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A B S T R A C T

The development of reliable and practical tools to ensure the safe and sustainable use of nanomaterials has not
kept pace with the rapid commercialization of nanotechnology-enabled products. Here we present an overview
of some of the current challenges and opportunities for the evaluation of the safety of engineered nanomaterials
(ENM), based on input from an IUPAC (International Union of Pure and Applied Chemistry) sponsored workshop
in Queretaro, Mexico. The workshop covered detection and characterization of ENM, their transformations in
consumer products and the environment, current gaps in nanotoxicology methods and challenges for standar-
dization and risk assessment. Key future research priorities include developing methods to detect and char-
acterize ENM in complex matrices and determinations of their transformations in such environments. The ex-
tension of methods to more challenging materials such as complex or advanced nanomaterials and carbon-based
materials is also needed. Furthermore, an increased availability of validated protocols and reference materials
will be necessary to advance both nanosafety studies and material characterization. A focus on accurate dosi-
metry, appropriate control experiments and more realistic in vitro models will help to address current gaps in
nanotoxicology. Finally, there is an urgent need for reliable data and improved data reporting guidelines,
supported by computational modeling, in order to allow the development of grouping and read across methods.

1. Introduction

Nanotechnology is an enabling technology that offers solutions for
scientific, industrial and commercial challenges through the develop-
ment and application of nanoenabled materials with improved func-
tional properties. As with all emerging technologies, the benefits of
nanotechnologies must be weighed against potential health and en-
vironmental hazards associated with their development, use and dis-
posal. Engineered nanomaterials (ENM) are used in a constantly in-
creasing number of consumer products (Vance et al., 2015) where they
may enhance strength, reactivity and durability or impart entirely new
functions. However, the development of methods to evaluate the safe
use of ENM and assess potential risk has not kept pace with their rapid
commercialization. Indeed, the lack of adequate detection and char-
acterization techniques and lack of reproducible and validated methods
for toxicological studies have been identified as major bottlenecks for
the safe and sustainable use of nanomaterials (Krug, 2014). The issue is
further exacerbated by the rapid development of ENM of increasing
complexity and diversity and concerns over the adequacy of existing
regulations. Continued development of nanotechnology and its

commercial success requires that feasible and cost-effective strategies
are devised that include safe-by-design approaches for their production,
effective assessments of their risk and the development of appropriate
regulatory guidelines.

This perspective article summarizes some of the current challenges
and opportunities, and was motivated by discussions that occurred
during and following a Workshop on the Safety of Engineered
Nanomaterials in Queretaro, Mexico, sponsored in part by IUPAC
(International Union of Pure and Applied Chemistry). The workshop
theme falls within IUPAC's mission to provide objective scientific advice
on global issues involving chemistry and to promote sustainable de-
velopment. The workshop covered four topics: (1) Detection and
characterization of ENM, (2) Transformation of ENM in consumer
products and the environment, (3) Nanotoxicology methods and gaps
for environmental health and safety (EHS) and (4) Challenges for me-
trology, risk assessment and standardization. Discussion was aimed at
fostering a greater awareness of the challenges and identifying key
future research needs and gaps that must be filled to develop a reg-
ulatory framework for nanomaterials. This overview summarizes the
authors' views of several key challenges as well as research directions
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that offer solutions to these challenges.

2. Detection and characterization of ENM

It is generally acknowledged that the inadequate characterization of
ENM has often limited the usefulness of many published studies.
Inadequate characterization impacts quality control during production
of the materials and prevents inter-laboratory comparability for appli-
cations development and nanotoxicology studies (Krug, 2014). Several
factors contribute to this problem. The characterization requirements
for ENM are more complex than for conventional chemicals since there
are numerous properties that affect their behavior (Fig. 1) and the re-
lative importance depends on the application, making it challenging to
assess the minimum required information (Johnston et al., 2017;
Gubala et al., 2018; Mourdikoudis et al., 2018). Although several
methods are reasonably well-established to assess most required prop-
erties for pristine (as-produced) ENM, they are frequently applied in
different ways and are not always sensitive to environmental and/or
use conditions. Furthermore, reproducible and validated protocols re-
quired for inter-laboratory comparability are sometimes lacking and are
frequently validated on a limited number of materials and media. Even
when available, validated protocols are not broadly used by the com-
munity (Gao and Lowry, 2018; Rasmussen et al., 2018).

