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Abstract

Micro- and nanoplastic particles (MNPs) have emerged as pollutants of high public concern. Assessing and
managing the risks of these particles remains challenging for several reasons. A long-term goal is to establish a
comprehensive risk-governance framework that includes risk framing, scientifically sound risk assessment that
accounts for human and environmental safety, evaluation, and risk management/decision making. A realistic
short-term goal is to develop a comprehensive human health risk assessment framework (RAF). Very recently,
RAFs for evaluating the human-health risks of MNPs have become available; however, comparative analyses

of these frameworks are lacking. Here, we discuss six established frameworks to assess their technological and
regulatory readiness. We begin by proposing nine technical criteria that a risk-assessment framework should meet
to inform policy and action. These include the degree of quantifiability of outputs; the provision for systematic
evaluation of the quality of input data; the consistency between exposure and effect data with respect to
underlying mechanisms; the extent to which the complexity and diversity of environmentally realistic microplastics
are addressed; readiness for integration into existing regulatory approaches; and the extent of real-world
implementation to date. We discuss the specific strengths of each framework and recommend combining them
into a single overarching framework that integrates these strengths.
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Introduction

Microplastics are routinely detected in food, water, air,
and consumer products, meaning exposure is wide-
spread across the general public. Growing evidence sug-
gests they can accumulate in the human body and may
contribute to inflammation and oxidative stress. These
potential impacts are of particular concern for vulnerable
groups, including children and pregnant women [1-3].

Environmental risks of microplastics are already well
recognized and have led to restrictions on primary
microplastics under the EU chemicals regulation REACH
[4] In contrast, human-health risks have only recently
garnered attention. A comprehensive one health risk-
governance framework, encompassing both environ-
mental and human health is best suited to address the
complexity of understanding and assessing microplastics
risks. For nanomaterials, risk governance frameworks
have been developed that typically consider (i) risk fram-
ing (based on early warnings), (ii) risk assessment, (iii)
evaluation, and (iv) risk management/decision-making
[5]. It is advisable to involve different actors and stake-
holders from the outset to gather all available informa-
tion, capture diverse perspectives, and jointly develop
suitable approaches. Furthermore, both the risks and
benefits of plastic use should be considered. Despite the
current focus on threats and risks, plastic materials also
offer valuable properties and applications, which explains
their widespread global use.

Developing robust risk governance for (micro)plastics
is crucial for policymakers, the public and private sec-
tors, and society alike: it provides a scientific foundation
to understand the potential risks of these emerging pol-
lutants and to evaluate options for action from multiple
perspectives. This enables policymakers to identify prior-
ity release scenarios and exposure routes, develop safety
thresholds, and support regulations aimed at eliminat-
ing or reducing harmful exposure when warranted (e.g.,
occupational exposure limits). Risk governance also
allows targeted measures to be derived from solid sci-
ence rather than precaution alone. For society, it offers
transparency and reassurance, helping to bridge public
concerns with credible health-protection measures. The
private sector benefits through regulatory predictability,
improved product safety, and enhanced consumer trust.
As microplastic pollution continues to grow, risk assess-
ment is becoming an increasingly indispensable tool
for responsible environmental management and pub-
lic health policy. A core element of risk governance is a
robust risk assessment framework (RAF) underpinned
by sound science and a transparent weight-of-evidence
approach.

The Lancet Countdown report on plastic and health
has documented significant impacts of plastic on human
health across the lifecycle of plastic [6]. In concordance
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with earlier reports of the World Health Organization
(WHO) the potential human health risks associated with
exposure to micro- and nanoplastics (MNPs) via drinking
water, food, and air remain uncertain [7, 8]. In its 2019
assessment, the WHO concluded that at current expo-
sure levels, there was “no evidence to indicate a human
health concern’, but emphasized that this does not equate
to evidence of no risk [7, 9]. The WHO reports called for
further research and the development of robust, science-
based frameworks for risk assessment of MNPs. They
identified major knowledge gaps, including the absence
of standardized methods and Quality Assurance/Qual-
ity Control (QA/QC) protocols, the lack of realistic test
materials, and the need for models of internal exposure
(such as physiologically based kinetic or ‘PBK’ models).
WHO recommended precautionary measures to reduce
pollution and prioritized research into exposure, toxicol-
ogy, and biokinetics to enable future risk characteriza-
tion based on reliable, harmonized, and environmentally
relevant data. The question is whether, given the wide-
spread presence of MNPs, using a strict definition of the
precautionary principle as the default strategy is sustain-
able. Because MNPs are everywhere, trying to avoid all
potential sources is neither practical nor effective in the
long term. A more workable path is to adopt a risk-based
approach grounded in quantitative data, health-rele-
vant thresholds, and targeted mitigation measures that
address exposure pathways of concern where acceptable
health-risk thresholds are exceeded.

Partly in parallel with, and partly following, the WHO’s
efforts and similar initiatives by SAPEA [10], several
groups and projects have attempted to develop frame-
works for assessing the health risks of microplastics.
Examples include the California Microplastics Health
Effects Workshop hosted by the Southern California
Coastal Water Research Project (hereafter referred to
as ‘SCCWRP’), the Wageningen MICROPLASTICLAB
project cluster (hereafter referred to as ‘MICROPLASTI-
CLAB), several projects from the recent European CUSP
cluster (http://www.cusp-research.eu), such as AURORA,
POLYRISK, and PLASTICHEAL, and the MOMENTUM
project, which uses a risk assessment framework dem-
onstrated through a case study (hereafter referred to as
‘MOMENTUM’). Besides the AURORA, POLYRISK and
PLASTICHEAL frameworks, CUSP reports two other
frameworks, IMPTOX and PlasticsFate, which focus
on allergy and asthma-related health outcomes and on
source-fate-product-oriented risk evaluation of plastics,
respectively, but have not yet been published as stand-
alone frameworks in the peer-reviewed literature [11].

Most of these frameworks are based on the classical
risk assessment paradigm, consisting of problem formu-
lation, hazard identification, hazard characterization,
exposure assessment, and risk characterization [12].


http://www.cusp-research.eu

Koelmans et al. Microplastics and Nanoplastics (2026) 6:40

However, the frameworks differ in purpose, approach,
completeness, and technological and/or regulatory
maturity. Typically, best practices only become apparent
after project completion, so efficient cross-pollination is
not guaranteed. Following similar evaluations of RAFs
for other chemicals and nanomaterials [13—15], and as
more frameworks for MNP are now being published, it
is timely to analyse their similarities and differences and
assess their added value. It is also important to iden-
tify what the different approaches can learn from one
another, with the aim of forming an integrated body of
best practices. Currently, such an analysis is lacking, even
though clear guidance for policymakers worldwide is
critically needed given the urgency of understanding the
human health risks of microplastics.

The aim of this perspective paper is to provide that
guidance for the frameworks that are currently proposed
or in use worldwide. These are the frameworks of SCC-
WRP [16], MICROPLASTICLAB [12, 17-24], AURORA
[25, 26], POLYRISK [27], PLASTICHEAL [28], and
MOMENTUM [29]. To this end, we begin by proposing
nine scientifically grounded criteria that could form the
foundation of a generalized risk assessment framework
for assessing human health risks from MNPs. We then
summarize the core features of each framework, compare
them against these criteria, and evaluate their strengths
and limitations. As many of these frameworks or their
components are still under development, often function-
ing as blueprints rather than tested tools, we also exam-
ine their technological and regulatory readiness. Finally,
we offer a synthesis of how the best elements of the dif-
ferent approaches could be brought together into a har-
monized and coherent whole.
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Criteria for a scientifically sound framework to
assess the risks of micro- and nanoplastics for
human health

A scientifically sound risk assessment framework for
MNPs must address several essential criteria to ensure
robust, transparent, and actionable health protection
(Table 1). The nine criteria follow the established para-
digm: (i) identify and characterize the substances; (ii)
hazard assessment proceeding from identification to
characterization of the relationship between dose and
response to derive toxicological safety thresholds; (iii)
exposure assessment, not only the external but impor-
tantly also the internal exposure especially when moving
towards a NAM-based Next Generation Risk Assess-
ment, which is especially critical for particles; and
(iv) integrate all information in risk characterization.
Although developed for conventional chemicals, this par-
adigm also applies to nanoparticles and microparticles,
including MNPs, which require added attention to issues
specific to particles such as fate and dosimetry [31].

First, it is important to identify and delineate the char-
acteristics of the MNPs that are going to be assessed. This
implies that a credible framework must reflect the diver-
sity of the microplastic continuum [17, 32, 33]. MNPs vary
widely in size, shape, polymer type, and aging state, etc.,
all of which influence their behaviour and toxicity. Mod-
ern risk frameworks are moving towards embracing this
diversity by describing particle characteristics as continu-
ous distributions rather than discrete classes, ensuring
that risk estimates are realistic and protective [21, 34, 35].

