
applied this approach to generate an example IATA
intended to be used by developers of NMs and
NM-MDs for intravenous injection. This example
IATA takes into account the regulatory guidelines
that govern the safety assessment of NMs, as well
as considerations of the NM administration route
(injection), and potential adverse effects (e.g. in
blood). This IATA guides the user through consider-
ations they must make, via a tiered testing
approach, to determine the suitability of the NM for
injection into blood. Of benefit is that IATAs have
the flexibility for users to select the types and level
of testing required, that meet their specific needs.
In order to support the development of NMs for
patient use, testing strategies need to be specific
and focused. These testing strategies should not
only contain the classical animal based testing
approach, but also include integrated in vitro and in
silico testing approaches at earlier stages of testing,
allowing identification of promising NMs for further
investment and development. The incorporation of
animal alternative approaches is in line with new
guidelines for pre-clinical screening of NM-MDs, ISO
10993:2 and 10993:11 (International Organization
for Standardization 2006, 2009). By promoting early
stage in vitro safety assessment via streamlined
tiered testing strategies, IATAs could enable the
timely safety assessment of NMs through pre-clin-
ical testing to patient use, and potentially limit the
attrition of NMs at the later stages of development.
Thus, a tiered testing strategy has the potential to
reduce time and financial investment, as well as
improve ethical acceptance of testing during the
development of NMs and NM-MDs.

The OECD has generated guidelines for IATA
development, highlighting the use of AOPs to
inform the risk assessment testing (OECD 2016). The
AOP framework allows the integration of in vitro
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and in silico testing, and is based upon chemically-
induced mechanisms of action, linking molecular
initiating events (MIEs) (such as receptor activation),
with biological responses (termed key events (KE))
(e.g. protein production), that directly result in
adverse outcomes (AO) (e.g. organ dysfunction).
The AOP framework itself is appropriate for particle
induced effects, while specific particle related key
events need to be incorporated (Gerloff et al. 2017).
This is exemplified by ongoing work to develop
AOPs related to the inhalation of fibrous NMs, such
as carbon nanotubes (CNTs) (Labib et al. 2016;
Vietti, Lison, and van den Brule 2016; Halappanavar
et al. 2020). Due to the lack of extensive standar-
dized data for many NMs, the use of AOPs to
inform IATA design is limited at this time, however
in future selection of IATA decision nodes for tox-
icity testing may be based in validated KEs and
thereby identify the activation of a specific AOP.

The IATA development method suggested here
can be useful throughout the lifecycle of the NM,
allowing specific focused testing using the most
current data available. The collection of data in a
structured manner for IATA generation, makes the
scientific foundations of these IATAs easier to
understand, build on, and refine in the future as
new data are generated. However, before this can
be achieved, such a body of data is essential to
improve the efficiency and relevance of a hazard
assessment to support risk assessment and risk
decision making. This would allow testing to move
away from the more check list testing to focused
testing, that will reduce the resources and animal
numbers required. For efficient data analysis, gener-
ation of a data matrix in which to collect such data,
is recommended. When new data are generated,
the relevant elements of these gathered data
should be considered and recorded in a consistent
manner (e.g. via a predefined template), in order to
allow systematic assessment of suitability, quality,
reliability and limitations. The use of open access
databases (e.g. based on eNanoMapper currently
used for non-medical nanomaterials) will be key to
the efficient acquisition and sharing of data
(Jeliazkova et al. 2015).

The example IATA presented here can be used
when assessing the intentional administration of an
NM to a patient via the IV route to determine the
effects of the NM on the blood. Comparable IATAs

could also be generated for the safety assessment
of patients when other administration routes are
considered. However, IATAs can be developed con-
sidering not only the safety of patients but also
effects on workers and environment potentially
exposed to NMs. For example, if generating IATAs
for occupational and environmental exposure scen-
arios, it will be important to consider, depending
on the level of testing desired, that these different
regulations may alter the specific data require-
ments, affecting how the testing strategies are
applied and how the data are interpreted. To assess
the safety of NMs that are intentionally adminis-
tered to patients, benefit risk analysis should be
performed, to determine if the benefits of the treat-
ment outweigh the potential risks of the NM, in
accordance with ISO 14971 (British Standards
Institution 2007; International Organization for
Standardization 2019). It is likely that across these
types of IATA similar physiochemical and toxico-
logical methods and testing strategies can be
adopted. In addition, consideration of the types of
information sources (e.g. regulatory dossiers, journal
articles, etc.) is needed, in order to assess the infor-
mation relevancy, applicability and reliability, includ-
ing an assessment of their strengths and limitations
(Ankley et al. 2010; OECD 2017a, 2017b).

Finally, these IATAs can become part of a larger
testing strategy covering different administration
routes and different adverse outcomes, with each
IATA considered to be a building block that inter-
connects with other accompanying IATAs. For
example, important considerations related to a spe-
cific IATAs (e.g. physicochemical parameters in
blood-contact IATA) can be connected with other
IATAs (e.g. systemic IATA). The generation of this
IATA ‘network’ will be useful in reducing duplication
of work in the safety assessment of NMs, as well as
allowing for testing in parallel using connected
IATAs, which could reduce the costs and animal use
associated with testing. These IATA aim to provide
guidance and will be invaluable as part of online
databases, as well as decision support systems for
the safety assessment of NMs.

Conclusion

The method of IATA development put forward here
is useful in helping NM-MD developers to focus and
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reduce the burden of testing with tiered testing
allowing for the choice to consider key outcomes of
interest or regulatory requirements. This will
improve the safety and speed of NM entry to the
market, as well as reducing the attrition of NMs at a
later stage of safety testing. This is important
because clinical trials require a much greater invest-
ment of resources than testing in earlier develop-
ment stages.

IATAs generated using this methodology can be
used to create a focused testing strategy for both
current and future NMs. Additionally, this approach
can also be used during pre-clinical screening to
generate IATAs for administration routes relevant to
clinical applications, such as dermal, oral, ingestion,
and other medicinal products containing NMs.
IATAs can be used as powerful tools to streamline
safety testing and promote translation of NMs to
the clinic.

IATAs promote the integrated use of in vitro and
in silico approaches to generate a testing strategy
that only answers the questions at the level needed
to address safety concerns, providing flexibility for
the user while saving resources and reducing ani-
mal numbers. IATAs can be part of a larger network
of interconnecting IATAs, e.g. the intravenous injec-
tion IATA could lead on to a systemic exposure
IATA, giving a more holistic approach to safety test-
ing. Additionally, a range of different IATAs could
be ‘plugged’ into a risk management framework.

IATAs can be applied across different regulatory
landscapes, such as chemical and medical, allowing
for a potential reduction in duplicate testing. This
could also have the potential to drive the develop-
ment of standardized methods across disciplines, to
improve modeling with increased feedback of data
into the IATA, and increase the use and reliability of
in vitro testing in all regulatory fields for NM. Going
forward, IATAs could be incorporated into a central-
ized database, similar to the AOP wiki (https://aop-
wiki.org/), that allows for the exchange and
connection of IATAs, and open exchange of raw
data, to further reduce the burden of testing in the
future. Additionally, an extensive database of
in vitro results would increase the confidence of
regulatory bodies in these methodologies for the
screening of pre-clinical NMs, potentially reducing
the reliance on animal testing.
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