An additional complication is the fact that many measurands (e.g.,
size, Fig. 2) are method-defined (Linsinger et al., 2011) and it is often
challenging for the non-expert to select the most appropriate method
for a given set of conditions (nanoparticle, medium, etc.). In general,
there is no single best method for a given measurand, even for a specific
material family with similar characteristics, and it is often advisable to
use a combination of methods ((Domingos et al., 2009, Mourdikoudis
et al., 2018). For example, the various methods for particle size mea-
sure different parameters and provide size distributions that can be
intensity, number or mass based. Generally one may select an ensemble
method that gives hydrodynamic size (e.g., dynamic light scattering,
nanoparticle tracking analysis, etc.), along with a microscopy method
(e.g., atomic force microscopy, transmission electron microscopy) that
evaluates the size and shape of individual particles (Brown et al., 2013;
Babick et al., 2016). Selection of a fit-for-purpose method requires
consideration of the theoretical basis of the technique, method sensi-
tivity, calibration and validation, information on the relevant

concentrations, the sample matrix, the time scales and nature of the
transformations of the ENM and an assessment of the level of un-
certainty that is acceptable for a specific application.

There is an emerging consensus of the properties that are required
for risk assessment and several comprehensive recent reviews have
provided summaries of the available methods including a critical
overview of their range of applicability, strengths and limitations (Gao
and Lowry, 2018; Gubala et al., 2018; Mourdikoudis et al., 2018;
Rasmussen et al., 2018; ISO, 18196:, 2016). The properties can usually
be separated into two categories. Intrinsic properties such as size, sur-
face area and composition are characteristics of the material that do not
depend on the medium or environment and are designed to define
“what they are”. Extrinsic, medium dependent properties such as sur-
face charge, surface chemistry and aggregation determine the fate and
reactivity of the material, that is “where they go” and “what they do”.
Table 1 summarizes these properties, the most common methods for
characterization and brief comments on the applicability, advantages
and limitations for each of the methods. More detailed assessments of
the methods and their suitability for nanosafety studies are available in
the reviews cited above.

The frequent lack of adequate characterization data, the dynamic
nature of nanomaterial properties and the batch-to-batch variability
make it of paramount importance that increased attention is paid to
data reporting. A recent overview of the requirements for sample pro-
venance information provides a useful approach (Baer et al., 2016). The
recorded data should include (1) details on the synthesis method, (2)
sample history including storage time and conditions, (3) character-
ization data with sample preparation information and (4) any addi-
tional processing or modification prior to use. Such information will
help to identify sources of variability and lack of reproducibility. The
availability of full metadata for various materials will also require an
integrated approach to developing accessible databases for the nano-
technology community (Karcher et al., 2018).

Characterization issues are can often be resolved for ENM, although
the necessary expertise and resources are not always available within a
single research group or laboratory. Nonetheless, there are several ex-
ceptions to this generalization, particularly for properties that depend
on the surrounding medium. First, it is difficult to reproducibly func-
tionalize ENM and to quantify the surface group loading (Baer, 2018;
Mülhopt et al., 2018; Clausen et al., 2019; Sun et al., 2019). Surface
chemistry is one of the key properties that controls the fate and beha-
viour of a nanomaterial when incorporated into products, when re-
leased to the environment or when taken up by cells or organisms. The
fate of a functionalized ENM released from a complex product (e.g.
paint, sunscreen, computer screen) will be very different from the fate
of a bare nanoparticle. A second challenge is assessing the agglomera-
tion/aggregation level of the ENM, which varies with time, medium and
particle concentration/dilution and is considerably more problematic
for “real-world” ENM as compared to the well-behaved, spherical and
nearly monodisperse materials that are often used for method devel-
opment. Although it is possible to obtain at least qualitative informa-
tion on aggregation state (Table 1), the methods are time-consuming
and infrequently employed. For a given material, it may often be ne-
cessary to assess agglomeration in a variety of environments, adding
significantly to the time and resources needed.