Next, a quantitative assessment of exposure is essen-
tial. After all, risk is a function of both hazard and expo-
sure, and without reliable measurements or estimates of
external and internal concentrations and particle char-
acteristics, no credible risk conclusions can be drawn. If
we want to implement mitigation, we also need external
information; a quantitative external exposure assess-
ment of the MNPs people ingest or inhale. The WHO [7,

Table 1 Nine criteria for a scientifically sound framework to assess the human health risks of micro- and nanoplastics

Criterion

Motivation

1 Quantitative External Exposure Assessment

Measures real-world intake; critical for relevance and accuracy of inputs for biodistribu-

tion/PBK modelling

2 Quantitative Internal Exposure (Biodistribution and
PBK)

3 Quantitative Hazard or Effect Assessment
4 Quantitative Risk Characterization

5 Inclusion of the Diversity of the Plastic Continuum

6 Inclusion of Exposure, Hazard and Risk from Plastic-
Associated Chemicals

7 Framework to Address QA/QC Limitations of Underly-
ing Models and Data

8 Technology Readiness Level (TRL) [30]

9 Regulatory Alignment and Readiness

Links intake to tissue concentrations; (i.e. external and internal dose); essential for
calculating actual health risks

Defines harmful dose; enables science-based health-based values.

Combines exposure and hazard to determine risk; supports clear, actionable risk
conclusions

Captures variable particle properties; avoids misleading generalizations
Accounts for additives and pollutants; reflects real exposure complexity

Ensures reliability; filters flawed inputs from risk calculations

Assesses maturity of tools; indicates methodological and implementation maturity
Aligns with policy frameworks; indicates policy compatibility and decision-use potential
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8] and EFSA [36] have emphasized the urgent need for
high-quality occurrence data for media such as water, air,
and food, obtained using standardized methods to enable
meaningful comparisons and risk estimates.

However, external exposure alone is not sufficient;
internal exposure is crucial, as only a fraction of exter-
nally encountered MNPs crosses biological barriers
and ultimately reaches target tissues [8, 22, 37]. This
depends primarily on particle size, but shape and (sur-
face) chemistry also play roles. PBK models, highlighted
by WHO [8], EFSA [36], and recent reviews [38], link
external exposure (i.e., intake) to biologically relevant
internal concentrations in specific organs. Building on
PBK outputs, quantitative in vitro-to-in vivo extrapola-
tion (QIVIVE) converts in-vitro effect concentrations
into in-vivo-equivalent doses for direct comparison with
exposure metrics [39]. PBK and QIVIVE are particularly
valuable for incorporating size-specific microplastic bio-
distribution, whereby the smallest MNP fraction is most
likely to translocate into organs at the highest rate. Quan-
tifying this internal exposure distribution is essential for
interpreting toxicological and health relevance.

Fourth, a quantitative hazard assessment is required
to identify doses of MNPs that do not cause harm. Ide-
ally, a dose-response curve (or an in vitro concentra-
tion-response curve) is analysed using the benchmark
dose method to derive the benchmark dose lower confi-
dence limit (BMDL), setting the point for departure for
risk assessment. If available dose-response relationship
data from controlled human studies are to be used to
underpin a human health risk assessment. Together, this
rests on prior hazard identification, for which structured
screening batteries should be built around molecular
initiating events (MIE) and key events (KEs) in adverse
outcome pathways (AOPs). Test materials should reflect
environmentally realistic MNPs rather than pristine
polymer particles, and assessment of dosimetry is criti-
cal. Emerging evidence suggests endocrine disruption
and immunotoxicity warrant targeted investigation,
while major reviews (e.g., WHO 2019; SAPEA 2019) have
highlighted the scarcity of high-quality, reproducible data
and the need for improved study design [7, 10, 40, 41].
Without robust dose—response data, meaningful quanti-
tative hazard assessment, and thus risk characterization,
remains out of reach.

Building on this, quantitative risk characterization syn-
thesizes exposure and hazard data to estimate whether
a given intake exceeds a threshold for harm. The WHO
used this approach in 2019 for chemical leachates from
microplastics in water, demonstrating that risk estimates,
when based on robust inputs, can inform health-based
guidance levels [7]. It is critical that exposure and hazard
data be expressed in the same units and for the same tox-
icologically relevant metric [21]. Where data are limited,
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risk assessment frameworks must transparently account
for uncertainty and make clear what additional evidence
is needed.

Equally, frameworks must address plastic-associated
chemicals, such as residual monomers/oligomers, addi-
tives and/or environmental pollutants [42]. This may
also include microplastic-associated pathogens [7, 8].
Although the contribution of chemicals or pathogens
associated with ingested microplastics to total exposure
has been suggested to be small in some contexts [20, 43],
a forward-looking risk framework should not assume
that such chemicals or pathogens are always negligible;
rather, it should include them systematically and let the
data determine their importance. The EFSA (2016) and
WHO (2022) stress the importance of assessing particles
and chemicals together, using mixture risk assessment
principles.

Perhaps one of the most crucial (yet often overlooked)
aspects of a credible risk assessment is the quality of the
data feeding into the assessment. To ensure conclusions
are reliable, frameworks must incorporate QA/QC pro-
tocols for study selection, particle characterization, and
data reliability [7, 8]. Tools like scoring checklists and
reporting criteria [41] help filter or triangulate evidence
and increase transparency and consistency in how uncer-
tainty is identified and evaluated.

Finally, technology readiness level (TRL) (Table 2) and
regulatory alignment and readiness (Table 3) determine
whether a framework can move from theory to applica-
tion [30, 44]. Regulators need methods that are not only
scientifically valid but also practically implementable. A
framework that supports familiar outputs such as risk
quotients, guidance values, or reference doses, and aligns
with principles from established regulatory agencies such
as EFSA, WHO, and REACH would be well-positioned
to influence policy and protect public health. This would
ensure the approach is actionable and acceptable to
authorities like EFSA, US EPA, and other national health
agencies.

Risk assessment frameworks

We discuss six frameworks that have been proposed for
the hazard and/or risk assessment of microplastics in
relation to human health. We emphasize that all these
frameworks are ‘fit for purpose’ considering the objec-
tives and application criteria as defined by their respec-
tive authors. However, the frameworks differ significantly
in terms of their intended tier level, degree of quantita-
tive detail, complexity, target user group and/or health
endpoint, and stage of implementation. We structure the
discussion of the frameworks according to the nine cri-
teria for an ideal framework as outlined in the previous
section (Fig. 1, Table 4).
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Table 2 Technology readiness of human health risk assessment frameworks for MNPs
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Framework Estimated TRL Justification Mankins definition [43]

SCCWRP TRL7 A system prototype has been applied in a real-world, opera- Framework applied in real-world regu-
Prototype in Opera-  tional regulatory context (California’s water policy). Conserva- latory settings; tools used by authorities
tional Environment  tive tools are already used by agencies; tested with real data. to inform decisions.

MICROPLASTICLAB  TRL 6 Fully integrated components (e.g,, QA/QC, TRMs, PBK models)  Integrated system demonstrated under
Demonstra- demonstrated in realistic settings but not yet operationalized in  realistic conditions; close to practical
tion in Relevant regulatory systems for human health. use but not yet in policy.

Environment

POLYRISK TRL5 Most components (hazard, exposure scenarios) are developed  Framework components tested with
Validation in Rel- and demonstrated in relevant settings but not fully integrated  realistic data or scenarios; integration
evant Environment  or operationally tested. progressing, not yet operational.

MOMENTUM TRLS Case study for indoor-air inhalation of polyamide MNPs using Framework components tested with
Validation in Rel- MPPD and MOE under defined QA/QG; lacks PBK/TRM/mixture  realistic data or scenarios; integration
evant Environment  assessment; not yet used in regulation. progressing, not yet operational.

AURORA TRL 3-4 Framework is conceptual and partially demonstrated at the Conceptual framework partly tested in
Early Validation level of literature synthesis and modelling ideas. Some compo-  lab or through literature; partial integra-

nents tested in lab settings or with literature data. tion, not yet applied in realistic settings.

PLASTICHEAL TRL 3. PlasticRiskCat is a structured concept validated analytically but ~ Key elements demonstrated analyti-
Proof of concept not integrated into broader exposure/risk systems. Primarilya  cally or experimentally; still conceptual

proof-of-concept tool for prioritization.

with minimal integration.

Table 3 Regulatory readiness of human health risk assessment frameworks for MNPs

Framework Regulatory Basis for rating

readiness?

SCCWRP High Implemented in a regulator-led context (California drinking water). Produces an actionable
screening-level output for interpreting monitoring data, using an established regulatory meth-
odology and transparent assumptions.

MICROPLASTICLAB Medium-High Ecological variant is used by agencies (e.g., SCCWRP/RIVM), and the HHRA variant is used by
agencies (SSCWRP) and structured to match EFSA/WHO/REACH logic (QA/QC, exposure—haz-
ard integration, quantitative outputs). Not yet formally adopted for HHRA decisions.

POLYRISK Medium Explicit regulatory alignment (WHO/ECHA-style structure, tiering, IATA logic) but not piloted or
adopted by authorities; regulatory actionables depend on further integration/validation.

AURORA Medium Designed for REACH/ECHA/OECD consistency (tiering, hazard banding, TRLs, early-life lens), but

PLASTIC-HEAL

MOMENTUM

Low-Medium

Low-Medium

remains largely conceptual and not tested in regulatory decision workflows.
Useful for screening/prioritization (hazard flags, transparent weighting), but does not deliver ex-
posure—hazard integration or quantitative regulatory metrics; no regulatory adoption reported.

