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Abstract

Concern regarding the human health implications that exposure to nano- and microplastic particles (NMPs)
potentially represents is increasing. While there have been several years of research reporting on the
ecotoxicological effects of NMPs, human health toxicology studies have only recently emerged. The available
human health hazard data are thus limited, with potential concern regarding the relevance and reliability for
understanding the potential human health implications. In this study we develop and apply a NMP toxicity
screening assessment tool (NMP-TSAT) for evaluating human health effects studies against a suite of quality
assurance and quality control (QA/QC) criteria for both in vivo and in vitro studies. A total of 74 studies
representing either inhalation or oral exposure pathways were identified and evaluated. Assessment categories
include particle characterization, experimental design, and applicability for risk assessment; with critical and non-
critical criteria organized to allow screening and prioritization. It is observed that the majority of studies evaluated
using the NMP-TSAT have been performed on monodisperse particles, predominately spheres (≈60%), consisting of
polystyrene (≈46%). The majority of studies have tested particles < 5 μm, with a minimal particle size of 10 nm and
a maximum particle size of about 200 μm. The total assessment score (TAS) possible for in vivo studies is 52,
whereas for in vitro studies it is 46, which is based on receiving a maximum score of 2 against 26 and 23 criteria,
respectively. The evaluated TAS ranged from between 12 and 44 and 16–34, for in vivo and in vitro studies,
respectively. Given the challenges associated with prioritizing studies based on ranking them according to their TAS
we propose a Tiered approach, whereby studies are initially screened based on how they score against various
critical criteria, which have been defined for their relevance for assessing the hazards and risks for human health. In
this instance, studies that score a minimum of ‘1’ against each of the critical criteria, regardless of how they rank
according to their TAS, are prioritized as part of a Tier 1 screening and prioritization phase, which would then be
followed by an expert evaluation, representing a Tier 2 level of assessment. Using this approach we identify 10 oral
ingestion and 2 inhalation studies that score at least 1 against all critical criteria. Lastly, several key observations for
strengthening future effects studies are identified, these include a need for the generation and access to standard
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reference materials representative of human exposure to NMPs for use in toxicity test systems and/or the improved
characterization and verification of test particle characteristics, and the adoption of study design guidance, such as
recommended by OECD, when conducting either in vivo inhalation or oral ingestion toxicity tests.

Keywords: Microplastic, Quality assurance/quality control, Human health, Risk assessment

Introduction
The relevance and reliability of data generated from ef-
fects studies are understood to represent the two funda-
mental elements to consider when assessing the
adequacy of data for use in predicting whether chemical
and non-chemical stressors represent an environmental
and/or human health risk. There have been several ap-
proaches proposed and applied for assessing the rele-
vance and reliability of effects data for a range of
stressors [1–9] and which have been reviewed by Moer-
mond et al. [10]. An important observation is that the
application of a specific method should ensure that the
assessment criteria are fit-for-purpose, which may vary
depending on the purpose and intended use of the data
[10]. Fundamentally, the evaluation of the relevance and
reliability of effect studies should be conducted following
a systematic and transparent method that utilizes expert
judgement [10–13].
Recent efforts to evaluate the environmental and hu-

man health risk of nano- and microplastic particles
(NMPs) have encountered challenges due to limited in-
formation towards characterizing and quantifying expos-
ure as well as the lack of availability of standardized tests
aimed at quantifying adverse effects for use in risk as-
sessment [14–20]. Nevertheless, there is evidence that
exposure to NMPs is can occur in the environment [21–
24], however the characterization and quantification of
human exposure to NMPs remains an important data
need. Only a limited number of studies reporting expos-
ure data for NMPs have been obtained, mostly derived
using non-standard methods and for particle sizes gener-
ally > 10 μm, with no data currently sufficient to
characterize and quantify exposure to nanoplastic parti-
cles [23–28]. At the same time there is a significant in-
crease in the number of publications investigating the
potential adverse health effects of NMPs on the environ-
ment and human health [18]. Recently, de Ruijter et al.
[3] evaluated the relevance and reliability of 105 eco-
toxicological effects studies for NMPs against 20 quality
criteria and observed a lack of consistency across all
studies towards quality assurance. They further observed
a tendency for studies to speculate mechanisms that are
poorly supported by the design and reporting of the data
in the study [3].
Despite the continuing increase in the number of pub-

lications investigating the effects of NMPs in human and
mammalian models, an assessment similar to that of de

Ruijter et al. [3] regarding the quality of the data for
informing the human health risk assessment is lacking.
Assessing both the exposure and hazards of NMPs for
human health represents a substantive challenge for
regulatory authorities, who are currently witnessing an
exponential rate of increase in publications in the peer-
review literature, and which represents a significant and
non-trivial resource issue towards keeping up with the
latest scientific advances. This is further exacerbated by
research published in the peer-review literature that re-
ports adverse effects of NMPs based on adapting existing
test systems or developing novel approaches towards
assessing their potential human health implications.
Given that the availability of standard test systems ap-
propriate for regulatory assessment and mechanistic un-
derstanding related to a toxicological mode-of-action or
an adverse outcome pathway is currently lacking for
NMPs [18], it is important that fundamental research re-
tain flexibility to explore and strengthen scientific under-
standing. It is thus anticipated that greater confidence in
the hazard assessment of NMPs, for instance, will greatly
benefit from scientific ingenuity aimed at characterizing
and quantifying mechanistic understanding regarding
the relationship between the physicochemical properties
of the particles and an observed adverse effect threshold
of clinical relevance, particularly from studies that in-
clude strong elements of quality assurance and quality
control (QA/QC) [19].
NMPs in the environment are understood to be com-

prised of a complex heterogenous mixture of properties,
which can be described based on probabilistic distribu-
tion functions [29]. Additionally, it is observed that
NMPs can contain complex mixtures of chemicals, ei-
ther sorbed from the environment or intentionally added
in the original plastic product [24, 30–32]. While indi-
vidual chemicals used in plastic products have under-
gone risk assessment, particularly in relation to food
contact materials [33], potential releases into the envir-
onment due to littering or in relation to the degradation
and fragmentation of plastic debris have not been ro-
bustly assessed. Differentiating the potential effects and
modes-of-action of particles from those of complex mix-
tures of chemicals, and the interactions between chem-
ical and non-chemical effects, can result in a near
impossible task of needing to test every possible combin-
ation [31, 34]. Thus, it may be beneficial to consider the
utility of a strategic intelligent testing strategy [35, 36],
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aimed at strengthening our ability to holistically assess
the risks associated with environmentally relevant expo-
sures to NMPs [20]. Addressing QA/QC concerns would
represent an important element to any future testing
strategies.
Recognizing that there currently exists no standard

test protocols for characterizing and quantifying ad-
verse effects of NMPs and that regulators tend to-
wards preferring the use of data generated from
standard tests over non-standard tests [1], combined
with various uncertainties related to the reliability and
relevance of studies published in the peer-reviewed
literature in relation to NMPs [3, 14, 27, 37], efforts
to critically review current QA/QC practices and pro-
vide guidance for strengthening the use of non-
standard data are needed [19]. Thus, in order to fa-
cilitate progress towards science-based human health
risk assessment for NMPs, an important way forward
is to enable increased use of all available data identi-
fied as fit-for-purpose. Evaluating data that are fit-for-
purpose in the context of human health risk assess-
ment requires the ability to screen and prioritize
studies accordingly. There is currently no such
method available for NMPs. The overall aim of this
study is to improve the scientific basis for evaluating
the potential human health implications associated
with exposure to NMPs through the development and
application of evaluation criteria, which we suggest
can be used by risk assessors and researchers. This
study describes the development and application of a
toxicity screening and assessment tool for NMPs,
which can be used as a tier 1 screening and
prioritization tool within a tiered approach for evalu-
ating the relevance and reliability of toxicity studies
for NMPs. The approach taken builds upon other
tools that have been developed and applied to system-
atically screen and prioritize studies reporting envir-
onmental and human health effects for various
chemical and particle stressors. Studies that move to
the higher tier 2 evaluation are subject to further
scrutiny by toxicologists with specific expertise cap-
able of evaluating specific endpoints [38].

Method
The adoption and adaptation of methods similar to
existing quality evaluation tools, such as Klimisch and
the criteria for reporting and evaluating ecotoxicity data
(CRED), have been developed and applied to assess the
quality of data emerging from studies reporting on ex-
posure concentrations of MPs in biota, surface and
drinking water, air, and ecotoxicity studies [3, 16, 27, 37,
39]. Currently, a similar evaluation method for evaluat-
ing the QA/QC components of NMPs effect studies re-
lated to human health implications is lacking.