The third and most important characterization challenge is the de-
tection and characterization of ENM in complex media (e.g., tox-
icological or environmental media), which is still a daunting task (Gao
and Lowry, 2018; Azimzada et al., 2020). Although ICP-MS based
techniques are being developed for metal-based ENM (Montoro Bustos
et al., 2018), the detection of carbon-based ENM (e.g., C60, nanopo-
lymers, dendrimers, etc.) remains extremely difficult at en-
vironmentally realistic concentrations (and in environmentally realistic
matrices). ICP-MS based techniques also often require pre-treatments
such as digestion of solid samples (e.g., plant tissues) and isolation and
preconcentration of trace components (e.g., aquatic samples); this may

Fig. 1. Illustration of some of the properties that should be assessed for ENM
characterization. Adapted from (Johnston et al., 2017).
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alter the properties and concentrations of ENM. Alternate spectroscopic
methods such as SERS show promise (Guo et al., 2017), although cur-
rent expected (low) levels of ENM in the environment are still well
below present detection limits. For all ENM, difficulties remain with
respect to the discrimination of ENM from naturally occurring materials
(Azimzada et al., 2020). Factors such as the complexity of sample
preparation, the potential for matrix interference, resource require-
ments and chemical specificity must be carefully considered.

3. Transformations of ENM in the environment and consumer
products

The dynamic nature of many nanomaterials in complex environ-
mental matrices is recognized as a major challenge for their detection,
quantification and characterization (Lead et al., 2018). Many published
reports focus on the toxicity of pristine nanomaterials but are of limited
value to risk evaluations of the material after release to the environ-
ment. The presence of naturally-occurring nanomaterials in environ-
mental samples complicates the detection of ENM since analytical
techniques to distinguish ENM from natural nanomaterials at low
concentrations are currently lacking (Nowack, 2017) or under devel-
opment (Praetorius et al., 2017). The fate of an ENM in the environ-
ment will be determined by its distribution in various matrices (e.g., air,
soil, water) and by physical chemical properties such as surface charge
and hydrophobicity, dissolution, aggregation state and chemical re-
activity. Frequently observed transformations of ENM in environmental
matrices are illustrated in Fig. 3 using ZnO in water as an example
(Frechette-Viens et al., 2019). ZnO and other metal oxides (e.g., CuO) as
well as some metal nanoparticles (e.g., Ag) undergo dissolution on a
range of time scales. Dissolution, if rapid, removes the need to detect
the ENM in that matrix, although in many cases it may be necessary to
consider the effects of both dissolved ions and nanoparticles in asses-
sing toxicity. In some cases (e.g., Cu, Ce, Ag), redox reactions can occur,
changing the chemical reactivity of the ENM. Complexation to or ad-
sorption of matrix components such as natural organic matter/natural
colloids and the aggregation or sedimentation of the ENM can drama-
tically change the transport of the material and its bioavailability.
These processes will be modulated by the pH and ionic strength and the
presence of other nanomaterials or contaminants. The number of pos-
sible transformations, the complexity of environmental matrices and
the typical low concentrations of ENMmake it challenging to determine

the appropriate exposure levels when assessing potential toxicity. It is
noteworthy that these transformations may either increase or decrease
the risk associated with the presence of the ENM in the environment. A
recent literature review has concluded that interaction of ENM with
environmental matrices under realistic exposure conditions does not
necessarily increase reactivity, bioavailability or toxicity, suggesting
that the environmental risk may be lower than anticipated in many
cases (Lead et al., 2018).