Case-study prototype extending POLYRISK with MOE and lung deposition modeling for a
specific scenario; not adopted by regulators, and key elements (e.g., model validation for MNP,

full alignment modules) still limit regulatory use.

a)High regulatory readiness: already usable for regulatory decision-making in at least one defined and referenced context. This typically means it is adopted,
endorsed, or actively used by a competent authority (e.g., to derive screening values, guidance levels, monitoring interpretation, or risk-management actions), and
that its outputs are expressed in forms regulators can act on (e.g., health-based benchmarks, risk ratios, probability of exceedance). Regulatory readiness is related
to, but not identical with, TRL: a framework may show substantial technical maturity without yet being sufficiently aligned with regulatory workflows, decision
criteria, or output formats. Documentation is sufficiently transparent to support regulatory scrutiny, including assumptions, uncertainties, and criteria for data

selection

Medium regulatory readiness: explicitly designed to be compatible with regulatory paradigms (e.g., REACH/EFSA/WHO/OECD-style problem formulation, tiering,
weight-of-evidence, DNEL/DMEL/MOE/RCR concepts, uncertainty documentation) but has not yet been implemented or tested in an operational regulatory setting.
It may produce partially regulatory-relevant outputs, but still depends on unresolved data gaps, unvalidated elements, or missing modules (e.g., internal dosimetry,
standardized QA/QC, harmonized metrics) that currently limit direct regulatory uptake

Low regulatory readiness: primarily a research or screening concept that is not yet structured to generate regulatory actionables. It may be useful for prioritization,
communication, or hypothesis generation, but lacks key elements needed for regulatory use such as exposure-hazard integration, quantitative decision metrics,
transparent uncertainty handling consistent with regulatory practice, or clearly defined applicability domains. No regulatory piloting or uptake has occurred

MICROPLASTICLAB Framework

The Wageningen University MICROPLASTICLAB risk
assessment framework for MNP was developed within
a coordinated cluster of projects, and its various compo-
nents and tools have been published in a series of papers
between 2017 and 2025 [12, 17-24] The framework inte-
grates a full chain of aligned tools and concepts, ranging

from rigorous data quality control to probabilistic model-
ling, for evaluating the risks of MNPs to the environment
and human health. Central to this framework is the con-
cept of Ecologically or Toxicologically Relevant Metrics
(ERMs or TRMs, respectively) [12, 21], which ensure that
all inputs and outputs of the risk assessment are aligned
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MOMENTUM (2025)

AURORA (Christopher 2024)

POLYRISK (Vogel 2024)
PLASTICHEAL (Hansen 2023)
SCCWRP (Coffin et al. 2022)

MICROPLASTICLAB (Koelmans 2017-2025)

Implementation Level

Absent

B Partial

Qualitative [ll Quantitative

Fig. 1 Comparison of six frameworks for assessing the risks of MNPs to human health, based on completeness criteria: exposure assessment, internal
biodistribution (PBK), addressing the plastic continuum, QA/QC limitations, quantitative hazard/effect assessment, quantitative risk characterization, and
regulatory alignment

Table 4 Comparison of frameworks to assess the risks of MNP for human health?

Framework  Quantitative Internal Bio- Quantitative Quantitative Risk Addresses QA/QC Regulatory
External Exposure distribution Hazard/Effect Characterization the Plastic Limitations Alignment
Assessment (PBK) Exposure  Assessment Continuum Framework
Assessment
SCCWRP (Cof-  Partly quantitative;  No PBK; ingestion  Tiered hazard Screening level Acknowledges  Tiered QA/QC  Embed-
finetal. 2022) screening-level only discussed review; limited only; no full risk particle diversity; for literature dedin CA
water data only. conceptually. BMD modeling.  ratio. lab vsreal gap.  screening. water policy;
operational.
MICRO- Quantitative; PDF- Yes; probabilistic  Yes; tiered, Yes; probabilistic  Yes; full plastic Yes; rigor- Aligned with
PLASTICLAB based external PBK modeling quantitative ef- PDF overlap for continuumyvia  ous QA/QC EFSA, REACH,
(Koelmans et exposure models. (Wardani et al.). fect assessment risk estimation. TRMs & PDFs. manual & Al WHO; partly
al. 2017-2025) (NOAEL/BMD). screening. regulatory.
POLYRISK Partly quantitative; ~ No PBK;includes ~ Mechanistic No; framework Yes; groups by  QA/QC inte- Aligned with
(Vogel et al. inhalation focus, lung deposition grouping; PSLT/  modular, not final-  size, shape,and  grated via IATA; WHO/ECHA
2024) modular IATAs. structure. fiber paradigms,  ized risk ratio. polymer type. not formalized. principles;
no numeric BMD. pre-regulatory.
AURORA Qualitative; con- Mentions PBK po-  Tiered hazard ID;  Qualitative; no Yes; conceptu- Introduces Designed for
(Christopher  ceptual exposure tential; no active  qualitative hazard numeric RCR, ally covers TRL&QA/QC  REACH/ECHA
etal. 2024) for maternal-foetal  modeling yet. bands (DNEL/ MOE planned. early-life MNP concepts; not  alignment;
scenarios. DMEL not yet). diversity. systematic. not applied.
PLASTICHEAL  No quantitative No PBKorinternal Qualitative radar-  No; hazard only, Partially; com-  Weight-of- Conceptually
(Hansen etal. exposure; focuses modeling. plot hazard clas-  no exposure pares polymers/ evidence aligned with
2023) on hazard scoring. sification (CMR, integration. shapes visually.  QA; simple, ECHA:; non-
etc). transparent. regulatory.
MOMENTUM  Quantitative MOE-  Yes; MPPD lung AOP-driven Yes; MOE calcula-  Partly; single QA/QC via Aligned with
(2025) based case study for deposition model; hazard interpre-  tion, uncertainty ~ polymer (PA); expert review  REACH/WHO
indoor air inhalation. no PBK yet. tation; partial discussed. discrete and MOMEN-  principles;
quantification. particles. TUM criteria. evolving
readiness.

We note that most of these frameworks were developed for a specific topic or domain (e.g., water, inhalation exposure, hazard assessment); see the main text. It
is therefore unsurprising that they do not meet criteria they were not designed to address, for example, a hazard-assessment framework will not meet criteria for
quantitative exposure assessment. The table should thus be interpreted in this context
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through a common metric system tailored to the particle
nature of MNPs.

The TRM concept [12, 21] addresses the critical chal-
lenge of comparability in MNP risk assessment: i.e., how
to link exposure and effect data that differ in format,
units, and particle characteristics [19]. Instead of relying
on mass-based concentrations or particle numbers alone,
TRMs involve probabilistic descriptors such as particle
size distributions, shape classes, polymer types, surface
area or volume per unit intake, that can represent the
exposure and hazard potential of microplastics using the
same metric (TRM), i.e. in a harmonized way. These met-
rics are expressed as probability density functions (PDFs),
allowing for consistent translation across different datas-
ets and model components [17, 19-22, 24].

The framework begins with the systematic QA/QC
screening of exposure and hazard data, following estab-
lished guidelines [18, 41, 45]. These screening processes
have recently been scaled up using Al tools [23], enabling
automated classification of data quality across large
databases. Only studies meeting minimal relevance and
reliability thresholds are admitted into the framework.
This ensures that the data used for exposure and hazard
assessment are not only consistent but also credible for
downstream quantitative analysis.

The quantitative external exposure assessment builds
on PDFs representing the full particle continuum, size,
shape, polymer type, and density, across food, air, and
water. These are generated through scenario-based mod-
elling approaches [24] and lifetime intake [20], providing
probabilistic estimates of intake for different population
groups. Because TRMs are embedded in these PDFs (e.g.,
particle size surface area per day), the models preserve
the physical meaning needed for comparison with toxi-
cological data.

Internal exposure is quantified with a PDF-based PBK
modelling framework [22] that simulates the biodistri-
bution, retention, and excretion of MNPs in the human
body. Like the external exposure models, these PBK mod-
els are TRM-aligned: inputs (e.g., particle size distribu-
tion) and outputs (burdens in organs, tissues and bodily
fluids) are expressed as compatible, probabilistic formats.

Quantitative hazard or effect assessment follows a
tiered approach. QA/QC-screened toxicological stud-
ies are used to derive NOAELs, LOAELSs, or benchmark
doses for key events such as oxidative stress, inflamma-
tion, and reproductive toxicity. These threshold values
are also converted into TRMs using size or surface area-
based metrics, ensuring they can be overlaid directly
onto internal exposure distributions derived from the
PBK models [22]. Building on this, QIVIVE converts
in-vitro effect concentrations into in-vivo-equivalent
doses for direct comparison with exposure metrics. This
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enables meaningful risk comparisons against particle-
specific effect thresholds.

The quantitative risk characterization stage brings
together all these elements: PDFs representing exposure
(external and internal) and PDFs representing hazard
thresholds are integrated probabilistically, producing a
probability-of-exceedance curve. This approach, rooted
in TRM alignment, avoids false comparisons (e.g., mg vs.
particle count) and allows for transparent expression of
uncertainty. For example, one can determine the prob-
ability that organ-level particle concentrations exceed
a benchmark particle dose in a given scenario, such as
infant feeding or occupational exposure. Additionally,
assessment factors (AFs) are used mainly to deal with
uncertainty and to make sure decisions remain protective
when the evidence is incomplete.

The diversity of the plastic continuum is fully
addressed. Rather than using a single reference mate-
rial (e.g., polystyrene spheres), the framework incorpo-
rates environmentally realistic distributions of polymers,
sizes, and shapes through the use of PDFs for TRMs [17,
21]. This ensures that both exposure and hazard assess-
ments reflect the true complexity of environmental
microplastics.

Plastic-associated chemicals are explicitly included in
the framework through PDF-based kinetic modelling of
additive leaching and biodistribution [20] These mod-
els can simulate internal exposure to plastic-associated
chemicals over time, linking external particle intake to
internal chemical burdens in tissues, further enriching
the overall risk characterization process.