The approach described herein combines methods
and criteria that have been used in both the develop-
ment of the ToxRtool [8], developed by the Joint Re-
search Centre (JRC), with particular emphasis on
modifications made to evaluate toxicity studies on
engineered nanomaterials developed as part of the
European Union FP-7 GUIDEnano project [9], and
the evaluation criteria used by de Ruijter et al. [3],
which is used to evaluate ecotoxicity studies for MPs.
The approach adopted here is thus intended to enable
an evaluation of both in vivo mammalian effects stud-
ies and in vitro bioassays with relevance towards
assessing the potential human health implications of
exposure to MPs. A consistent element adopted in
the tools presented by both Fernández-Cruz et al. [9]
and de Ruijter et al. [3] is the emphasis towards
evaluating three separate components of a study.
These include an evaluation of how well authors ad-
dress and report QA/QC criteria associated with [1]
particle characterization, [2] study design and [3] rele-
vance of the study for use in risk assessment (Fig. 1).
The reporting of various QA/QC criteria aligned to
these three areas is understood to represent a critical
source of information needed by experts evaluating
the relevance and reliability of a study for use in es-
tablishing and providing guidance in the context of
understanding mechanisms of toxicological action, hu-
man health exposure threshold values and in asses-
sing risk [25, 26]. Consistent with the approach and
recommendations made by Hermsen et al. [39], Koel-
mans et al. [37] and de Ruijter et al. [3], each criter-
ion in the current approach is assigned a score of
adequate [2], adequate with restrictions [1] or inad-
equate (0) with respect to how well a study addresses
the QA/QC criterion. While all criteria are assigned
equal weighting, it is also possible to enable the
evaluation of scores to be screened by identifying
some criteria as representing particularly important
elements to help in prioritizing studies that might be
used for a specific purpose [40]. For instance, in
order to screen and prioritize studies for use in deter-
mining a point of departure (POD) for use in human
health risk assessment, only those studies that report
dose-response results that are sufficient to derive ei-
ther a no-observable adverse effect level (NOAEL),
lowest-observable adverse effect level (LOAEL) or
benchmark dose (BMD) would be perceived as fit-for-
purpose. It is important to note, however, that studies
that do not include data sufficient to derive a POD
should not necessarily be perceived to be of lower
quality, rather, they are not fit-for-purpose for deriv-
ing a POD for quantitative human health risk assess-
ment. A summary of the specific guidance for
evaluating each of the criteria for in vivo and in vitro
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studies is provided in Tables S1 and S2 of the Sup-
plementary Information. The NMP-toxicity study as-
sessment tool (TSAT) is freely available for download
(https://tger.co.uk/research).

Particle characterization
Adequate characterization of the properties of NMPs
used in studies assessing their potential human health
implications represents a fundamental and critical
component of QA/QC study evaluation [3, 9, 17, 26].
Because of the heterogeneous nature of NMPs in the
environment, with varying shapes, sizes and polymer
compositions, relating the variability of these proper-
ties to differences in observed toxicological hazards
(such as differences in dose-response, adverse versus
adaptive effects and mechanisms of action) should
represent an important consideration when designing
toxicity studies.

Particle size represents a critical property that is
understood to influence effects [9, 26]. The size of parti-
cles can influence the mechanism for potential trans-
location (e.g., smaller particles becoming systemically
available by crossing epithelial and endothelial barriers,
whereas larger particles can be engulfed by macrophages
and cleared to lymph nodes or the lymphatic system).
With respect to inhalation studies, Ferin et al. [41], for
instance, observed that particles in the size range of 20-
30 nm more easily penetrated the interstitial space in the
lung than those 200-500 nm in size following intratra-
cheal instillation. In their study of nano-polystyrene par-
ticles (average diameter of 56 nm and 202 nm), Chen
et al. [42] dosed male Sprague-Dawley rats with 0.6 mg
of radioiodinated polystyrene particles. The results sug-
gest that only a small fraction of intratracheally-instilled
particles reach the lung and can pass rapidly into sys-
temic circulation, but that translocation is markedly

Fig. 1 Schematic summary of the approach used to evaluate in vivo and in vitro effects studies for use in assessing human health risks related to
exposure to nano- and microplastic particles. All criteria have equal weight, whereby studies receiving non-zero scores against all criteria would
ideally represent studies that should be prioritized for risk assessment. Due to an absence of any study receiving non-zero scores against all
criteria, however, the criteria highlighted in red represent the minimal information required for identifying a study as fit-for-purpose in the
context of deriving a human health threshold value by participants of the Southern California Coastal Water Research Project (SCCWRP) Health
Effects Workshop (https://www.sccwrp.org/about/research-areas/additional-research-areas/trash-pollution/microplastics-health-effects-webinar-
series/. The ‘red’ criteria can be modified depending on the screening and prioritization purpose and should not be misinterpreted as
representing criteria that are critical for determining the reliability and relevance of a study. Tables S1 and S2 provide guidance related to scoring
each of the criteria
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increased following an infusion of lipopolysaccharides
(LPS), used to induce pulmonary inflammation [42]. The
use of radiolabelled particles, in this instance, helps to
better characterize and quantify the bioavailability and
transport of particles within biological tissues and thus
greatly strengthens the potential for mechanistic under-
standing of processes influencing the potential for trans-
location. Investigating the relationship between
physiological processes (e.g., pulmonary inflammation)
and the physicochemical properties of the particles (e.g.,
size and shape) can greatly advance our overall under-
standing of the potential human health implications of
exposure to NMPs.
Shape, for instance, represents an important factor

where there is a need to differentiate between fragments,
spheres and fibres. With respect to fibres, additional
consideration should be given regarding the fibre-
toxicological paradigm, which is also relevant for syn-
thetic polymer fibres [13]. Adverse effects for fibres are
known be influenced by their aspect ratio, length and
fibre flexural rigidity, factors which influence their rela-
tive biopersistence. While the length of a fibre might be
used to represent its size, the relationship between
length and fibre diameter should also be considered. Ri-
gidity is an intrinsic fibre property and can determined
by the bending modulus and the diameter. Biopersis-
tence is determined by water solubility and durability in
biological media like the phagolysosomal fluid. Studies
reporting adverse effects for fibres, consequently, should
consider each of these additional parameters as part of
their reporting on particle characteristics.
For studies investigating effects associated with the

oral ingestion of NMPs, systemic uptake is under-
stood to occur only when NMPs are absorbed by the
intestinal epithelium, pass the liver, and are distrib-
uted via the blood stream throughout the entire body.
Carr et al. [43], for instance, reported that < 0.32% of
2 μm latex particles were absorbed by mice. EFSA
[44] have concluded that particles > 150 μm are
unlikely to be absorbed, but that these larger size
particles can potentially induce a local effect on the
intestinal epithelium. Particles < 1.5 μm can cross the
epithelium and may induce systemic toxicity at distal
sites [45]. From in vitro studies, using models of the
intestinal barrier, Walczak et al. [46] observed that
size was a major determinant for the translocation of
nano-sized particles (NPs), with up to 7.8% absorption
observed for 50 nm NPs compared to only 0.8% for
100 nm NPs. Surface charge and chemistry were also
observed to represent influencing factors. A compara-
tive in vivo rat study from the same group using the
same nano-sized polystyrene NPs, yielded a particle
uptake in kidney, heart, stomach wall and small intes-
tine wall, summed across all organs, of up to 1.7%,

which was lower than that observed in their in vitro
study [47].
Given observations that have implicated each of the

properties of size, shape and surface chemistry as influ-
encing factors with respect to various biokinetic pro-
cesses, we specifically emphasize the need for studies to
characterize and quantify each of these properties (Fig.
1). Ideally, each of these properties should be measured
and quantified by research groups prior to conducting
their effects study. While data summarized by suppliers
can often provide an adequate level of information, the
information can also be ambiguous and insufficient re-
garding the actual particle size distribution, surface
charge (especially in the exposure media), and does not
often include images to confirm the shape of the parti-
cles used in the study. Limited understanding of the ac-
tual characteristics of the particles tested can result in
uncertainty regarding how the properties of the particles
may have influenced test results. Failing to report or
only providing limited details in relation to the other cri-
teria summarized for particle characterization in Fig. 1,
represent other factors that can also influence uncertain-
ties regarding the reliability and relevance of an effects
study. For instance, reporting only the source (i.e., sup-
plier) of the particles may not necessarily provide suffi-
cient information regarding how the particles were
produced. The bottom-down production of NMPs may
include various processes, such as milling, cutting, grind-
ing, etc., which may influence size distributions, shapes
or which may introduce potential confounding contami-
nants and alter surface chemistry [48]. Taking steps to
verify the polymer composition of the particles and any
actions taken to either clean the particles of any poten-
tial contaminants and/or measure the potential contam-
ination from chemical and microbial pathogens,
represent important QA/QC practices that can result in
greater confidence when attempting to interpret, com-
municate and apply dose-response relationships attrib-
uted to the NMPs, especially in the context of evaluating
potential human health implications [17].