Some of the analytical tools available to measure physico-chemical
properties (Table 1) can, in principle, be used for ENM in complex
media. However, sample preparation remains a challenge and many
currently-used methods can modify the ENM and alter these properties.
There is thus an urgent need for standard sample preparation and
characterization methods for ENM in complex matrices under appro-
priate exposure scenarios, which typically means low concentrations.
SP- ICP-MS can provide both compositional and size information;
however this method is only really suited to metals and metal oxides
(Montano et al., 2016) and cannot readily discriminate between single
particles and aggregates or ENM and natural nanoparticles. As noted
above, future developments of single-particle TOF-ICP-MS may even-
tually solve the latter problem. Nonetheless, for both techniques the
instrument sensitivity and background issues from dissolved ions limit
the ENM sizes that can be detected and thus the concentrations of
dissolved and particulate ENM that can be quantified (Frechette-Viens
et al., 2017). Currently detection limits are in the range of 104 particles
mL−1 with minimal detectable diameters ranging between 3 and 25 nm
(depending upon the element and the matrix). ENM separation from
complex soil and sediment matrices using techniques such as field flow
fractionation (FFF) and asymmetric flow field-flow fractionation (AF4)
has been reported (Gigault and Hackley, 2013; Gogos et al., 2014). Use
of these separation techniques in tandem with a suitable ENM detection
technique has the potential to identify and characterize some ENM.
Given the many issues with detection and characterization of ENM in
complex environments, it may be useful to save time and resources by
employing simple toxicity tests as a screening tool and only proceed
with detailed characterization if warranted by the initial screen.

The situation with ENM in consumer products is equally challenging
(Yang and Westerhoff, 2014), although the number of possible con-
founding materials and contaminants is lower and the relevant matrix is
typically better defined. Despite the simpler and better defined “en-
vironment” for the ENM in most consumer products, there are still

Fig. 2. The measurands are different for various particle sizing methods. The plot in the center shows the measured particle size (number weighted cumulative
distributions) for a commercial barium sulfate sample obtained using 11 methods. Adapted from (Lead and Wilkinson, 2006) and (Babick et al., 2016).
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Table 1
Summary of ENM physical chemical properties that are generally necessary prior to assessment of toxicological endpoints. The more commonly used characterization methods and brief comments on range of applicability
and advantages and limitations are also provided.

Nanomaterial propertya Analytical method Comments

Composition Elemental analysis
Nuclear magnetic resonance (NMR)
Mass spectrometry, MS (coupled with gas or liquid
chromatography or inductively coupled plasma, ICP)
Raman and Infrared spectroscopy
UV–vis and fluorescence spectroscopy
Inductively coupled plasma-optical emission spectroscopy (ICP-
OES)
Time-of-flight Secondary ion mass spectrometry (TOF-SIMS)
Scanning electron microscopy – energy dispersive X-ray
spectroscopy (SEM-EDX)

Most methods measure bulk composition, including the presence of surface
impurities/contaminants, coatings, dispersants or stabilizers and cannot
distinguish between the core and shell for complex nanomaterial architectures
Some methods provide atomic composition (ICP-MS, elemental analysis, SEM-
EDX) whereas others provide structural details, usually for organics (Infrared,
Raman, NMR)
Solution NMR has limited capabilities and solid-state NMR is very time-
consuming
UV–vis and fluorescence spectroscopy have very limited application
ICP-MS requires sample digestion and does not apply to all elements
Additional surface sensitive methods for inorganic shells or surface coatings are
provided below

Crystal structure Crystallinity X-ray diffraction (XRD)
Small angle X-ray scattering (SAXS)
Electron diffraction (TEM)

Powder x-ray diffraction is the most common method, but it is less useful for
disordered/amorphous samples
SAXS provides information for small particles and amorphous materials
Electron diffraction provides information on individual particles, not the bulk
material

Specific surface area Gas or liquid adsorption isotherms (Brunauer-Emmett-Teller, BET,
method)

The BET method applies to dry samples and its relevance to nanoparticle
dispersions is questionable. NMR methods (under development) may provide a
solution for surface area measurements for particles in liquid.