A dedicated QA/QC framework underpins all com-
ponents. From Al-assisted literature screening [23] to
the requirement for harmonized minimum data report-
ing (e.g., particle size by number, polymer identification,
detection limits), the framework systematically ensures
that input data meet minimum quality standards. This is
essential for reproducibility and regulatory credibility.

In terms of technology readiness, the MICROPLAS-
TICLAB framework is considered medium-to-high. All
key components, TRM concept, PDFs for exposure and
hazard, PBK modelling, QA/QC screening tools, are pub-
lished and demonstrated. However, full deployment for
regulatory decision-making depends on expanding the
empirical data base, particularly for real-world exposure
scenarios and environmentally representative particles.

Regarding regulatory readiness, the ecological risk
assessment version of the framework has been formally
implemented by regulatory agencies such as Califor-
nia’s SCCWRP [16] and by the Dutch National Institute
for Public Health and the Environment (RIVM) [46].
The human health component, while not yet officially
adopted, is also fully aligned with international risk
assessment principles, including those of European



Koelmans et al. Microplastics and Nanoplastics (2026) 6:40

Food Safety Authority (EFSA), WHO, and Registration,
Evaluation, Authorization and Restriction of Chemicals
(REACH). It is explicitly designed to be compatible with
existing regulatory frameworks and is ready for pilot
implementation in targeted scenarios [24]. Thus, the
framework is well-positioned for future regulatory use in
human health assessments.

SCCWRP framework

The SCCWRP risk assessment framework for MNP was
developed as part of the California State Water Resources
Control Board’s initiative to establish health-based guid-
ance for microplastics in drinking water [16]. The frame-
work was co-developed with international expert input
through workshops in 2020 — 2021 and peer-reviewed
synthesis efforts and is one of the first to be directly
applied in a regulatory context. It provides a structured,
tiered approach for assessing the potential human health
risks of MNP via ingestion, with an emphasis on trans-
parency, conservatism, and practical applicability for
water quality management.

The hazard identification and dose-response assess-
ment focus on endpoints such as inflammation, immune
activation, and histopathological changes, primarily in
the gastrointestinal tract. A comprehensive literature
screening (Tier 1) was performed, in which mammalian
toxicity studies, both in vitro and in vivo, were reviewed
and filtered using a set of minimum “red-flag” QA/QC
quality criteria. In Tier 2, a subset of in vivo ingestion
studies that passed Tier 1 underwent expert review. Inde-
pendent experts in toxicology, immunology, and related
fields qualitatively assessed the reliability and human
relevance of reported endpoints, such as reproductive
outcomes, oxidative stress, and inflammation. For stud-
ies deemed sufficiently robust, Tier 3 involved deriving
a BMD or fallback values (NOAEL/LOAEL), followed
by the calculation of a preliminary screening level in
mg/L. This was done using standard health risk assess-
ment formulas from California’s Office of Environmental
Health Hazard (OEHHA), analogous to reference dose
derivation. The resulting screening level is not a regula-
tory standard, but a conservative placeholder to support
interpretation of microplastic monitoring data in drink-
ing water — and informed the sampling volume required
for monitoring. The framework thus represents a practi-
cal, policy-relevant foundation for future development of
health-based regulatory values for MNPs.

External exposure assessment was conducted using
available monitoring data on microplastics in drink-
ing water from the literature. Although the framework
does not yet include probabilistic intake modelling, it
recommends precautionary assumptions for daily water
consumption, and particle counts are aligned with the
units used in hazard benchmarks. Internal exposure is
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acknowledged as an important consideration but is not
yet explicitly modelled through PBK or biodistribution
approaches. Instead, the framework includes an uncer-
tainty discussion addressing the potential for systemic
uptake of small particles, particularly nanoplastics.

Quantitative risk characterization is based on compar-
ing measured or estimated concentrations in drinking
water to the derived screening levels. Where data are
sparse or uncertain, the framework advocates for the use
of health-protective defaults and conservative interpre-
tation. The approach allows decision-makers to classify
water sources as below, near, or above concern thresh-
olds, providing a practical mechanism for prioritizing
monitoring and management actions.

The diversity of the plastic continuum is acknowledged
in the framework’s hazard evaluation process, which con-
siders different particle types (e.g., spheres, fibres), sizes
(from micro- to nanoplastics), and polymer compositions
where available. Building on this, the initial health-based
screening level is derived from mammalian BMD’s and
then translated to environmentally realistic microplas-
tic concentrations using MICROPLASTICLAB’s TRM
alignment approach [19, 21] that rescales the effect lev-
els to a 1-5000um particle-size distribution based on
power-law length distributions measured in bottled
drinking water, used as a proxy in the absence of equiva-
lent tap-water data.

Plastic-associated chemicals are recognized as poten-
tial contributors to health risk, particularly leachates
from additives. However, the current framework treats
particle toxicity and chemical exposure separately and
does not model chemical uptake or interactions. It rec-
ommends future efforts to evaluate additive toxicity and
bioavailability from ingested microplastics.

QA/QC processes were integrated into both exposure
and hazard components [16]. The framework emphasizes
standardized methods for MNP monitoring in drinking
water developed by the State of California [47, 48], and
informed the development of a large volume sampling
protocol for MNP in drinking water [49] As mentioned,
the screening level was derived through a tiered QA/
QC process for mammalian toxicity studies, focusing on
polystyrene-based in vivo rodent experiments. Expert
judgment was used to assess study quality, and the pro-
cess is documented to ensure transparency.

In terms of technology readiness, the framework is con-
sidered high for its intended application. It has already
been used by the California State Water Resources Con-
trol Board to establish a provisional health-based screen-
ing level for microplastics in drinking water [50], marking
one of the first practical regulatory applications of MNP
risk assessment. However, certain components such as
internal exposure modelling and probabilistic uncer-
tainty analysis, remain under development.
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Regarding regulatory readiness, the SCCWRP frame-
work is exemplary. It is formally integrated into Cali-
fornia’s microplastic policy pathway and is structured
to support phased implementation: from precautionary
screening to eventual derivation of formal public health
goals. Its structure aligns with standard risk assessment
practices used by U.S. EPA and international agencies
such as the WHO.

AURORA framework

Based on the AURORA framework (Christopher et al.,
2024) [25, 26], the authors propose a flexible, multi-
tiered approach for human health risk assessment of
MNPs. Different from most MNP frameworks that con-
centrate on adult exposure or the general population,
AURORA emphasizes early-life health (i.e., maternal—
foetal exposure), addressing the distinct vulnerabilities
of the developing foetus [51]. This focus on sensitive life
stages represents an important contribution to the field,
complementing frameworks that primarily address adult
or general population exposure. This approach is adap-
tive to current data limitations and aims to support a
gradual transition from qualitative to quantitative risk
assessment as the evidence base improves. Notably, the
AURORA project includes epidemiological studies on
birth cohorts (mother-child pairs) which represents the
first rigorous evaluation of maternal and prenatal MNP
exposure, therefore supporting the transition towards
quantitative risk assessment [26] The framework empha-
sizes the importance of aligning exposure and hazard
data, considering uncertainties, and adopting weight-of-
evidence methods where appropriate.

External exposure assessment in the AURORA frame-
work places specific emphasis on maternal-foetal expo-
sure pathways, including ingestion, inhalation, and
potential dermal contact, with particular attention to
exposure from food contact materials and airborne par-
ticles. It also considers secondary evidence from their
epidemiological studies, such as the detection of MNPs
in placental tissue and maternal blood, to infer likely
internal exposure in maternal-placental biological matri-
ces. However, the framework acknowledges that reliable
quantification of smaller MNPs in biological matrices
remains a major analytical challenge. To address this,
AURORA introduces TRLs to assess and communicate
the maturity of detection and characterization methods,
ranging from electron microscopy and spectroscopy to
more advanced micro-spectroscopic techniques. This
structured use of TRLs is a methodological innova-
tion that could help prioritisation of analytical devel-
opment across the wider field. At present, exposure
assessment remains largely qualitative or semi-quan-
titative and would benefit from adopting probabilistic
external exposure approaches like those demonstrated
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in MICROPLASTICLAB, where intake models based
on PDFs have been developed for different population
groups. AURORA anticipates that more refined and
quantitative assessments will become feasible as method-
ologies and empirical datasets evolve.

The framework does not currently include a PBK model
or fully developed internal biodistribution assessment,
although it identifies bioaccumulation as a research need
and acknowledges the importance of particle size, shape,
and surface chemistry in influencing biodistribution
and potential toxicity. This ensures that maternal—foetal
exposure considerations are not limited to a single ref-
erence material but reflect the complexity of the plastic
continuum. Hence, internal exposure assessment remains
conceptual and qualitative at this stage. Future develop-
ment would benefit from the incorporation of PBK mod-
elling for maternal—foetal transfer, The AURORA project
through quantification of maternal, placenta and cord
blood MNP concentrations could significantly contribute
to such a PBK model.