Experimental design
The NMP-TSAT is designed to evaluate both in vitro
studies that assess human toxicity endpoints as well as
mammalian in vivo studies that evaluate potential hu-
man health implications resulting from inhalation or oral
exposure to NMPs. Studies that target both inhalation
and oral exposure routes can be evaluated. The criteria
identified in Fig. 1 for experimental design represent im-
portant components needed to understand the overall
reliability for interpreting how the study was conducted.
The criteria used to evaluate in vivo mammalian studies
were selected by combining elements recommended in
various sources, including the OECD guidelines [49–53]
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and criteria adopted and applied by both Fernández-
Cruz et al. [9] and de Ruijter et al. [3]. Specifically, Fer-
nández-Cruz et al. [9] identify the importance for report-
ing the species, total number of animals, number of
animals per test group, details regarding the housing and
feeding conditions, administration route, homogeneity of
particles in the exposure media, particle stability and the
frequency and duration of exposure. Specific guidance
with respect to best practices for the various study de-
sign criteria can also be obtained from standard OECD
test guidelines [49, 50, 53]. Additionally, de Ruijter et al.
[3] include a criterion related to verifying the exposure,
both in the exposure media and ideally data that can
confirm and quantify the extent to which particles might
be present in tissues observed to be adversely affected.
Verification of actual exposure concentrations provide
stronger interpretation of dose-response relationships, as
compared to data limited to relying on nominal concen-
trations [17, 48, 54–56].
The criterion aligned to the reporting of particle con-

centration units for both in vitro and in vivo test systems
has been included to capture and acknowledge attempts
by different groups to report concentrations using more
than one dose metric [57]. While mass-based dose met-
rics are typically used in chemical risk assessment, in-
cluding additional dose metrics, such as particle count
and/or particle surface area, can strengthen additional
mechanistic insight between exposure and observed ad-
verse effects. Furthermore, the use of negative and/or
positive controls for both in vitro and in vivo effects
studies represent opportunities to consider the relative
performance of the study. For instance, reporting results
in the absence of any known stressor (i.e., inclusion of a
negative control) helps to characterize a baseline from
which to compare results, whereas inclusion of a stressor
known to trigger the adverse effect under investigation
(i.e., positive control) can provide insight regarding how
NMPs being evaluated compare against other known
toxicants and can help to demonstrate that the test sys-
tem is performing as expected. If possible, inclusion of
another type of particle, either known to trigger a toxi-
cological response or which might be considered toxico-
logically benign, could enable additional interpretation
of test results that may provide additional mechanistic
understanding and/or perspective with respect to envir-
onmentally relevant exposures.
Criteria suggested for evaluating in vitro effects studies

used to assess human toxicity endpoints are generally
similar to those identified for in vivo studies. Specifically,
studies should report the cell model used and all the ne-
cessary information needed to evaluate how the in vitro
system was sourced and maintained (e.g., submerged or
cultured at air-liquid interface). Furthermore, and con-
sistent with the evaluation of in vivo studies, the number

of independent replicates per exposure dose, the admin-
istration route, the homogeneity of the particles them-
selves in the exposure media, their stability and the
frequency and duration of exposure are also identified as
important components to characterize and report.

Applicability for risk assessment
The NMP-TSAT described here has been developed
with the specific intention of evaluating effects studies
for the purposes of screening and prioritizing for use in
characterizing the potential human health risks of
NMPs. Consequently, it is acknowledged that while not
all effect studies will contain the necessary information
for use in quantifying risk [17], studies that do not meet
the criteria described under this category may still add
value to our overall scientific and mechanistic under-
standing. The data reported in effect studies can be fil-
tered in different ways, which can effectively enable the
screening and prioritization of studies for addressing dif-
ferent research questions [40].
The adoption, application and reporting of statistical

methods used to analyse data observed from an effects
study can serve a variety of purposes. Statistical analysis
can help to evaluate the relevance and reliability of vari-
ous study design elements and is critically important
when considering the interpretation of results against
various endpoints measured and reported, including
interpreting the level of confidence associated with the
reporting of dose-response relationships. The concentra-
tion range and environmental relevance of the particles
tested in effects studies can also be used in helping to
evaluate various questions. For instance, effects studies
that use very high concentrations, while not necessarily
reflective of environmentally-relevant concentrations
and therefore not necessarily beneficial for evaluating
human health risk [18], may still provide insight into
mechanisms of action or help provide insight for other
researchers in selecting concentrations for future studies
that may trigger certain endpoints. Similarly, studies that
evaluate a single size, shape and polymer type may prove
beneficial towards evaluating mechanistic relationships
between those specific properties and an endpoint of
interest but cannot currently be used to extrapolate to
heterogenous mixtures of NMPs found in the environ-
ment [17].
The criteria used to evaluate applicability for human

health risk assessment are those aligned to the endpoints
reported in the study, the dose-response relationship,
and the reporting of effect threshold values, such as the
NOAEL, LOAEL or BMD. It is acknowledged that end-
points are typically reported at the sub-organismal level,
such as cellular and molecular level biomarker effects
[20]. While helping to elucidate mechanisms of action,
including molecular initiating and key events along a
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potential AOP [58], additional information related to
how these observations may adversely affect later key
events and ultimately an adverse outcome (i.e. higher
levels of biological organization) are needed to extrapo-
late to human health risk. Similarly, dose-response rela-
tionships based on adverse effects observed at higher
levels of biological organization, and which include at
least three concentration doses plus the control, and
with a concentration range ≥ 3x, are considered adequate
for the purposes of assessing risk. Ideally, the informa-
tion presented in the dose-response would also provide
a sufficient level of information to enable an effect
threshold to be derived, with error data to characterize
the 95% confidence interval, standard error or standard
deviation. For studies that do not specifically report an
effect threshold, evaluation of the data reported for the
dose-response should be conducted to determine if a
BMD can be extrapolated from the available
information.

Literature review
The studies identified and included for evaluation using
the NMP-TSAT are based on a literature review using
the PubMed search engine, provided by the National
Center for Biotechnology Information, and using the
keywords ‘microplastic’ AND ‘toxicity’. Studies reporting
original research for both in vitro and in vivo-based ef-
fects were prioritized for evaluation. Additional sources
of data include the identification of synthetic fibres from
the reference list obtained from a UK Health and Safety
Executive (HSE) [59] report summarizing the hazards
and risks of fibres, which was further supplemented by a
keyword search for ‘synthetic fibre’ AND (‘toxicity’ OR
‘health’) using PubMed up to March 2021, and a review
of studies identified by Rahman et al. [18] as part of their
scoping review related to studies reporting on the hu-
man health risks of NMPs. Furthermore, a review of
studies identified in the development of health-based
recommendations for NMPs in drinking water have also
been included [40]. As a complement to the NMPs stud-
ies, and in order to provide a broader context and inter-
pretation of the results reported for NMPs, an additional
group of studies reporting on the effects associated with
exposure to cellulose particles is also included in the
evaluation. To this end, studies were also identified
using the PubMed search engine using the keywords
‘cellulose’ AND ‘toxicity’, which was further supple-
mented by studies identified by Endes et al. [60] and
Dourado et al. [61]. Original research reporting both
in vitro and in vivo effects data were prioritized for
evaluation. While every effort has been made to identify
all relevant studies for assessing and evaluating their
relative performance against various QA/QC elements
identified above, we acknowledge that the approach

taken to identify studies is not comprehensive and that
some studies may have been missed based on limitations
associated with how the literature search was performed.
For instance, the keyword ‘microplastic’ has only been in
use since about 2004 [62]. Consequently, studies report-
ing effects on NMPs prior to this date would not have
included reference to these types of particles as part of
their keywords. Nevertheless, an effort to include studies
prior to 2004 that report adverse effects for NMPs have
been identified by screening for relevant references cited
in the various studies identified through our initial litera-
ture search.