Primary particle size
Particle size distribution

Scanning or Transmission electron microscopy (SEM, TEM)
Scanning probe microscopy (AFM, STM)
Dynamic light scattering (DLS)
Multi-angle light scattering (MALS)
Nanoparticle tracking analysis (NTA)
Differential mobility analysis (DMA)
Centrifugal liquid sedimentation (also analytical
ultracentrifugation)
Single particle (SP) ICP-MS
Field flow fractionation (FFF) or asymmetric FFF (coupled to a
light scattering or refractive index detector)
Small angle X-ray scattering (SAXS)

Methods can be classified as:
- particle counting (both imaging and non-imaging methods)
- ensemble methods (all particles in sample are measured at same time)
- fractionation (particles are separated based on size, prior to analysis by either
particle counting or ensemble methods)
Methods are applied to dry particles (microscopies), aerosolized particles
(DMA) or particles in liquid suspensions (other methods)
Different methods measure different parameters (see Fig. 2)
Distributions are intensity, number or mass based, depending on the method
used
Microscopy methods (especially TEM) provide the most reliable size and can
distinguish primary particles from aggregates but are expensive and time-
consuming. Sample preparation and automated analysis require optimization
for specific samples.
A combination of one microscopy method and one method that measures
hydrodynamic size is typically recommended
SP-ICP-MS is capable of obtaining both size, composition and particle number
concentrations, but is not applicable to all materials and has sensitivity limits.
Light scattering methods assume a spherical particle shape and are best suited
to monodisperse samples

(continued on next page)
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Table 1 (continued)

Nanomaterial propertya Analytical method Comments

Shape
Aspect ratio

Electron microscopy
Atomic force microscopy
Multi-angle light scattering

TEM provides the 2-dimensional particle shape; TEM combined with electron
tomography can provide 3D shape
AFM in principle provides 3D shape, but is complicated by tip convolution
issues
Multi-angle light scattering can provide aspect ratio for some particle shapes

Surface Charge Measurement of electrophoretic mobility by either optical or
acoustic methods

Zeta potential is calculated from electrophoretic mobility. The method is easy
to use, but requires careful control of pH, ionic strength and concentration to
obtain meaningful results

Surface functional groups Thermogravimetric analysis (TGA)
Solvent extraction plus MS or NMR
Raman and Infrared spectroscopy
Titrations (acidic/basic groups)
Fluorescence and UV–vis assays
Secondary ion mass spectrometry
X-ray photoelectron spectroscopy
SEM with EDX or electron energy loss spectroscopy (EELS)
Auger electron spectroscopy
X-ray fluorescence

Organic coating or surface groups:
Methods for qualitative identification of organic coatings on inorganic particles
include Raman and Infrared spectroscopy, thermogravimetric analysis of intact
particles.
TGA coupled with FT-IR or MS gives structural information; not suitable for
quantifying low surface loadings
Solvent extraction followed by MS, chromatography or NMR provides
identification and/or quantification.
XPS provides elemental composition and functional group information for some
elements.
Probe binding assays with UV–vis detection and titrations are functional group
specific.
Inorganic coatings (core/shell particles) can be identified by XPS, Auger, X-
ray fluorescence and SIMS subject to applicability, sensitivity and depth
penetration considerations for each method.
Many methods provide qualitative data and are not validated for a range of
particle types

Particle agglomeration/aggregation Microscopy (TEM, SEM, AFM)
Light scattering methods
Sedimentation assays
Spectroscopy methods

Microscopy methods provide information on particle aggregation, but cannot
distinguish between pre-existing aggregates and those formed by sample
deposition
Light scattering methods do not distinguish between large particles and
aggregates but provide (qualitative) information on evolution of the sample
with time
Sedimentation assays can provide the fraction of sedimenting particles at
specific time points, but are time-consuming for routine measurements
Optical spectroscopy may provide diagnostic signals for aggregates in specific
cases

Dissolution ICP-OES
ICP-MS

Measurement of dissolved ions after separation of remaining nanoparticles or
ions plus nanoparticles by SP-ICP-MS

Chemical reactivity Various methods can be used to assess reactivity by measuring
final products (see composition) and their rates of formation

Includes catalytic reactivity, photochemical reactivity, generation of reactive
oxygen species, redox changes

a Bandgap measurements, redox properties and mechanical, electrical and optical properties are important for some nanomaterials/applications but are not included here.
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relatively few studies that consider the consequences of the release of
an ENM from a product. This is in sharp contrast to the many char-
acterization and toxicology studies for pristine ENM. As an example, for
an ENM incorporated as a strengthening agent in a nanocomposite, one
must consider the following scenarios: release of the (unmodified) ENM
from the composite, release of a matrix-modified ENM, the potential
toxicity of both forms of the ENM and potential changes in the toxicity
or degradability of the matrix due to the ENM. The method of in-
corporation of the ENM, the use of the product throughout its lifecycle
and the likely scenarios for disposal at end-of-use are additional factors
that must be considered. Compositional analysis, especially surface
chemistry and coatings, may be two of the key considerations for ENM
in consumer products since they control the interaction of the ENM
with the other product components.