Hazard assessment is a central component of the
AURORA framework and is approached in two parts:
hazard identification and hazard characterization. The
framework distinguishes key hazard drivers across three
dimensions: polymer hazards (e.g., specific monomers or
polymer types known to be toxic), particle hazards (e.g.,
size, shape, surface chemistry, and degree of weathering),
and MNP-associated chemicals, including both inten-
tionally added substances and adsorbed environmen-
tal contaminants. AURORA proposes a tiering concept,
where MNPs that carry serious toxicity indicators such as
known endocrine disruptors or strongly bioaccumulative
additives, are flagged for more in-depth investigation. In
terms of hazard characterization, the framework advo-
cates for the use of Derived No Effect Levels (DNELSs)
or Derived Minimal Effect Levels (DMELs) when such
thresholds are available. However, it acknowledges that
robust dose—response data for MNPs, especially in the
context of early-life exposures, remain scarce. To bridge
this gap, AURORA recommends a combination of strat-
egies: generating more relevant in vivo and in vitro tox-
icity data, leveraging in silico modelling and read-across
approaches to fill data gaps for less-studied MNP groups,
and applying established regulatory testing protocols
such as OECD developmental toxicity guidelines. In the
absence of sufficient quantitative inputs, the framework
supports hazard banding, categorizing MNPs into high,
moderate, or low concern, based on qualitative descrip-
tors and expert judgment. This structured but adaptable
approach enables prioritization and interim decision-
making while more complete datasets are developed.

Risk characterization in the AURORA framework is
currently in development and remains largely qualitative
or semi-quantitative. While the framework acknowledges
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the importance of standard quantitative tools such as the
risk characterization ratio (RCR) or margin-of-exposure
(MOE) analysis, it also recognizes that such methods
are not yet feasible due to limited availability of reli-
able hazard thresholds and exposure data for MNPs. As
an interim strategy, the framework relies on weight-of-
evidence approaches and scenario-based reasoning to
inform precautionary decision-making. It emphasizes
transparency in assumptions and uncertainties, with the
goal of evolving toward full quantitative risk character-
ization once improved input data become available.

The AURORA framework is attentive to the diversity of
the plastic continuum, recognizing that different physical
and chemical properties of MNPs affect both exposure
and hazard. It also recognizes the complexity intro-
duced by plastic-associated chemicals, such as additives
and adsorbed pollutants. Although mixture toxicity is
identified as a key consideration, AURORA does not yet
provide an operational method to assess combined par-
ticle—chemical effects. A practical solution for this at the
moment would be to apply a mixture safety factor in the
risk assessment.

On QA/QC, the authors stress the importance of trans-
parency in documenting assumptions and uncertainties,
and they advocate for harmonization of analytical and
testing methods. While a formal QA/QC system has not
yet been implemented, the framework highlights this as a
priority area that would support reproducibility and reg-
ulatory confidence.

The TRL of AURORA’s framework is relatively low, as
much of the work is conceptual and relies on expected
future advances in analytical capabilities and toxicologi-
cal understanding. While it is not yet ready for regulatory
implementation, the framework in principle aligns closely
with regulatory principles, including those of ECHA
and REACH. To address the variability in methodologi-
cal maturity, AURORA incorporates TRLs adapted from
NASA [30] and European Commission frameworks to
assess how developed detection and quantification tech-
niques are, particularly for MNPs in human tissues. This
structured approach helps identify limitations and guide
the progressive development of reliable tools for future
regulatory application.

As for regulatory readiness, the AURORA framework
is not yet verified or implemented for formal regula-
tory use but demonstrates strong conceptual alignment
with established risk assessment principles. It draws on
REACH, WHO, and OECD guidance, with a focus on
early-life exposure. While not an official regulatory stan-
dard, AURORA incorporates tiering, hazard banding,
and AOP concepts, making it conceptually consistent
with REACH-style assessments and the WHO chemical
risk assessment toolkit. This positions the framework as
ready for verification once supporting datasets become
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available and places it well for future regulatory integra-
tion as empirical evidence grows and validation efforts
progress.

POLYRISK Framework

The POLYRISK framework, as outlined in Vogel et al.
(2024) [27], presents a modular and flexible approach for
assessing human health risks associated with MNPs, with
a particular emphasis on the inhalation exposure route.
Very recently, a similar framework with a comparable
modular structure was proposed for the oral exposure
route [52]. Since it is very similar to the original inhala-
tion framework in terms of TRL and regulatory readi-
ness, we will consider only the original framework in
the following. The POLYRISK framework is structured
around a source-to-outcome (StO) continuum and key
concepts such as Integrated Approaches to Testing and
Assessment (IATA) and AOPs. This makes it a conceptu-
ally aligned and scientifically grounded framework. It can
be easily amended both in the sense that individual mod-
ules can be amended by including additional endpoints/
assays but also by adding additional modules. This ren-
ders the framework highly versatile and future-proof as it
is expected to develop and integrate new elements based
on growing scientific evidence.

Currently, it is not yet fully implemented as a quanti-
tative regulatory tool. The framework does not include
a full quantitative external exposure assessment, but it
explicitly aims to support such assessments. External
exposure is approached qualitatively and semi-quanti-
tatively through the development of relevant exposure
scenarios and studies in real-world environments, such
as urban and occupational settings. The emphasis is on
identifying the inhalable fraction of MNPs based on size,
shape, and aerodynamic behavior, and understanding
sources and routes of exposure, which is a reasonable
starting point.

Internal exposure and biodistribution are not assessed
through formal PBK models, though the need for such
models is acknowledged. In this context, computational
particle dosimetry models, such as the Multiple Path
Particle Dosimetry Model (MPPD) or Computational
Fluid Dynamics (CFD) models, are discussed as valuable
approaches to support the characterization of internal
exposure and in vivo/in vitro comparisons. In addition,
the framework draws analogies with established toxi-
cological paradigms like the poorly soluble low toxicity
(PSLT) particle concept and fibre pathogenicity para-
digm (FPP). These approaches serve as proxies for under-
standing potential internal distribution and retention of
MNPs, particularly in the respiratory tract, but do not
provide dose-time-tissue level simulations typical of PBK
modelling.
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Hazard and effect assessment are included in a mecha-
nistic and semi-quantitative form. The framework is built
to incorporate evidence from both in vivo and in vitro
studies, supported by the integration of AOPs relevant
to MNPs. It emphasizes mechanistic endpoints such as
inflammation, oxidative stress, and fibrosis, and seeks to
identify key events that can guide grouping and prioriti-
zation. However, no BMDs, NOAELSs, or other quantita-
tive thresholds are yet established within the framework.
For this purpose, more case studies based on scientific
sound data are necessary for deriving such thresholds.

Quantitative risk characterization is not yet possible
under POLYRISK due to insufficient data and the lack
of validated dose-response models. Instead, the frame-
work proposes a tiered, modular screening approach
to prioritize MNP types and exposure scenarios based
on existing hazard and exposure indicators. This allows
a comparative and precautionary evaluation but stops
short of calculating numerical risk values such as hazard/
risk quotients, margins of exposure, or human reference
doses.

The framework does aim to address the diversity of
MNP, though not their continuous nature. It recom-
mends grouping particles into three categories: (i) poten-
tially critical polymer fibres fulfilling the FPP, (ii) PSLT
polymer particles falling under the PSLT concept or (iii)
MNPs requiring a more detailed case-by-case hazard
(and exposure) assessment. It uses a classification matrix
to support structured decision-making for different types
of MNPs. While it acknowledges the diversity in envi-
ronmental particles, it currently relies on grouping prin-
ciples rather than explicitly modelling particle property
distributions (e.g., PDFs).

Plastic-associated chemicals can be considered in
a dedicated additional IATA, which might be added,
although they are currently not quantitatively assessed.
This additional IATA would enable risk assessment of
leachates, additives, and adsorbed contaminants and
highlights the importance of their potential contribu-
tion to toxicity, especially when combined with particle
effects. However, no separate modelling of chemical
release or kinetics is presented.

The framework incorporates a QA/QC structure
implicitly using established testing protocols (e.g. SOPs,
OECD test guidelines), GLP-compliant studies, and the
use of reference materials. While it does not propose a
standalone QA/QC tool or checKlist, it strongly empha-
sizes the need for standardized particle characterization,
consistent experimental design, and reporting transpar-
ency to ensure data reliability and comparability.

The TRL [30] of the POLYRISK framework is cur-
rently low to moderate. Key elements such as exposure
scenarios, hazard grouping, and preliminary mecha-
nistic understanding exist, but the framework is not yet
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operationalized into a tool for quantitative decision-
making. Much of it functions as a conceptual and meth-
odological foundation for future applications, not a fully
validated system.

Regulatory readiness is aspirational but not vyet
achieved. The framework is designed to align with EU
regulatory approaches (e.g., REACH, EFSA, ECHA guid-
ance) and builds on principles like grouping, read-across,
and mechanistic hazard assessment. However, due to the
current lack of quantitative exposure, internal dose, and
effect thresholds, the framework is not yet sufficient to
support regulatory decisions. However, importantly, sev-
eral case studies to verify the applicability of the frame-
work for prioritization are currently ongoing.

PLASTICHEAL framework

The PLASTICHEAL hazard assessment framework [28]
was developed within the EU-funded PLASTICHEAL
project to support the prioritization of potential health
risks of MNP. It introduces the PlasticRiskCat tool, a
screening-level framework designed to rapidly catego-
rize the hazard potential of various MNPs based on their
physicochemical properties and reported toxicologi-
cal profiles. The framework does not aim to offer a full
quantitative risk assessment but rather aims to guide
early-stage decision-making and data gap identifica-
tion by comparing particle types across multiple hazard
dimensions.