Study evaluations
Tables S1 and S1 (Supplementary Information) provide
guidance in relation to scoring each of the criteria with
respect to the information being adequate [2], adequate
with restrictions [1], or inadequate (0) in regards to
documentation. Consistent with the approach adopted
in previous method evaluation papers [3, 27, 37, 39], and
noted above, we emphasize that the scores assigned for
each study should not be perceived as a judgement indi-
cative of the relative value of the research, i.e., a paper
scoring low on a certain criterion could still provide
valuable information regarding other potential insights.
Problem formulation is therefore an important element
to understand, in that depending on the purpose of an
effects study the results may or may not help to inform
the decision-making process with respect to assessing
risk. A weight-of-evidence may be assembled, for in-
stance, regarding an effect mechanism, but the mechan-
ism may not necessarily be relevant regarding human
health implications. The primary objective of the evalu-
ation criteria developed and applied in this study is thus
aimed towards providing insight regarding QA/QC cri-
teria that could be improved in future studies in order
to better inform hazard characterization and the applica-
tion of a quantitative risk assessment. Ideally, studies
should score a value of ‘1’ against all criteria to demon-
strate their relevance towards assessing risk to human
health. However, based on the results of de Ruijter et al.
[3], who observed that no ecotoxicological effects studies
received a score of ‘1’ against all criteria, we have imple-
mented a screening approach that adopts the use of a
minimal set of critical or ‘red’ criteria, similar to the ap-
proach used by Fernández-Cruz et al. [9] and which have
been agreed by participants of the Health Effects Work-
shop sponsored by the Southern California Coastal
Water Research Project https://www.sccwrp.org/about/
research-areas/additional-research-areas/trash-pollution/
microplastics-health-effects-webinar-series/. Criteria
highlighted in red in Fig. 1 have been identified as repre-
senting the recommended minimal level of information
required for evaluating a study as fit-for-purpose, i.e., for
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human health risk assessment [9]. It is important to note
that the ‘red’ criteria can be modified depending on the
purpose for evaluating and prioritizing toxicity effects
studies, such as through the toxicity tool [40]. All studies
identified in the literature review were evaluated using
the NMP-TSAT by at least two individuals, including
contributing authors and those identified in the ac-
knowledgements. Individuals contributing to the evalu-
ation of studies enabled access to varying expertise and
include representation from academia, government and
industry. Through the evaluation and feedback acquired
through the review and assessment of each of the studies
by varying individuals, criteria and scoring guidance have
been refined.

Results and discussion
Literature review
A total of 76 studies reporting data from both in vivo
and in vitro effect test systems representing either inhal-
ation or oral ingestion exposure pathways were identi-
fied and evaluated. With the aim of providing a broader
context and interpretation of the results reported for
NMPs, 16/74 studies include data reported for cellulosic
materials. Given the current understanding that NMPs
represent a heterogeneous mixture of plastic particles of
varying polymeric composition, size and shape, the in-
clusion of effect studies performed on natural cellulosic
polymers provides an opportunity to compare and con-
trast with respect to QA/QC practices but can poten-
tially also provide insight regarding similarities and
differences with respect to toxicological mechanisms of
action. Studies include 24 oral ingestion and 16 inhal-
ation exposure in vivo effect studies on NMPs, and 11
gastrointestinal models and 9 respiratory models from
in vitro-based NMP studies. A summary of the QA/QC
evaluation of these studies is presented below, subdi-
vided into the three main aspects of NMP-TSAT: par-
ticle characterization, study design and applicability of
risk assessment.

Particle characterization
The sizes of particles tested are generally similar for
both in vivo and in vitro effect studies, with the median
particle size tested observed to be 2.2 μm and 0.5 μm, for
in vivo and in vitro studies respectively, whereas the re-
spective mean particle sizes are 12.2 ± 31.7 μm and
15.2 ± 43.3. The majority of studies tested particles <
5 μm, with a minimal particle size of 10 nm and a max-
imum particle size of about 200 μm. This is in contrast
to ecotoxicity studies, where de Ruijter et al. [3] ob-
served that only about 30% of studies tested particles <
10 μm. Consistent with the observations of de Ruijter
et al. [3] the majority of studies evaluated using the
NMP-TSAT have been performed on spheres (≈60%),

consisting primarily of polystyrene (≈46%). The other
plastic polymers tested include a small number of stud-
ies that report results for polyethylene (10%), polyvinyl
chloride (PVC) (5%), polypropylene (3%) and polyethyl-
ene terephthalate (PET) (3%). A limited number of other
types of plastic polymers have been investigated from
in vivo and in vitro effect studies, with nylon, polyureth-
ane and acrylic-ester being tested in a small number of
in vivo effect studies [63–66], generally representative of
inhalation exposure.
A curious observation from the evaluation of studies

relates to the source of particles that researchers identify.
Major sources of NMPs can be attributed to five com-
panies who are identified as providing particles for ap-
proximately 45% of studies. The companies are BaseLine
Chromtech Research Centre (China), Sigma-Aldrich
(USA), Cospheric (USA), Kisker Biotech (Germany) and
Microspheres-Nanospheres (USA). Information obtained
from the product data sheets for the particles used in
the studies suggests that the particles have been pro-
duced for purposes other than for use in testing poten-
tial human health effects of environmental NMP
exposure. For instance, some particles are described by
suppliers as being monodisperse for the purposes of use
in immunodiagnostic assays as size standards for cali-
brating analytical equipment or as substrates or supports
for immunologically based reactions, tests and assays.
Additionally, particles may be used to support cellular
biology applications, typically by providing a substrate
for binding protein ligands. In some instances particles
can be obtained in powder form, but in most cases, the
particles are obtained as a liquid suspension. BaseLine
Chromtech Research Centre, for example, supply their
polystyrene particles in a 1:1 ethanol/water solution,
with other suppliers describing the particles as being dis-
persed in an aqueous solution. Although data obtained
from the product data sheets might be used to evaluate
the particle size distribution for the particles, details re-
lated to the purity of the particles themselves are less
well understood. Of particular concern is the lack of in-
formation reported on the levels of unreacted monomer
or impurities that may be present in the polymer,
whereby residual levels of styrene in polystyrene may
represent a potential chemical contaminant that may in-
fluence toxicity test results [67]. The extent of surfac-
tants, antimicrobials and/or dispersants present in the
product, or which may have been used during their
manufacture, is also typically unknown. The observation
that some particles are supplied in an ethanol/water so-
lution is illustrative of a scenario whereby the particle
product matrix or residual chemicals, such as ethanol,
surfactants and/or dispersants may potentially confound
interpretation of observed adverse effects [68–70]. Fi-
nally, no information is available regarding how the
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particles themselves were produced at the above noted
companies, and it is unclear if it is appropriate to ex-
trapolate the results of these toxicity studies to inform a
human health risk assessment of NMPs encountered in
the environment.
Figure 2 summarizes the individual scores from all

studies for criteria under the particle characterization

category. A general observation is that all studies gener-
ally report details as adequate [2] or adequate with re-
strictions [1] aligned to each of the red criteria, i.e.
particle size, shape, polymer type and the source of the
particles. Conversely, very few studies report any details
regarding the particle surface chemistry, the chemical
purity or test for the presence of microbial

Fig. 2 Summary of evaluation scores for QA/QC criteria aligned with the reporting of particle characterization components of studies assessed by
the NMP-TSAT. Please note that some studies report results for both in vitro and in vivo toxicity effects, such as Brown et al. [82], Molugu et al. [72],
and Stock et al. [83]
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contamination, such as endotoxin. It is observed that no
studies related to an oral ingestion exposure pathway for
either in vivo or in vitro included adequate testing for
endotoxin, with only one in vitro and one in vivo study
reporting on chemical contaminants that may potentially
be present in the particles tested [71]. Testing for endo-
toxin and other chemical contaminants, on the other
hand, appear to be slightly better addressed for inhal-
ation exposure scenarios and for studies evaluating the
adverse effects of cellulose particles [65, 72–75]. Four
studies (3 in vivo, 1 in vitro) received a non-zero score
against all QA/QC criteria aligned with the
characterization and reporting on cellulose particles
[73–76], whereas none of the studies reporting on NMPs
received all non-zero scores. Biofilm and pathogenic or-
ganisms have been reported to colonize hydrophobic
nonpolar surfaces, characteristic of NMPs, faster than
hydrophilic surfaces, which has resulted in an increased
interest in relation to the role that NMPs may play as
vectors for pathogens [77–80]. The microbial inhabitants
associated with MPs include potentially pathogenic bac-
terial species, like Pseudomonas spp., Vibrio spp., Cam-
pylobacter spp. and Escherichia coli [81]. Given the
potential that NMPs can become contaminated by vari-
ous microorganisms, which could trigger a toxicological
response in the model test system, studies that
characterize and quantify the presence or absence of an
endotoxin that may have contaminated the test material
prior to administering the dose would therefore prove
beneficial towards demonstrating correlations between
the particles themselves and an observed adverse effect.
Reporting the surface chemistry of particles is most

routinely included in in vitro effects studies [20, 50, 69,
83–93]. This observation is consistent with the objec-
tives of many in vitro studies, which attempt to evaluate
how varying properties of particles, such as size, shape
and surface charge, influence the interaction between
particles and cells used in various bioassay test systems.
A good example is the study of Magri et al. [89], who
attempted to generate environmentally relevant nano-
size PET particles using a laser ablation method. In their
study, Magri et al. [89] perform a number of tests aimed
at characterizing and quantifying the physicochemical
properties of the particles generated. An important as-
pect they consider relates to the surface charge of the
particles, which they describe as a negatively charged
surface, and is confirmed by the presence of carboxylic
acid groups on the surface of the particles and zeta-
potential measurements. The authors also consider the
potential influence that the negative charge has on the
stability of the particles within the in vitro assay test
medium, as well as the potential influence of the forma-
tion of a protein corona on particle surfaces [89]. The
added value regarding the quality of information

presented by Magri et al. [89] thus provides opportun-
ities for enhanced mechanistic understanding of the be-
haviour and fate of the particles in the test system and
strengthens the interpretation and confidence of study
results by reducing potential sources of uncertainty re-
garding QA/QC components of the study.