Tests on the release of ENM from consumer products often use a
tiered approach. Typically, the initial level starts with the pristine ENM
in a controlled environment where the effects of changing a single
variable can be probed (Mitrano and Nowack, 2017). These tests are of
limited value for assessing behavior in consumer products but are easier
and more widely used. An intermediate level study will attempt to
mimic a real-world environment, as for example by exposing the pro-
duct to test washing conditions. The highest level of complexity is en-
countered when the material is studied under normal use conditions
(for example release of ENM when the product is exposed to outdoor
weathering), which can yield useful data to assess levels of release and
exposure. All these studies rely on access to analytical methods with the
necessary sensitivity to detect and characterize the material. Similar to
the discussion for environmental samples, ICP-MS in some cases cou-
pled with separation methods such as field flow fractionation (FFF) or
chromatography can be used. Other methods such as TEM combined
with energy-dispersive x-ray spectroscopy (EDX) for particle speciation
are being adapted to detect and characterize ENM in complex media
(Mitrano and Nowack, 2017).

The difficulty in obtaining sufficient analytical data on the release of
ENM from consumer products and their concentration in relevant en-
vironmental samples has motivated development of exposure modeling
to predict environmental concentrations (Gottschalk et al., 2013;
Nowack, 2017). Material flow analysis models can be used to track the
flow of ENM from production and incorporation in nanoenabled pro-
ducts to their use and finally to end-of-life stages and disposal. The level
of production of the material and its distribution between products, the

rate and amount of release and the characteristics of the released ma-
terials are key input data. In an alternate approach, environmental fate
models can be employed to describe the fate of the ENM in the en-
vironment and its distribution between various compartments. This
requires knowledge of agglomeration, sedimentation, dissolution and
transformations in order to model the transport between environmental
compartments. The two approaches provide complementary informa-
tion and their integration is likely to be useful. Despite the potential
utility of these models, it remains a formidable task to track the fate of a
material from its manufacture to its use and disposal and to measure
environmental exposure levels. The lack of such life-cycle analysis data
means that it is currently impossible to validate either the material flow
or environmental fate models, significantly limiting their utility.

4. Nanotoxicology methods and gaps for environmental health
and safety

In vitro tests are widely used in nanotoxicology, however the re-
liability of much of the data has been put into question (Krug, 2014).
There are multiple reasons for this lack of credibility, including in-
adequate characterization, insufficient consideration of the relevant
dose and environmental conditions, and failure to use standardized
methods and appropriate control experiments. Characterization
methods for ENM are now widely available and a consensus on the key
properties that are required is emerging; therefore, the tools needed to
address the first issue are available. Problems associated with de-
termining the relevant dose are harder to solve. In order to obtain a
measurable biological effect, many studies still use ENM doses that far
exceed expected exposure levels. In this case, a more systematic use of
highly sensitive techniques for determining biological endpoints (e.g.,
genomic, proteomic, metabolomic) is highly desirable. Furthermore,
there is no consensus on the most appropriate dose metric to use. Mass
concentration is the most widely used metric but is often unreliable due
to the complexity of ENM properties and the transformations that can
occur in biological media. Surface area and particle number are also
used (or proposed) as appropriate metrics; however these are compli-
cated by difficulties in quantification when using particle number and
relevance of surface areas measured by gas adsorption on a dry sample
to cell culture media. All three metrics are complicated by the strong
propensity of most ENM particles to agglomerate and sediment and, in
some cases, to dissolve on the time scale of the exposures. This makes it