At the core of PLASTICHEAL’s approach is a hazard
‘radar’ plot, which synthesizes literature-based toxicolog-
ical evidence into a visual, semi-quantitative representa-
tion. MNPs are scored across key health endpoints such
as genotoxicity, immunotoxicity, reproductive toxicity,
and carcinogenicity, based on the available data. The tool
integrates expert judgment and a defined set of scoring
rules to assign hazard categories (i.e., low, medium, and
high concern), which are then plotted to provide an at-
a-glance risk profile for a given particle type or exposure
scenario.

The first step in the framework is a structured data
extraction and evaluation process, where toxicological
studies are identified, categorized, and assessed based
on their relevance and reliability. While no formal QA/
QC scoring matrix is applied, inclusion criteria ensure
that only peer-reviewed or validated experimental studies
are used. Hazard scoring is guided by regulatory-relevant
criteria, such as ECHA classification categories, and con-
siders both particle-related effects and, where reported,
effects from associated chemicals like additives or sur-
face-bound contaminants.

External exposure is not modelled quantitatively in the
current PLASTICHEAL framework. Instead, exposure
is considered qualitatively or inferred from use scenar-
ios and available monitoring literature. The framework
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is intended to be flexible and scenario-driven, allowing
users to input assumed or literature-derived exposure
contexts, but without probabilistic intake modelling or
integration of detailed exposure distributions.

Similarly, internal exposure and PBK modelling are not
included as active components of the framework. The
tool assumes that hazard potential is sufficient to initi-
ate prioritization and further investigation and does not
attempt to estimate internal doses or biodistribution.

The framework’s primary focus is hazard identification.
Toxicological findings are translated into endpoint-spe-
cific scores by applying a transparent weight-of-evidence
procedure to each endpoint (e.g., CMR, cardiovascular,
immunotoxicity, respiratory, gastrointestinal, oxida-
tive stress, cytotoxicity): multiple lines of evidence (in
vivo, in vitro, epidemiology, supported where appropri-
ate by read-across/(Q)SAR) are evaluated for reliability,
relevance, adequacy, and consistency; scores are then
assigned on the radar plot as ‘Very weak, “Weak, ‘Mod-
erate, ‘Strong, or ‘Very strong, following European Envi-
ronment Agency strength-of-evidence guidance. These
endpoint scores are displayed per particle type/size/
shape (and optionally additives or contaminants) and can
be aggregated across particle types to support tiered pri-
oritization and cross-material comparisons for screening
or early-phase safety assessment.

Risk characterization in PLASTICHEAL is qualitative
and comparative. There is no formal calculation of risk
ratios or exceedance probabilities. It was believed that
the uncertainty is too high and would make any kind
of quantitative risk assessment meaningless by default.
Instead, the radar plot output serves as a communica-
tion tool, indicating where concern may be warranted
and which particles or exposure types may merit deeper
investigation.

The diversity of the plastic continuum is addressed to a
limited extent. The tool allows for differentiation by size
class, shape, and polymer type, but this is determined by
the granularity of the literature data used. The use of a
harmonized scoring system supports cross-comparison
but does not fully model the continuum as a probabilistic
distribution.

Plastic-associated chemicals are considered where
data are available, but they are not modelled separately.
If toxicological studies include outcomes from additives
or sorbed contaminants, these may be factored into the
scoring, but chemical risk is not quantified independently
of particle effects.

As mentioned, a basic level of QA/QC is applied in
study selection, primarily through expert review and
transparent scoring guidelines. However, the framework
does not incorporate formal QA scoring matrices. Still,
its structured scoring rubric supports repeatability and
transparency in prioritization.
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In terms of technology readiness, the framework is
considered low. The PlasticRiskCat tool is functional and
has been demonstrated in case studies, but it remains
a screening tool without being validated for regula-
tory application. Its utility lies in material comparison
and early-stage hazard flagging rather than final risk
decisions.

Regarding regulatory readiness, the framework aligns
with ECHA and REACH hazard categories and is
designed to be conceptually compatible with regulatory
paradigms. However, its lack of quantitative exposure
and risk modelling currently limits its direct applicability
in formal risk assessments. It is best viewed as a prepa-
ratory or prioritization tool within a broader assessment
pipeline.

MOMENTUM framework

Within the Dutch MOMENTUM Microplastics and
Human Health consortium [29], a roadmap to risk
assessment was developed in 2023 and updated in 2025.
It identifies five key topics with considerable knowledge
gaps where methodologies must be developed for com-
prehensive risk assessment: sources and fate, external
exposure, internal exposure, hazard, and risk. For each
topic, a risk-assessment roadmap was prepared to outline
key milestones and the timeline needed to achieve them.

The MOMENTUM consortium chose to pursue a risk-
assessment case study to gain experience applying avail-
able data to a specific exposure scenario for a discrete
polymer and to better understand how data gaps affect
quantitative risk assessment. This case study was con-
ducted in parallel with further development of the TRM
method for human-health studies, as described above for
the MICROPLASTICLAB framework, with the aim of
ultimately creating a framework that incorporates learn-
ings from both the case study and MICROPLASTICLAB.
The case study framework is available on Zenodo [53]
and has not yet been peer-reviewed.

The case study addressed the risk assessment of inhaled
MNPs in indoor air. It was selected, first, because of
evidence for elevated MNP exposures from indoor air
[54, 55], and second, because data generated within
MOMENTUM demonstrated toxicity of MNPs, espe-
cially polyamide (nylon-6,6), in human lung models [56,
57]. As part of the case study, a conceptual framework
was developed to specify information needs for the dif-
ferent steps of the risk-assessment process for this sce-
nario. The framework largely followed the POLYRISK
framework, supplemented with elements from the
approach for deriving health-based reference values for
nanomaterials [58] and with AOPs for respiratory effects
developed within the MOMENTUM consortium (Staal
et al,, in preparation). In addition, the framework uses
Multiple-Path Particle Dosimetry (MPPD) modelling
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to estimate the deposition of inhaled MNPs in different
regions of the human lung (upper airways, tracheobron-
chial, and alveolar) [59, 60]. Thus, this initial MOMEN-
TUM case study may be considered a practical extension
of the POLYRISK framework.

The case study aimed to answer the following question:
What is the risk of adverse effects in the respiratory tract
for healthy adults in the Netherlands following inhalation
of polyamide particles or fibres present in indoor air? A
schematic of the conceptual framework outlines the rel-
evant exposure and hazard components of the question
and the associated data requirements. Using results of
experimental studies within the MOMENTUM consor-
tium, supplemented with literature data, the different
elements of the framework were quantified to the extent
possible.

The indoor-air case-study framework does not inte-
grate PBK models for internal translocation, as this was
outside the scope of the case study. The case study also
did not incorporate mixture toxicity or plastic-associated
chemicals, did not include TRM-based data alignment
for consistent risk characterization, and did not address
the full diversity of the plastic continuum probabilisti-
cally; plastic particle characteristics were treated dis-
cretely rather than as distributions. Experimental data
were subject to MOMENTUM QA/QC criteria [53],
and literature data were quality-checked based on expert
elicitation.

The case study identified substantial data gaps; both
for exposure and hazard, that impeded a full quantitative
risk assessment. Therefore, the framework uses the MOE
approach as a risk-characterization tool, comparing a
point of departure (e.g., LOAEL or NOAEL) with esti-
mated human exposure levels. In the absence of sufficient
data for a full quantitative assessment, a MOE can pro-
vide an initial indication of potential health concern [61]

Technology and regulatory readiness

Technology readiness

Based on the full review of all available documents and
supporting literature from the six frameworks, MICRO-
PLASTICLAB, SCCWRP, AURORA, POLYRISK, PLAS-
TICHEAL and MOMENTUM, the following rankings
synthesize their Technology Readiness (Table 2) and
Regulatory Readiness (Table 3). These reflect the extent
to which the frameworks are either supported by dem-
onstrated and validated tools (technology readiness) or
already usable in policy contexts (regulatory readiness),
relative to current scientific, regulatory and policy stan-
dards (e.g. WHO, REACH, EFSA). Although the two
criteria are interdependent, they address different ques-
tions: TRL refers to methodological and implementation
maturity, whereas regulatory readiness refers to policy
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compatibility and the extent to which outputs are usable
in current regulatory decision-making.

Using the TRL definitions adapted from Mankins
(2009) [30], we rank the TRL of the MICROPLASTI-
CLAB framework as fairly high (Table 2). It consists of a
fully developed TRM-based framework with published
QA/QC tools, PBK models, exposure and hazard data
PDFs, and probabilistic risk characterization. Multiple
components have been demonstrated and peer-reviewed
(2017-2025). Although simpler in technical scope, SCC-
WRP was ranked higher due to its actual operational
use in a real-world regulatory setting, specifically, being
adopted by the California State Water Resources Control
Board to define provisional health-based guidance levels
for microplastics in drinking water. Meeting the defini-
tion of a prototype functioning in a real-world regulatory
environment [30], this places SCCWRP at TRL 7, while
MICROPLASTICLAB, despite its high methodological
maturity, has not yet been formally used in human health
regulatory decisions and thus fits TRL 6. This illustrates
that real-world application can contribute to both TRL
and regulatory readiness, while the two criteria remain
conceptually distinct.

The POLYRISK framework is ranked moderate with
a TRL of 5. The approach can be applied for real-world
exposure scenarios and includes health effect studies
and categorization approaches. However, it lacks fully
operational PBK or quantitative risk models, depends on
further methodological integration, and is not yet opera-
tionally tested.