Study design
Several different types of in vivo mammalian test models
and endpoints have been used in testing the adverse ef-
fects of both NMPs and cellulose particles associated
with both inhalation and oral ingestion exposure path-
ways. While the use of rodents represent the majority of
studies, there are a few studies using other animal
models, including the use of rabbits [72], pigs [94] and
zebrafish [95]. The endpoints investigated include mor-
tality, behavioural changes, reproductive effects, adverse
effects on gut microbiota, metabolism and adverse ef-
fects on various internal organs (e.g., liver, lung, heart,
spleen, reproductive tissues), including effects on organ
and body weight and inflammatory biomarkers.
Similarly, in vitro effect studies target a variety of cell

bioassay test systems and endpoints related to both in-
halation and oral exposure pathways, with cell viability/
cytotoxicity, inflammation, and cellular uptake generally
dominating. Consequently, due to the variability associ-
ated with the test systems that have been applied, we
emphasize that the aim of the evaluation of QA/QC cri-
teria aligned with study design is to primarily assess the
reporting of fundamental test system components. The
evaluation can therefore provide a quantitative approach
towards a Tier 1 screening and prioritization level of as-
sessment, aimed at prioritizing studies that are found to
address and report QA/QC criteria to a satisfactory level
of completeness. The evaluation criteria, however, do
not provide an indication of the overall quality of the in-
terpretation of results obtained from the study, which
would require Tier 2 expert elicitation from individuals
with specific expertise and understanding related to the
test system used and how to best interpret data obtained
with respect to the endpoint measured.
Figure 3 summarizes the evaluation scores for each of

the study design QA/QC criteria for both in vivo and
in vitro studies. In contrast to the reporting of particle
characteristics, there are several studies that receive
non-zero scores against all QA/QC criteria aligned with
study design for NMPs [65–67, 83–85, 92, 95–101]. The
adequate use and reporting of study elements, such as
the use of controls and the reporting of frequency and
duration of the study are observed to be satisfactorily re-
ported by all studies. Similarly, studies tend to provide
the minimally sufficient level of information reporting
on the particle concentration, the test medium or vehicle
used to deliver a dose, the administration route, the test
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species or bioassay details and the size of the samples
and numbers of replicates. Areas where studies have not
performed as well relate to characterizing and quantify-
ing the stability and homogeneity of the particles in the
exposure medium, and specific to in vivo studies, con-
firmation of internal dose.
In their study investigating the inhalation exposure of

NMPs (100 nm polystyrene beads), Lim et al. [102]
adopt a modified OECD 412 test guideline (28-day (sub-
acute) inhalation toxicity study [53]) to evaluate effects
using a whole-body inhalation exposure system. The
study includes detailed information related to the expos-
ure test chamber, including quantification of particles in
the test chamber to which the animals were exposed, ex-
posure concentrations reported as both mass/volume
and count/volume basis, detailed descriptions of the

feeding and housing conditions of the animals, the spe-
cies and sex, and the inclusion of the OECD-
recommended numbers of animals per test group [53].
However, while Lim et al. [102] include histological ana-
lysis of tissue samples, the data are insufficient to con-
firm the internal dose of particles. In many instances a
score of ‘1’ has been assigned in relation to confirming
the internal dose based on semi-quantitative estimates
or qualitative information obtained from histological
images, such as from Ma-Hock et al. [97], who also
score relatively well against all QA/QC criteria for their
short-term inhalation study on acrylic-ester particles
(< 1.5 μm).
In their study investigating the influence of surface

charge in relation to adverse effects on primary human
alveolar macrophages (MAC), primary human alveolar

Fig. 3 Summary of evaluation scores for QA/QC criteria aligned with the reporting of study design components of studies assessed by the
NMP-TSAT. Please note that some studies report results for both in vitro and in vivo toxicity effects, such as Brown et al. [82], Molugu et al. [72],
and Stock et al. [83]
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type 2 (AT2) epithelial cells and a unique human alveo-
lar type 1 epithelial cells (TT1), Ruenraroengsak and
Tetley [92], include information on the stability of the
particles in the test system with concentrations reported
on both a mass/volume and mass/area basis. The study
also includes the use of both vehicle controls and posi-
tive controls, which were used in evaluating the per-
formance of the lactate dehydrogenase assay (LDH) [87].
Providing a relatively high-quality level of QA/QC infor-
mation with respect to the study design, the observation
that all types of particles tested were internalized by
TT1 and MAC cells, whereas only a small fraction of
positively charged particles were internalized by AT2
cells, strengthens confidence in the overall interpretation
of data presented. As noted above, improved handling
and reporting of QA/QC criteria greatly helps in redu-
cing potential uncertainties that may arise from other
studies where information presented may potentially be
ambiguous and/or simply not reported.
Raising awareness on how the lack of reporting

and/or demonstrating steps taken to comply with
QA/QC is particularly important when authors imply
human health implications or attempt to position
their results within the context of human health risk
assessment. Studies investigating the human health
risks of cellulosic materials, for instance, provide po-
tential opportunities for learnings that could be ap-
plied in future studies attempting to characterize and
quantify the human health risks of NMPs. The study
of Ong et al. [74], who report on the adverse effects
associated with dietary exposure to fibrillated cellulose
in Sprague-Dawley rats using the OECD-408 90-day
dietary test guideline [49], may provide an example
upon which to consider. As shown in Fig. 3, Ong et al.
[74] receive a score of ‘2’ against 11/13 criteria. Given
that the guidance used for the scoring criteria are
partly based on OECD guidelines, this result is not
too surprising. However, since the authors conducted
their study following OECD guidance, the NOAEL
reported (2194.2 mg/kg/d (males); 2666.6 mg/kg/d
(females)) [74], lends itself well for direct use within
a regulatory context. A good example to compare
against is the study of Merski et al. [103], who apply
the OECD guidelines to their study of repeat oral in-
gestion of a spunbound, nonwoven polymer fabric
consisting of polyethylene and polyethylene tereph-
thalate microparticles and found no apparent toxicity
at dietary levels up to 5%. While the various study
design criteria were reported to a sufficient level of
detail and can thus provide a useful line of evidence,
the details reported in relation to the particle charac-
teristics (Fig. 2) are poorly documented, resulting in
uncertainty in applying the study results for assessing
the potential risk of NMPs.

Applicability for risk assessment
A major objective behind the development and appli-
cation of the NMP-TSAT is in helping to identify
studies for use in evaluating human health risk, and
to inform the derivation of regulatory and non-
regulatory values for microplastic in exposure media
such as drinking water. The results obtained from the
NMP-TSAT with respect to criteria aligned with ap-
plicability for risk assessment are shown in Fig. 4. A
general observation is that while studies provide an
adequate level of information related to the statistical
methods used in analysing the endpoints measured,
few studies provide information that support that the
particles tested are representative of NMPs found in
the environment, or that the concentrations tested are
representative of environmentally relevant exposure
scenarios. Furthermore, approximately half of all
in vivo-based studies are based on using ≤2 concen-
tration exposures, which represents an insufficient
level of information to derive an effect threshold
value. Nevertheless, two in vivo studies reporting ef-
fects of NMPs are identified as receiving non-zero
scores against all criteria related to the application of
data for use in risk assessment. Li et al. [104] report
on the effects that 10–150 μm polyethylene particles
have on the distribution of gut microbiota and in-
flammation. The mass used ranged from 6 to 600 μg
for a single type of particle and shape, but which rep-
resents an environmentally relevant particle size dis-
tribution. Although the authors do not report either a
NOAEL or LOAEL, data presented suggest the poten-
tial to extrapolate a LOAEL in relation to the highest
exposure concentration [104]. Merski et al. [103], on
the other hand, report on the oral toxicity and muta-
genicity of spun-bound polyethylene and PET poly-
mers derived from fabric materials. The concentration
range presented, however, is based on a weight percentage
of particles in food, representing 0.5, 2.5 and 5%, which is
assumed to have an environmental relevance [103]. Add-
itional relevance towards NMPs present in the environ-
ment can be perceived based on the use of two different
types of polymeric materials. Similar to Li et al. [104], the
authors do not report an effect threshold value [103], al-
though data presented potentially imply the NOAEL to be
aligned with the highest exposure dose.
While five in vitro-based studies received non-zero

scores against all risk assessment criteria [83, 86, 87, 99,
105], a major challenge relates to the lack of tools cur-
rently available to extrapolate in vitro results to in vivo
scenarios [20, 26, 106]. Thus an important research need
in helping to strengthen the use of in vitro data in regu-
latory risk assessment pertains to the development of
quantitative in vitro-to-in vivo extrapolation (QIVIVE)
models [35, 107–111].
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When considering studies reporting effects for cellu-
lose particles, three studies receive non-zero scores
against all criteria [74, 112, 113]. Dolan et al. [112] in-
vestigated the effects of adding pecan shell fibre to food
based on results obtained from a repeat dose 90-day oral
toxicity study in rodents (OECD 408) [49]. The concen-
tration is estimated to range from between 3571 to