Fig. 3. Illustration of some of the possible transformations of metal oxide nanoparticles in an environmental sample. Adapted from (Hadioui et al., 2015).
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crucial to develop (and routinely implement) standard methods to re-
producibly disperse ENM in media and assess their agglomeration state
in order to quantify the applied dose (Fig. 4, (DeLoid et al., 2017)).
Direct comparisons of a given ENM with different agglomeration levels
would also be valuable as a means to assess the effects of agglomerating
particles on the assay result. In addition to using realistic doses and
having better control over agglomeration/aggregation, increased focus
on measuring the actual dose delivered to the cell is needed. This re-
quires measuring cellular uptake of ENM, which in many cases will be
responsible for the observed biological effect. Methods such as single
cell ICP-MS (R. C. Merrifield et al., 2018), flow cytometry (of fluor-
escent particles (Salvati et al., 2018)), electron microscopy and dark
field microscopy (Theoret and Wilkinson, 2017) are promising ap-
proaches, although none are yet generally accessible and applicable
methods for quantifying ENM uptake. Finally, it should be noted that
similar to the discussion in Section 3 above, one should avoid testing for
cases where exposure is likely to be negligible.

Beyond consideration of the appropriate ENM dose, there are a
number of other elements that must be considered for comparable and

reliable in vitro assays. These include design of an approach that is
appropriate for the objectives of the study, use of multiple assays for a
given endpoint and inclusion of positive and negative controls to ensure
that the measurements produce reliable results. Since ENM are well-
known to interfere with enzyme and luminescence-based assays, ap-
propriate validation studies are required to ensure that the assay used is
compatible with the nanomaterial. The experimental design must also
consider adequate calibration, method validation to eliminate artefacts,
and assessment of measurement uncertainty to facilitate meaningful
comparisons between studies. Standard protocols and methods are
starting to be developed and tested by teams in multiple laboratories,
particularly for some of the standard cytotoxicity assays (e.g., MTT1 and
MTS2) that are often the initial starting point for in vitro tests (Farcal
et al., 2015; Faria et al., 2018; Riebeling et al., 2018; ISO, 19007:,

Fig. 4. Considerations for accurate dosimetry for ENM toxicology experiments. The ENM should be dispersed using the predetermined critical sonication energy, then
diluted into physiological media and characterized, ideally by at least two methods. Estimation of the dose delivered to cells can be determined by fate and transport
modeling. Adapted from (DeLoid et al., 2017).

Table 2
Summary of identified gaps and possible solutions.

Gap Solution

Methods for quantification and characterization of ENM in
complex media

Improve sample preparation methods
Improve sensitivity of analytical methods
Develop new instruments for ENM analysis in complex media that are capable of operating in environmental
conditions with minimum sample preparation.
Use simple toxicity screening to identify cases that require detailed characterization and exposure data

Agglomeration of ENM Use available fractionation methods to separate agglomerates from particles
Use dispersants and electrostatic stabilizers

Surface chemistry of ENM Develop a multi-method approach for selected ENM
Dosimetry for in vitro assays Utilize realistic doses for in vitro assays

Compare samples with varying degrees of aggregated particles to test for biological effects
Complement dose metrics with cell uptake studies by flow cytometry or microscopy
Develop alternative dosimetry models based on other particle properties

Data reporting Promote use of standard approaches for data reporting
Develop a model for integration of existing nanomaterial databases/resources
Journal requirements to follow standard data reporting guidelines

Standardization: analytical methods Production of reference materials for more realistic materials (shape, dispersity, aggregation)
Optimization and validation of existing methods on more complex ENM samples
Improved analytical methods to identify sources of batch-to-batch variability
Update international standards and guidelines based on new sample preparation and measurement methods
Promote the development of new cost-effective measurement techniques

Standardization: in vitro assays Assess compatibility of a larger number of in vitro assays with ENM
More complex cellular models (3D, co-culture, etc.)
Update international standards and guidelines based on new or improved EHS assays

1 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide
2 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-

phenyl)-2H-tetrazolium
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2018). Extension of this approach to a wider range of assays that
monitor later biological effects will significantly enhance the value of
the in vitro measurements.