The AURORA framework is considered to have a low
TRL of 3—4. While it introduces important concepts such
as TRLs, an early life exposure focus, and hazard tier-
ing, it remains largely conceptual. Some elements have
been explored through literature syntheses or limited
lab studies, but key components such as internal expo-
sure modelling and quantitative risk estimation are still
forthcoming. As AURORA generates data on internal
exposure levels and compartmental distribution of MNPs
across the placenta, the framework’s TRL is expected to
increase substantially.

The PLASTICHEAL framework is also considered to
have a low TRL of 3. Its PlasticRiskCat tool is functional
and analytically validated but limited to qualitative haz-
ard scoring and preliminary prioritization. It does not
include modelled exposure pathways, internal dosimetry,
or quantitative risk integration, and has not been incor-
porated into broader risk assessment systems. As such,
it remains a proof-of-concept tool best suited for early-
stage screening.

The MOMENTUM framework builds on the
POLYRISK approach and represents a more advanced,
case-specific application focused on inhaled MNP in
indoor air. It incorporates lung deposition modelling



Koelmans et al. Microplastics and Nanoplastics (2026) 6:40

(MPPD) and applies the MOE method for quantita-
tive risk characterization, combining experimental and
literature-based data under defined QA/QC procedures.
While it does not yet include PBK modelling, TRM align-
ment as developed in MICROPLASTICLAB, or mixture
toxicity assessment, it demonstrates how available data
can be structured into a practical framework. Future
work will aim to further develop and integrate this case
study approach with the MICROPLASTICLAB frame-
work. Its current status corresponds to TRL 5 (Table 2):
a validated prototype tested in a relevant environment,
though not yet ready for regulatory application.

Regulatory readiness

Regulatory readiness was necessarily assessed using
expert judgment, as, unlike TRL, no broadly accepted,
criteria-based scoring scheme exists that can be applied
consistently across MNP RAFs. We therefore provide a
transparent, evidence-informed appraisal of each frame-
work’s proximity to regulatory use, guided by its demon-
strated capabilities and methodological completeness, as
summarized in Table 3.

The SCCWRP framework is evaluated as having the
highest regulatory readiness (Table 3). The framework
already is implemented within California’s tiered regula-
tory process for drinking water; uses health-protective
screening levels based on OEHHA methodologies. It is
highly pragmatic and aligned with standard toxicological
principles.

The MICROPLASTICLAB is rated as having high
regulatory alignment, and partial regulatory use. The
ecological risk assessment component is implemented
by SCCWRP and RIVM. The human health implication
uses largely the same principles, and aligns with EFSA,
REACH, and WHO principles, including exposure mod-
elling, QA/QC, and hazard quantification, but it is not
yet officially adopted.

The POLYRISK framework is assessed as having mod-
erate regulatory readiness. While it has not yet been
applied in a regulatory context, it is closely aligned with
current conceptual concepts (i.e. by combining IATAs in
a modular manner) as developed or proposed by interna-
tional organisations such as OECD or WHO and regula-
tory agencies such as ECHA and EFSA. Its scenario-based
design and harmonized exposure-effect pathways reflect
a strong understanding of regulatory expectations. The
framework is structured in a way that anticipates future
applicability in real-world decision-making.

The AURORA framework is considered to have low to
moderate regulatory readiness. It is explicitly designed
with regulatory alignment in mind, particularly with
respect to REACH and ECHA methodologies, and
incorporates a structured, tiered approach focused on
early-life exposure. However, much of the framework is
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conceptual, and it has yet to be applied in operational
regulatory settings. Even so, it shows strong consistency
with established principles (REACH, WHO, OECD) and
is positioned as a candidate for validation as supporting
datasets and inter-laboratory evidence develop.

The PLASTICHEAL framework is rated as having the
lowest regulatory readiness for quantitative risk assess-
ment among the reviewed approaches. Its primary tool,
PlasticRiskCat, functions as a qualitative hazard prioriti-
zation system and aligns conceptually with ECHA clas-
sification criteria. However, it lacks key components
needed for regulatory decision-making, such as exposure
modelling, internal dosimetry, and dose-response inte-
gration. Its utility focuses on preliminary screening rather
than full risk assessment, and it has not been adopted or
tested within any regulatory framework to date.

The MOMENTUM framework is assessed as having
low to moderate regulatory readiness. Developed as a
case-specific extension of POLYRISK, it applies quanti-
tative methods such as MOE estimation and lung depo-
sition modelling to assess inhalation risks from indoor
polyamide microplastics. While it demonstrates how
existing data can inform policy-relevant risk estimates,
key elements, such as MPPD’s unvalidated use for MNPs
and the still-developing AOP for effect interpretation,
limit regulatory applicability. The framework lacks PBK
modelling, mixture toxicity, and TRM-based alignment.
However, it defines clear information needs, applies QA/
QC, and offers a structured basis for future regulatory
use as supporting data improve.

Bridging the gap between the risk assessment
frameworks

Based on the analysis of the six frameworks, MICRO-
PLASTICLAB, SCCWRP, POLYRISK, AURORA, PLAS-
TICHEAL and MOMENTUM, it becomes evident that
despite considerable conceptual overlap, each framework
offers unique strengths or methodological innovations.
Together, they provide a complementary set of building
blocks for a more integrated and comprehensive human
health risk assessment framework for MNPs [62]. At the
same time, the reviewed frameworks are also purpose
specific and should therefore not be considered as direct,
like-for-like alternatives where objectives differ. Here,
we provide a synthesis of overlapping elements, distinct
contributions, and a vision for integration into a unified,
tiered framework addressing different contexts, objec-
tives, resources, data dependence and timelines.

Overlapping components

Recognition of data gaps and uncertainty. All six frame-
works acknowledge that quantitative risk assessment of
MNPs is currently hindered by limited data, particularly
for exposure quantification, internal distribution, and
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dose—response relationships. Each uses tiered or quali-
tative approaches that can evolve as the evidence base
improves.

Modular and Tiered Architecture. Each framework
uses, or proposes, a stepwise approach that allows pro-
gression from screening-level assessments to more quan-
titative and detailed evaluations. This includes grouping
strategies, hazard tiering, or radar plot visualizations.
This tiering is important not only methodologically, but
also because it reflects different applications/objectives
and levels of data dependence across frameworks.

Conceptual Alignment with Regulatory Practices. Most
frameworks are designed to align with chemical risk-
assessment standards, whether general (e.g., REACH),
sector-specific (e.g., EFSA for food and feed), or interna-
tional (e.g., WHO expert panels), even if they are not yet
operationally compliant.

Inclusion of Particle and Chemical Hazards. All frame-
works recognize that both the physical characteristics of
particles and their associated chemicals (e.g., additives,
leachates) can contribute to toxicity. However, the extent
to which this is addressed varies.

Emphasis on Standardization and QA/QC. Although
implementation varies, all frameworks agree that robust
QA/QC procedures are necessary, for both data inputs
and experimental design, though the implementation
level varies.

Unique strengths, limitations and contributions

While each of the six frameworks brings specific
strengths and advantages to the field of risk assessment
for MNPs, key limitations and non-applicable cases also
exist for each framework, which we have summarized
in the Supporting Information (Table S1). As for the
strengths, the MICROPLASTICLAB framework stands
out for its fully probabilistic approach based on PDFs
and TRMs, enabling consistent integration of exposure
and hazard data. It incorporates PBK modelling and sup-
ports full probabilistic risk characterization, while explic-
itly modelling both particle and chemical exposure and
kinetics. The quality and internal coherence are further
strengthened by standardized QA/QC evaluation, both
manual and Al-assisted, and by compatibility with con-
ventional chemical risk assessment frameworks. As such,
it is currently the most data-intensive and quantitative of
the reviewed frameworks.

The SCCWRP framework offers, so far, the only pol-
icy-linked and operationally applied example. It has
produced a provisional health-based screening level for
microplastics in drinking water, grounded in a tiered
and transparent literature review process. While techni-
cally less complex than some other models, its pragmatic
design, conservative assumptions, and strong policy
orientation make it a highly functional framework for
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real-world application. It is therefore particularly relevant
for screening-level regulatory application under con-
strained data conditions.

POLYRISK places emphasis on inhalation as a major
exposure route, which is particularly relevant for air-
borne microplastics. The framework introduces a modu-
lar structure inspired by IATA methodologies, allowing
for mechanism-based grouping; especially suited for
PSLT and fibre-like particles. Its integration of AOPs into
the hazard assessment reflects a mechanistic and for-
ward-looking approach. Its main contribution is there-
fore a purpose-specific, inhalation-oriented framework
with strong mechanistic resolution, which has since been
extended to the oral exposure route, together with a pro-
posal for combining the two frameworks.

The AURORA framework is unique in its focus on
early-life stages, particularly maternal-foetal exposure
and developmental outcomes.

It innovates by explicitly incorporating TRLs to evalu-
ate the maturity of analytical methods, providing a struc-
tured way to identify methodological gaps. In addition,
it highlights mixture toxicity as a critical dimension of
risk, incorporating the combined effects of particles and
associated chemicals in the hazard assessment. A further
contribution is its use of hazard banding as an opera-
tional interim tool, enabling prioritization and regulatory
decision-making under uncertainty when quantitative
thresholds are lacking. This makes AURORA especially
relevant for purpose-specific assessment of vulnerable
populations and for contexts where technological and
regulatory readiness remain limited.

The PLASTICHEAL framework contributes a practical
and visual screening tool (PlasticRiskCat), which enables
rapid, expert-informed hazard scoring through radar
plots.