10,714 mg/kg/d (5–15% of diet), with no effect on body
weight or on any toxicologically relevant endpoints
[112]. A NOAEL of 9947.5 mg/kg/d (males) and
11,082.8 mg/kg/d in rats related to dietary exposure is
reported. In their study related to the adverse effects of
microcrystalline cellulose, Kotkoskie et al. [113] dosed
Sprague-Dawley rats with exposures of between 500 and

Fig. 4 Summary of evaluation scores for QA/QC criteria aligned with the reporting of data for use in assessing human health risks components of
studies assessed by the NMP-TSAT. Please note that some studies report results for both in vitro and in vivo toxicity effects, such as Brown et al. [82],
Molugu et al. [72], and Stock et al. [83]
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5000 mg/kg/day in tap water by oral gavage. Following
the OECD 408 [49] repeat dose 90-day oral toxicity
study recommendations no toxicologically significant ef-
fects or lesions were observed, resulting in a NOAEL of
5000 mg/kg/d in rats being reported [113]. Finally, Ong
et al. [74], who also report results obtained from the
OECD 408 [49] 90-day oral toxicity test, report a
NOAEL for fibrillated cellulose in the diet of Sprague-
Dawley rats of 2194.2 mg/kg/d (males) and 2666.6 mg/
kg/d (females) based on the analysis of several endpoints,
including body weight, food consumption, ophthalmo-
logic evaluations, hematology, serum chemistry, urinaly-
sis, post-mortem anatomic pathology and
histopathology.
It is proposed that the results obtained from the cellu-

lose particle studies may provide a benchmark upon
which to compare effect threshold results obtained from
NMP studies of similar quality. Unfortunately, the stud-
ies identified above receiving non-zero scores with re-
spect to risk assessment criteria for in vivo oral exposure
to NMPs, cannot currently be directly compared to the
cellulose particle studies due to various differences in
study design and units reported. The LOAEL estimated
from Li et al. [104], for instance, is 600 μg/d, estimated
to have been consumed in 3 g of diet each day by mice,
representing approximately 0.02% of dietary exposure,
whereas an estimated NOAEL based on results reported
from Merski et al. [103] may be representative of an ex-
posure of NMPs of 5% from dietary exposure. Consider-
ing that the exposure doses used in the NMPs studies
are lower than those used in the cellulose particle stud-
ies, the lack of effects at the higher cellulose exposure
concentrations may represent a benchmark threshold for
comparing NMP study results, although caution is war-
ranted not to overinterpret these results, such as
through the application of read-across. Such an ap-
proach, however, may provide opportunities to
contextualize how results obtained from NMP effect
studies relate to exposures to other non-digestible parti-
cles found in typical human diets.

Evaluation scores
As discussed and illustrated above, the NMP-TSAT can
be used to evaluate the reliability and relevance of any
in vivo or in vitro NMP toxicity study based on assessing
how studies perform against a suite of generic criteria,
including:

� Test substance identification,
� Test system characterization, and.
� Study design description.

For both in vivo and in vitro studies, criteria must be
assessed against the adequacy of information presented,

ranging from adequate (score = 2), adequate with restric-
tions (score = 1) or inadequate (score = 0). Because
scores of between 0 and 2 can be assigned to each cri-
teria, one approach towards screening and prioritizing
studies may be to assume that the sum of the scores can
be computed and the relative reliability of the study eval-
uated based on the overall score, particularly for studies
where all criteria receive a non-zero score. The total as-
sessment score (TAS) possible for in vivo studies is 52,
whereas for in vitro studies it is 46, which is based on re-
ceiving a maximum score of 2 against 26 and 23 criteria,
respectively. The maximum TAS obtained for an in vivo
study evaluated here was 44 (85%), assigned to the cellu-
lose particle study of Ong et al. [74]. In comparison, the
maximum TAS score obtained for an in vivo NMP study
was 37 (71%), assigned to the inhalation in vivo studies
reported by Lim et al. [102] and Ma-Hock et al. [97].
The maximum TAS for in vitro studies was 34 (74%),
assigned to the studies of Hesler et al. [86] and Xu et al.
[67]. Minimum TAS of 12 (23%) and 16 (35%) were
assigned to in vivo and in vitro studies respectively, and
the mean TAS were 28 (53%) and 26 (56%), respectively.
While this may appear to be an intuitive approach, care
should be taken not to overinterpret the comparison of
overall scores between studies.
The scoring approach used by Fernández-Cruz et al.

[9] screens and prioritizes the reliability of studies based
on combining information regarding how they score
overall and in relation to specific critical criteria. In that
approach high quality studies, identified as those that
have > 85% of the questions receiving the maximum
score, and those that meet all critical criteria would be
prioritized [9]. In instances where 61–85% of the ques-
tions receive the maximum score, and all critical criteria
are met, studies are deemed to be reliable with restric-
tions [9]. For studies having < 61% of questions receiving
the maximum score or if any of the critical questions are
not addressed the study is deemed to be unreliable [9].
When considering the results obtained from the NMP-
TSAT using the approach of Fernández-Cruz et al. [9],
only the study of Ong et al. [74] reporting effects of cel-
lulose particles would be prioritized as reliable, and no
NMP studies would be deemed reliable. Seven studies
reporting the in vivo effects of NMPs would be identified
as reliable with restrictions [66, 97, 98, 102, 114–116],
whereas nine in vitro effect studies would fall into this
category [67, 83, 85, 86, 89, 90, 92, 99, 101]. Conse-
quently, > 80% of studies are identified as not reliable
using the prioritization approach described by
Fernandez-Cruz et al. [9] and the NMP-TSAT criteria.
In their prioritization approach, de Ruijter et al. [3]

suggest that all criteria are equally important, therefore
only studies receiving a score of ‘1’ against all criteria
can be considered adequate. We note, however, that if a
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study receives a score of ‘1’ against all criteria, the TAS
would represent 50% of the maximum score possible,
which when combined with the cut-off values defined by
Fernández-Cruz et al. [9] would result in the study being
defined as unreliable. This is because Fernández-Cruz
et al. [9] use cut-off values based on scoring each criter-
ion on a value of ‘0’ or ‘1’, whereas de Ruijter et al. [3]
introduce an additional score of ‘2’, enabling studies to
be differentiated based on providing a higher level of in-
formation. Thus, the use of cut-off values using the scor-
ing system of de Ruijter et al. [3] would require
modification to enable studies to be screened and priori-
tized based solely on their TAS. In both the study of de
Ruijter et al. [3] and in the data reported here, none of
the studies receive non-zero scores against all criteria,
thus none of the studies can be defined as ‘adequate’
using the approach suggested by de Ruijter et al. [3].
Given the challenges associated with prioritizing stud-

ies based on ranking them according to their TAS we
suggest the use of an alternative, more flexible approach.
Specifically, we suggest that studies initially be screened
on how they score against each of the critical red cri-
teria, highlighted in Fig. 1. Studies that score a minimum
of ‘1’ against each of the red criteria, regardless of how
they rank according to their TAS, would be prioritized
as part of a Tier 1 screening and prioritization phase.
Using this approach we identify 10 oral ingestion [96,