Despite the issues noted above, the increasing number of ENM that
must be tested provides a strong impetus to use in vitro assays to reduce
the burden of animal testing. In vitro assays are particularly useful for
toxicodynamics, for fast and low-cost screening with potential for high
content analysis and minimizing animal studies. They have consider-
able value for assessing dose, target organs and mechanisms of action;
however one must keep in mind that in vitro tests do not necessarily
predict in vivo effects, nor for that matter do lab animal tests translate
to humans. Better models, including primary cell lines, 3D cellular
models, co-cultures and reconstituted tissues, which more accurately
mimic effects in humans, will also increase the relevance of the in vitro
studies (Böhmert et al., 2018; Guggenheim et al., 2018; Riebeling et al.,
2018). Despite the frequent opinion that ENM toxicity is most likely to
occur for materials that exhibit bulk toxicity or those that are redox-
active or have a fibre-like shape, it is wise to employ the precautionary
principle, remembering that any new technology will have risks and
benefits.

A considerable number of large-scale multi-laboratory programs are
attempting to develop grouping and read across models for nanoma-
terial assessment. These programs aim to determine the extent to which
data for one nanoform can be applied to related materials and the level
of data that will be required to support such a decision. Such ap-
proaches should eventually reduce the number of individual nanoma-
terials that need to be tested (Arts et al., 2015; Oomen et al., 2015) and
are likely to benefit from increased use of computational and machine
learning approaches (Basei et al., 2019; Labouta et al., 2019). This will
require increased availability of reliable data to populate inter-
nationally accessible databases. Improvements in characterization and
toxicology assay protocols and better reporting practices that provide
full details on the experimental procedures are important prerequisites
for these efforts.

5. Challenges for standardization and risk assessment

The above considerations for ENM characterization and transfor-
mations and the complexity of in vitro toxicology assays highlight the
need for standardized, internationally validated methods to aid the
development of robust risk assessment strategies. A number of large
European Union projects are now generating a range of available tools
for assessing the safety of nanomaterials (Jantunen et al., 2018) and
testing them across participating laboratories. Similar efforts are un-
derway in other countries. It will be important to work towards in-
tegrating these efforts with activities at international standardization
organizations such as ISO, ASTM and CEN which are already publishing
standards for characterizing ENM and examining EHS effects. There is
scope for these organizations to work more closely together for greater
harmonization and efficiency. This extends as well to OECD efforts
focused on international harmonized test guidelines that can be used to
assess human health and environmental safety aspects of ENM. Their
program focuses on sharing the testing of ENM at an international level,
and uses common materials, sample preparation and dosimetry
methods. Nevertheless, the test guidelines are general purpose ap-
proaches meant for a tractable regulatory approach and typically do not
address the complex sample environments needed to advance the sci-
ence.

Future standardization efforts must address not only the nanoma-
terial as produced, but also provide sample preparation protocols and
analytical methods that are relevant to the complex matrices in which
ENM fate and behaviour must be assessed. The wider availability of
reference materials with complex sizes and shapes and high poly-
dispersity will be needed for method development. Round robin or
interlaboratory comparisons will be required to validate protocols
across multiple laboratories. Advances in these areas are necessary for

consideration of appropriate occupational exposure limits and to
identify the necessary tests required to develop a regulatory framework
for nanomaterials in various countries. With respect to occupational
exposure, one of the main challenges is the difficulty to use nanoma-
terial property and lab toxicology measurements to derive an occupa-
tional exposure limit that can be related to real-world exposure metrics.
This issue frequently leads to a disconnect between biologically re-
levant exposure metrics and current abilities to measure the same me-
tric in the workplace. The latter returns again to the need to improve
capabilities for detection of ENM in complex environments, including
workplace scenarios.

6. Conclusions

The main gaps and challenges identified above are summarized in
Table 2, along with research priorities that can provide at least a partial
solution. Progress in these areas will lead to an increased ability to
understand and ultimately predict the properties and behavior of na-
nomaterials in a variety of environments. This will in turn facilitate
more effective and cost-efficient methods for evaluating the safety of
ENM and developing regulatory guidelines for their use.
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