The tool is particularly useful for comparing multiple
materials or exposure scenarios at a qualitative level and
offers flexibility and transparency through a structured
weighting of evidence approach. Its main application is
therefore screening and prioritization rather than full
quantitative risk characterization.

The MOMENTUM framework is a case-specific exten-
sion of POLYRISK, applying its logic to indoor air expo-
sure to polyamide MNPs. It introduces MPPD modelling
for lung deposition and an AOP for respiratory effects,
enabling structured quantitative risk assessment using
the MOE method. The approach combines experimental
and literature data under defined QA/QC procedures.
While it does not yet include PBK or TRM alignment,
it serves as a verified prototype that highlights key data
gaps and uncertainties, offering clear guidance for future
research and advancing real-world applicability of MNP
health risk assessment. Like POLYRISK, its application is
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purpose specific, but with greater case-study orientation
and nearer-term practical relevance.

Taken together, these differences suggest that a uni-
fied framework is best envisaged as a tiered approach
addressing variations in data dependence and applica-
tions/objectives, rather than as a single harmonized
method. A first tier may support screening and prioriti-
zation where data are limited and decisions are needed
rapidly, as illustrated by SCCWRP and PLASTICHEAL.
A second tier may address purpose-specific questions,
for example by exposure route, life stage, mechanism or
regulatory context, as reflected in POLYRISK, MOMEN-
TUM and AURORA. A third tier may support more
quantitative and regulatory-oriented risk characteriza-
tion where sufficient data and methodological maturity
exist, with MICROPLASTICLAB currently aligning most
closely with this level. In this sense, the reviewed RAFs
are best understood as complementary components of
a unified framework for different contexts, objectives,
resources and timelines.

Toward an integrated human health risk assessment
framework for microplastics

A state-of-the-art and comprehensive HHRA of MNP
should combine the strongest elements from the six
frameworks discussed, while filling in current gaps.

Such an integrated framework would start with robust
problem formulation and scenario definition. 1t would
draw on AURORA’s focus on early-life vulnerability and
on the exposure scenarios of Lane et al. [24] to define
sensitive populations and context-specific use cases. It
would also explicitly incorporate the diversity of the plas-
tic continuum: size, shape, surface chemistry, and degree
of weathering, as emphasized in AURORA and MICRO-
PLASTICLAB to avoid oversimplification. POLYRISK’s
modular, IATA-inspired structure would then provide
flexible entry points tailored to data availability and par-
ticle type.

To ensure data reliability, the framework could ben-
efit from using MICROPLASTICLAB’s (AI-supported)
QA/QC system [23] for structured study selection, com-
plemented by TSAT scoring methods (as proposed by
Gouin et al. [41]) and AURORA’s use of TRLs to assess
the maturity of data and methods. Minimum reporting
standards, highlighted in both AURORA and SCCWRP,
would further strengthen reproducibility. POLYRISK
strongly emphasizes the use of scientific sound and har-
monized methods (ideally described in OECD test guide-
lines), as well as the application of NAMs, SOPs and
official guidance documents (e.g. as released by ECHA or
EFSA).

External exposure would be modelled using MICRO-
PLASTICLAB’s probabilistic, PDF-based intake mod-
els, aligned to TRMs for compatibility with toxicological
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effect data. MOMENTUM contributes additional realism
through the application of MPPD modelling to simu-
late deposition of inhaled particles across regions of the
respiratory tract, supporting case-specific risk assess-
ment for airborne MNPs.

For internal exposure, suitable PBK models [22, 63,
64] should be integrated, allowing simulation of organ-
level dosimetry based on realistic particle characteristics
such as size, fibres, fragments, and weathered materials.
POLYRISK’s focus on airborne exposure would ensures
adequate representation of inhalation pathways through
models such as MPPD or CFD, while MOMENTUM
extends this by demonstrating how real-world data and
uncertainties can be structured into MOE-based assess-
ments in the absence of full PBK models.

Hazard assessment would combine AURORA’s tiered
prioritization, focus on mixture toxicity, and hazard
banding (as a practical interim prioritization tool when
quantitative thresholds are lacking) with POLYRISK’s
AOP-based grouping and categorization using hypothe-
sis-driven IATAs. MOMENTUM adds to this by piloting
the development and application of an AOP specific to
MNP-induced respiratory effects. The strength of effects
per endpoint would be visualized transparently through
PLASTICHEAL’s radar-plot approach, while benchmark
doses would, where possible, be converted into probabi-
listic distributions for quantitative integration as defined
in the MICROPLASTICLAB framework.

For risk characterization, the framework could rely
on MICROPLASTICLAB’s TRM-aligned probabilis-
tic approach, analysing the overlap between exposure
and hazard distributions. In cases of insufficient data,
SCCWRP’s conservative screening-level method would
serve as a fallback to support precautionary action.
MOMENTUM’s use of MOE-based risk characterization
exemplifies how structured case studies can inform deci-
sion-making under uncertainty, while clearly identifying
remaining data gaps. All assumptions and uncertainties
would be documented transparently, in line with AURO-
RA’s principles.

Finally, the overall framework would generate outputs
aligned with regulatory standards, such as DNELs, RCRs,
MOEs, and/or exceedance probabilities, supported by
intuitive visual tools including radar plots, traffic-light
indicators, and probability curves. This integrated struc-
ture ensures completeness, addressing ingestion, inha-
lation, early-life exposure, mixture toxicity, and both
particle and chemical stressors, while combining this
with flexibility, transparency, scalability, and strong align-
ment with regulatory frameworks from EFSA, REACH,
and WHO.
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General discussion and outlook

We present here, for the first time, an overview and
analysis of frameworks developed for the human health
risk assessment of MNPs. The comparative analy-
sis shows that although each framework; SCCWRP,
MICROPLASTICLAB, POLYRISK, AURORA, PLAS-
TICHEAL, and MOMENTUM, was developed with dif-
ferent objectives, together they form complementary
building blocks of a science-based foundation for the
human health risk assessment of MNPs. Their com-
bined strengths cover the full spectrum: from qualitative
screening (PLASTICHEAL), mechanistic understand-
ing (POLYRISK, MOMENTUM), and a focus on early
life stages (AURORA) or specific exposure pathways
(inhalation; POLYRISK, MOMENTUM), to quantitative
modelling (MICROPLASTICLAB) and regulatory appli-
cation (SCCWRP). Integration of these complementary
elements offers a clear path toward a harmonized, tiered,
and modular HHRA framework that is both scientifically
robust and practically feasible.

Further progress requires strengthening the quanti-
tative and regulatory maturity of the frameworks. Key
priorities are: (i) generating high-quality, standardized
exposure and toxicity data for environmentally relevant
MNPs; (ii) developing dosimetry models and validated
PBK models that link external and internal exposure; (iii)
incorporating mixture toxicity and chemical co-expo-
sures; and (iv) aligning QA/QC and reporting standards
across studies. In particular, high-quality measure-
ments in organs, tissues, and bodily fluids are crucial to
quantify actual internal exposure [51]. This would allow
direct derivation of MOEs or Probability Of Exceedance
(POE) curves and enable validation of PBK models. The
case-study approach of MOMENTUM demonstrates
how structured, realistic scenarios can help identify and
bridge critical knowledge gaps, thereby accelerating the
transition from conceptual to regulatory application.

We recognize that RAFs can be evaluated in multiple
ways. For instance, RAFs can be classified (e.g., risk gov-
ernance, risk assessment/management, screening-level,
adaptable tools), which helps avoid misleading like-for-
like comparisons when objectives differ. In our case, the
number of relevant RAFs was too small for within-cate-
gory comparisons, so we discussed them in the context
of the aims defined by their developers. Because MNPs
are highly complex, we emphasized technical, substance-
specific criteria that, when fulfilled, enable explicit
uncertainty analysis. Our criteria therefore require quan-
tification at every stage (external exposure, PBK, haz-
ard, risk), explicit treatment of the plastic continuum,
consideration of co-exposures from plastic-associated
chemicals, and maturity lenses (TRL and regulatory
readiness). However, broader governance criteria; flex-
ibility, transparency, uncertainty handling, life-cycle
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scope, and stakeholder integration, can complement
this MNP-focused quantitative approach by strengthen-
ing legitimacy and usability [13]. Operational guidance
that translates regulatory alignment into practice; prob-
lem formulation, IATA/ITS decision trees, grouping and
read-across, and fit-for-purpose information require-
ments, adds efficiency and clear decision points [14].
Together, these perspectives extend our technical criteria
(external exposure, PBK, quantitative hazard and risk,
QA/QC, TRL/RRL) and improve implementation path-
ways [13, 14]. Integrating a governance checklist with a
regulatory road map into the existing TRM/PBK/proba-
bilistic architecture would yield a harmonized, tiered sys-
tem that is scientifically robust, resource-efficient, and
ready for policy application. Such consolidation would
likely require international expert workshops and draft-
ing groups, followed by round-robin testing of key meth-
ods and eventual endorsement by relevant regulatory and
standard-setting bodies.

Ultimately, integration of TRM-based probabilis-
tic modelling (MICROPLASTICLAB), mechanistic
AOP-driven substantiation of these TRMs (POLYRISK,
MOMENTUM), and pragmatic regulatory pathways
(SCCWRP) can yield a unified, transparent, and flexible
framework for risk assessment. Such a framework will
provide policymakers with robust, quantitative tools to
evaluate the human health risks of MNPs and to support
evidence-based regulation, promoting both precaution-
ary and proportionate action in managing microplastic
pollution.
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