104, 114–121] and 2 inhalation in vivo studies [97, 102]
that score at least 1 against all red criteria (Table 1). Six
of those studies receive a TAS < 60%, but since they re-
port a sufficient level of detail aligned to each of the crit-
ical QA/QC criteria, their results may be useful for
human health risk assessment. For instance, study re-
sults include a dose-response relationship based on > 3
concentration doses, thus an evaluation of these studies
at a higher tier of assessment may potentially prove
beneficial. Since the NMP-TSAT is not sufficient to
evaluate the validity and quality of the interpretation of
study results, experts with the necessary level of expert-
ise to assess the reliability of toxicological endpoints
should be consulted.
Table 1 provides a qualitative summary of strengths

and weaknesses of the studies evaluated here using the
NMP-TSAT. The strengths and weaknesses identified
are limited to various QA/QC criteria, with strengths be-
ing identified for several studies in relation to particle
characterization, adherence to OECD guidelines and the
reporting of both sub-organismal and organism-level ef-
fects for potential use in human health risk assessment.
Weaknesses are typically characterized by poor reporting
and verification of test particle characteristics, with ma-
jority of studies testing monodisperse polystyrene
spheres, resulting in a general lack of understanding of
how these test particles might be used to extrapolate to

the potential effects of NMPs encountered under envir-
onmentally relevant conditions. It should be noted that
the strengths and weaknesses identified in Table 1 per-
tain to the purpose of studies for use in risk assessment.
Depending on how the data are used, however, a
strength identified here may represent a weakness in an-
other context, and vice versa. For instance, where the
purpose of the toxicity study is to investigate mechanis-
tic relationships between specific properties of a particle
(e.g. different polymer types, sizes, shapes, surface chem-
istry) and a toxicological effect endpoint, the use of
monodisperse particles can be seen as an important
strength. Alternatively, in instances where studies at-
tempt to already extrapolate results using monodisperse
particles to enable read-across to a heterogenous mix-
ture of particles, such as is the case for many of the
studies evaluated here, the challenges should not be
underestimated, and in these instances the use of mono-
disperse particles represents a significant weakness. Add-
itionally, there is a general reliance on nominal
concentrations with several studies adding particles to
drinking water with limited attempts to quantify or ver-
ify the actual exposure dose concentration; in these cases
concentrations tested are most likely significantly above
environmentally relevant concentrations.
Given that the evaluation performed using the NMP-

TSAT is limited to assessing QA/QC criteria, and that
the approach aims to prioritize a conservatively large
number of studies, which includes studies that poten-
tially provide an inadequate level of information against
several criteria identified as less critical, it is important
that all 15 studies in Table 1 be subject to a Tier 2 ex-
pert elicitation process. This is particularly important
when identifying studies that might be used in helping
to inform the decision-making process in relation to hu-
man health implications of exposure to NMPs, as the
studies themselves adopt novel and non-standard ap-
proaches towards assessing a wide range of endpoints.
Furthermore, the studies listed in Table 1 include a var-
iety of endpoints, for which toxicologists representing
different areas of expertise would be needed to provide a
more in-depth evaluation of the study design and reli-
ability of the data reported. We propose that by combin-
ing the screening and prioritization approach based on
the application of the NMP-TSAT (i.e., Tier 1 evalu-
ation) with expert evaluation for priority studies (i.e.,
Tier 2 evaluation), the method described here provides a
standard evaluation and scoring procedure that will en-
able a transparent approach for assessing the relative
quality and reliability of any in vivo or in vitro NMP tox-
icity study. The suggestion is that Tier 1 evaluation aims
at examining the QA/QC reliability of studies, but not
necessarily their relevance for use in risk assessment.
Given the various toxicological endpoints reported from
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Table 1 Summary of total assessment scores (TAS) and QA/QC criteria strengths and weaknesses of in vivo studies prioritized based
on adequate evaluation of critical QA/QC identified as part of a Tier 1 screening assessment. Strengths and weaknesses listed reflect
how the data support or limit, respectively, the interpretation of study results within a risk assessment context. Strengths and
weaknesses are thus context-specific, and those listed as strengths here may be perceived as weaknesses under another context,
and vice versa. Additional study information included in the Supplementary Information

Author Strengths Weaknesses TAS
(/52)

Lim et al.
(2021) [102]

Excellent reporting of study design characteristics; inclusion of
both sub-organismal and organism level endpoints reported
helping to inform potential mechanisms of toxicological action

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposures.

37

Ma-Hock
et al. (2012)
[97]

Excellent reporting of particle characteristics and exposure
conditions, including an estimate relating external exposure to an
internal dose; NOAEL reported based on no adverse effects up to
the maximum concentration tested.

Single type of polymer tested at only two concentration
doses, plus control – acrylic ester copolymer – unclear how
to extrapolate results to environmentally relevant exposures.

37

Ong et al.
(2020) [74]

Study conducted according to repeat oral dose OECD 408
guideline with excellent reporting for all three areas evaluated,
including particle characteristics, study design and application for
risk assessment – NOAEL reported.

Study targets the evaluation of adverse effects related to
repeated dietary ingestion of fibrillated cellulose – unclear
how to read-across to NMPs.

44

Amereh
et al. (2019)
[115]

Good characterization of particles, which include two different
sizes in the sub-micron range; particles tested at both high and
environmentally relevant concentrations, LOAEL can be
extrapolated.

Single type of polymer tested – polystyrene spheres; particles
dosed into drinking water, unclear actual delivery and/or
homogeneity of exposure; adverse effects limited to sub-
organismal level endpoints only.

34

Amereh
et al. (2020)
[114]

Good characterization of particles, which include two different
sizes in the sub-micron range; particles tested at both high and
environmentally relevant concentrations, LOAEL can be
extrapolated.

Single type of polymer tested – polystyrene spheres; particles
dosed into drinking water, unclear actual delivery and/or
homogeneity of exposure; adverse effects limited to sub-
organismal level endpoints only.

34

Deng et al.
(2017) [116]

Inclusion of both sub-organismal and organism level endpoints
reported helping to inform potential mechanisms of toxicological
action, with exposure concentrations reported to represent envir-
onmentally relevant concentrations.

Two sizes of monodisperse polystyrene spheres; particles
dosed into drinking water, unclear actual delivery and/or
homogeneity of exposure; particles supplied as a dispersion
in a solution containing 1:1 ethanol:water, unclear residual
levels of ethanol in test system. Several comments published
in the peer review literature raising concerns related to
histopathological analysis and toxicokinetics.

34

Dolan et al.
(2016) [112]

Study conducted according to repeat oral dose OECD 408
guideline with good reporting for study design and application
for risk assessment – NOAEL reported.

Poor reporting of particle characteristics, where study reports
adverse effects related to repeat dietary ingestion of pecan
shell fiber, ground from pecan shells – unclear how to read-
across to NMPs.

34

An et al.
(2021) [96]

Lowest test concentration selected as being representative of
concentrations reported for freshwater systems.

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposure;
particles dosed into drinking water, unclear actual delivery
and/or homogeneity of exposure; particles supplied as a
dispersion in a solution containing 1:1 ethanol:water, unclear
residual levels of ethanol in test system.

31

Kotkoskie
et al. (1996)
[113]

Concentration test range selected to be representative of
concentrations in food product for human consumption, NOAEL
reported.

Poor reporting of particle characteristics, where study reports
adverse effects related to repeat dietary ingestion of cellulose
fibers – unclear how to read-across to NMPs.

30

Park et al.
(2020) [118]

Various organism and sub-organism level effects reported, includ-
ing body weight, pathological effects in stomach epithelial cells,
effects on reproduction and immune system, such as via Immu-
noglobins (Ig, IgA, total IgG, IgE, and IgM)

Monodisperse polyethylene particles – unclear how to
extrapolate results to environmentally relevant exposure;
particles dosed into drinking water, unclear actual delivery
and/or homogeneity of exposure; unclear relevance of
exposure concentration range used 3.75–60 mg/kg bw;
questions related to the use of p < 0.5 as a measure of
statistical significance.

30

Hou et al.
(2020) [117]

Body weight and changes in organ coefficients, sperm damage
analysis, including count, malformation, etc., inflammatory
responses and apoptosis-related proteins and cells. A combin-
ation of both organism and sub-organism level endpoints. Con-
centrations of 0.1, 1, and 10mg/L used in drinking water, with an
estimate that mice drank 6–7 mL/d, resulting in a nominal de-
rived concentration of 0.6–60 μg/d.

Poor particle characterization, with particle description
limited to monodisperse polystyrene spherical particles –
unclear how to extrapolate results to environmentally
relevant exposure.

27

Li et al.
(2020) [121]

Verification of particle size, shape and composition, while
sufficiently reporting information for each of the critical criteria.

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposure;
particles dosed into drinking water, unclear actual delivery

27
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toxicity studies there is a need to receive input from
multiple relevant experts, who can provide input regard-
ing the relevance and reliability of the endpoints re-
ported. Information obtained through from both levels
of assessment should be transparently documented, with
the use of NMP-TSAT providing an instrument for the
Tier 1 evaluation. Coffin et al. [38], report results ob-
tained from a Tier 2 evaluation, which complement the
information presented here.
In principle, the results of a Tier 1 evaluation can

be used to screen and prioritize studies, as well as
help to inform on the quality and reliability of a
given study for use in assessing potential health risks.
Given the various potential technical limitations and
challenges currently associated with testing the tox-
icity of particles, particularly NMPs, in both in vivo
and in vitro test systems, their evaluation should be
perceived as providing both a relative indication of
the quality of studies currently available, as well as a
tool for helping to identify and prioritize data needs
in relation to considering critical assessment factors
needed to inform the implications of NMPs on hu-
man health – useful for designing and informing fu-
ture human health hazard characterization and risk
assessment.
As discussed above, there is a need to develop QIVIVE

tools for enabling results obtained from in vitro studies
to be robustly used within a risk assessment context,
which is currently unavailable for NMPs. Thus,
prioritization of in vitro studies for the purposes of
informing a human health threshold value would not be
appropriate, with the results reported here potentially
proving useful at a later date when reliable QIVIVE tools

are available for NMPs. Nevertheless, the information
obtained from in vitro studies may prove insightful to-
wards improved understanding of mechanisms of action.
As discussed by Jeong and Choi [122], results from a
suite of in vitro assays can be evaluated to define rele-
vant key events, such as reactive oxygen species (ROS)
formation (KE1278). Indeed, the evaluation of informa-
tion reported for all in vitro studies does provide support
related to the importance of ROS formation as a poten-
tially important key event for NMPs, potentially result-
ing in inflammatory responses or possibly vice versa, i.e.
inflammatory responses triggering ROS formation. Stud-
ies aiding in the mechanistic understanding that can bet-
ter define the relationship between the properties of
NMPs and their potential to trigger ROS formation
would prove beneficial. Of particular interest is the ap-
plication of testing environmentally relevant NMPs.
Studies have shown that weathering, for instance, can in-
crease the ROS generation potential of NMPs, which
may be mediated due to competitive processes that
weathering also introduces, such as higher binding affin-
ity of weathered NMPs to serum protein – a powerful
ROS scavenger, which has been observed in in vitro cul-
ture medium [123].

Implications
Given the exponential increase in the number of pub-
lished NMP toxicity studies, there is a need for screening
and prioritization tools, such as the NMP-TSAT pre-
sented here, aimed at enabling a transparent and con-
sistent approach for evaluating their relevance and
reliability for human health risk assessment. When com-
bined with data filtering tools [40], a tiered approach

Table 1 Summary of total assessment scores (TAS) and QA/QC criteria strengths and weaknesses of in vivo studies prioritized based
on adequate evaluation of critical QA/QC identified as part of a Tier 1 screening assessment. Strengths and weaknesses listed reflect
how the data support or limit, respectively, the interpretation of study results within a risk assessment context. Strengths and
weaknesses are thus context-specific, and those listed as strengths here may be perceived as weaknesses under another context,
and vice versa. Additional study information included in the Supplementary Information (Continued)

Author Strengths Weaknesses TAS
(/52)

and/or homogeneity of exposure; particles supplied as a
dispersion in a solution containing 1:1 ethanol:water, unclear
residual levels of ethanol in test system. Concentrations of >
7.18 × 109 particles/L are perceived to be significantly greater
than typical human exposure.

Wei et al.
(2021) [119]

Verification of particle size, shape and composition, while
sufficiently reporting information for each of the critical criteria.

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposure;
particles dosed into drinking water, unclear actual delivery
and/or homogeneity of exposure; particles supplied as a
dispersion in a solution containing 1:1 ethanol:water, unclear
residual levels of ethanol in test system.

27

Xie et al.
(2020) [120]

Sufficient level of information reported for each of the critical
criteria.

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposure.

27

Li et al.
(2020) [104]

Sufficient level of information reported for each of the critical
criteria.

Monodisperse polystyrene spherical particles – unclear how
to extrapolate results to environmentally relevant exposure.

23
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can help to prioritize resources towards the evaluation
of studies in the context of human health risk assess-
ment. A tiered approach that initially screens and pri-
oritizes against critical QA/QC criteria, will help to
ensure that high quality, fit-for-purpose studies are
used for human health risk assessment. To date, no
such approach has been proposed for NMP toxicity
studies, with a number of less-than-ideal studies being
published – resulting in an ever increasingly compli-
cated landscape for risk assessors and regulators to
navigate. For example, data reported from non-
standard studies with limited attention towards QA/
QC criteria and/or for which results are limited to
monodisperse particles to which humans are not ex-
posed, as represented in through the QA/QC evalu-
ation reported in this study, represent particular
challenges to risk assessors.
Tools such as the NMP-TSAT can also be used in

helping to develop an understanding of potential toxico-
logical mechanisms of action and in identifying poten-
tially important research needs and data gaps.
Ultimately, this information can also prove valuable in
the context of developing AOPs for pathways relevant to
NMPs.
Another important element to consider, relates to how

screening and prioritization tools might be used to im-
prove the communication of potential human health
risks resulting from exposure to NMPs, whether it be
from food and food packaging, drinking water and bev-
erages or via inhalation of indoor or outdoor air. As
NMPs have become a topic of public interest and media
attention in recent years, an appreciation of the uncer-
tainties inherent in the toxicity studies being conducted
is imperative to ensuring that potential risks are accur-
ately stated and appropriately reflect the current state-
of-knowledge on the impacts to human health. Indeed,
communicating the relevance of results associated with
poorly characterized mondisperse polystyrene spheres in
relation to sensitive endpoints are representative of chal-
lenges regulators currently face. Overall, the application
of the tiered approach proposed in this study, which first
screens and prioritizes toxicity studies based on their
relative adequacy for reporting various QA/QC criteria,
followed by expert evaluation regarding how the study
was conducted and results reported, should help
strengthen confidence in the decision-making process
through a transparent and consistent approach aimed at
characterizing and quantifying critical uncertainties.
Decision-makers can then use the output of the tiered
evaluation process to support risk assessment decisions
and outcomes, to inform risk communication ap-
proaches and to robustly identify areas of research
needed to reduce the relative level of uncertainty that
may exist.

Conclusion
In this study we develop and apply a screening and
prioritization tool for evaluating a suite of QA/QC cri-
teria reported in in vivo and in vitro effects studies
aimed at characterizing and quantifying adverse effects
of NMPs via inhalation or oral ingestion exposure path-
ways. A total of 74 studies were identified and evaluated
using the tool developed and which represents a screen-
ing and prioritization tier 1 level of assessment. A total
of 10 oral ingestion and 2 inhalation studies were priori-
tized for tier 2 – expert elicitation assessment. The re-
sults presented here complement other activities that
have been initiated to support the Health Effects Work-
shop sponsored by the Southern California Coastal
Water Research Project (SCCWRP) (https://www.
sccwrp.org/about/research-areas/additional-research-
areas/trash-pollution/microplastics-health-effects-
webinar-series/. As a general observation, studies identi-
fied as following OECD guidance typically scored well
with respect to study design and applicability for risk as-
sessment, whereas a major shortcoming identified relates
to the limited types of particles that have been studied.
The majority of studies evaluated using the NMP-TSAT
have been performed on monodisperse particles, pre-
dominately spheres (≈60% or 43/74), consisting of poly-
styrene (≈46% or 34/74). The other plastic polymers
include a small number of studies that report results for
polyethylene (11% or 8/74), PVC (5% or 4/74), polypro-
pylene (3% or 2/74) and PET (3% or 2/74). Particle sizes
are observed to be similar for both in vivo and in vitro
effect studies, with the median particle size tested ob-
served to be 2.2 μm and 0.5 μm, respectively. The major-
ity of studies have tested particles < 5 μm, with a
minimal particle size of 10 nm and a maximum particle
size of about 200 μm. The challenge in applying the re-
sults of studies obtained from a suite of monodisperse
particles to the heterogenous mixture of particles under-
stood to represent environmentally relevant exposure is
non-trivial and complicates the ability to reliably
characterize and quantify the potential human health
risks of NMPs.
Future research aimed at strengthening our under-

standing of the human health implications of NMPs will
thus greatly benefit from:

� The generation of test materials representative of
human exposure to NMPs for use in toxicity test
systems, reducing the need to develop read-across
methods to extrapolate results obtained from mono-
disperse particles to the complex heterogeneous
mixture of environmentally relevant NMPs.

� Improved characterization and verification of test
particle characteristics. In the absence of standard
test materials representative of environmentally
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relevant NMPs, improved characterization of test
particles would strengthen the correlation between
observed adverse effects in both in vivo and in vitro
test systems and various physicochemical properties
of the particles tested.

� The adoption of study design guidance
recommended by OECD when conducting either
in vivo inhalation or oral ingestion toxicity tests.
The adoption of OECD guidelines would greatly
strengthen scoring against study design and
application towards risk assessment criteria
identified within the NMP-TSAT.

With an ever-increasing awareness and concern re-
lated to the potential for human health implications
from exposure to NMPs, there is a critical need for de-
termining the level of confidence in data produced by
researchers and published in the peer-review literature.
The development and application of the NMP-TSAT de-
scribed in this study as part of a tiered-approach is per-
ceived as an important contribution towards the
acquisition of robust, reliable data, and will strengthen
confidence in future decision-making processes.
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