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f microplastics: charting the path
from research to regulations

Scott Coffin *

Despite decades of research detailing widespread contamination and potential risks of microplastics

(synthetic particles <5 mm) to humans and ecosystems by the scientific community, government

agencies have made little progress to address the emerging contaminant class. Research on

microplastics has increased exponentially in recent years, however translation of studies and data into

knowledge that's useful for management requires clear communication between the scientific and

management communities. Legislative mandates to address microplastics in drinking water and aquatic

ecosystems in California prompted rapid development of fundamental tools and methods for identifying

and assessing risks, including a legal definition, analytical monitoring methods, and risk assessment

frameworks. While this scientific progress provides a baseline foundation for developing regulations for

microplastics in California and other jurisdictions, additional research is needed to reduce uncertainties

and overcome logistical barriers that are preventing the full emergence of microplastics as a regulated

contaminant suite. This paper provides critical insights from both scientific and regulatory perspectives

regarding recent advances in the field and recommends a path forward to overcome barriers.
Environmental signicance

The emergence of microplastics presents signicant challenges to scientists and governments to monitor and manage their risks to humans and ecosystems.
Research on microplastics has increased exponentially in recent years, however translation of studies and data into knowledge that's useful for management
requires clear communication between the scientic and management communities. This paper summarizes recent groundbreaking research and regulations
for microplastics in drinking water and aquatic environments in California and provides critical insights and recommends to overcome additional scientic and
logistical barriers.
Introduction

Although the ingestion of microplastics (“MPs”; typically
dened as synthetic particles <5 mm) by marine organisms has
been documented as early as 1972,1 and the ability for small
MPs to cross intestinal barriers and distribute throughout the
blood stream in mammals was rst reported in 1960,2 the
contaminant suite remains virtually un-regulated globally,3 and
signicant scientic data gaps remain. MPs' long ‘failure to
launch’ from a novel research topic into a serious regulatory
investigation can be attributed in part to its innate ‘wickedness’
(dened as an ill-formulated problem with confusing informa-
tion, many clients and decision makers with conicting values,
and confusing ramications on systems);4 in terms of political,
societal, and scientic complexities.5,6 MPs' scientic complex-
ities arise from their insolubility, diverse formulations, and
transformations in the environment, producing innite
combinations of numerous physical and chemical parameters
ard, Sacramento, CA, USA. E-mail: scott.

–367
(e.g., shape, size, polymer, density, charge, sorbed and added
chemicals, biofouling, etc.). Such complexity presents chal-
lenges for environmental monitoring and characterizations of
toxicity, signicantly hindering efforts to manage the contami-
nant class using traditional regulatory approaches in which
hazards and exposure are directly compared.7 However, recent
developments to address the multidimensionality of this
emerging contaminant suite now allow for more reliable
assessments of risks than previously possible (albeit still with
signicant uncertainty).8–10 These advances provide the scien-
tic foundation for governmental bodies to make regulatory
decisions regarding MPs – however some may choose to act in
a precautious manner regardless.7 While these and other recent
scientic advances provide fundamental and long-awaited tools
to monitor and assess risks of MPs in the environment,
managing MP pollution will likely require far-reaching and
disruptive actions across many facets of society.6

To date, few governments have attempted to address MP
pollution through regulations, with most efforts focused on
restricting intentionally added primary production MPs in
consumer products3 or restricting releases of pre-production
MP pellets from manufacturing facilities.11 In 2018, the State
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of California (United States of America) set forth the world's rst
legal mandates to regulate MPs in aquatic ecosystems and in
drinking water with the passage of Senate Bills 1422 and
1263.12,13 These ground-breaking legislation require the state's
regulatory agencies to legally dene MPs, develop a framework
for assessing risks to humans and ecosystems, adopt stan-
dardized analytical methods for monitoring in the environ-
ment, determine sources and pathways into the environment,
and implement intervention strategies to reduce further
contamination.12,13 While these laws have already impelled
progress towards developing regulations for MPs in California
and elsewhere,14 signicant scientic, technical, and logistical
challenges must be overcome until MPs can fully “emerge” as
a contaminant suite. This paper provides an overview of this
research from the perspective of both a scientist and a regulator
and makes key recommendations for addressing remaining
challenges. First, some important considerations of dening
MPs (both from a scientic and legal perspective) are discussed
followed by signicant advances in analytical monitoring
methodologies; ecological hazard assessment and risk charac-
terization; human health hazard assessment via drinking water;
and nally novel strategies to monitor MPs in a cost-effective
and logistically feasible manner leveraging recent research
advances.
Dening the problem

The rst step in addressing any problem is dening it. Although
MPs have long been generally understood to be “synthetic
plastic particles smaller than 5 mm”, few explicit denitions
exist – and none have been universally agreed upon – despite
requests from the scientic community.15,16 Beyond obvious
benets to scientists, clear, and legally defensible denitions
are critically important to enable regulations. A principal chal-
lenge in drawing boundaries around the contaminant suite has
been the lack of a comprehensive understanding of the traits
inuencing these particles' hazards (e.g., size, shape, polymer
type, biodegradability, etc.).16 In an attempt to avoid dening
MPs so narrowly that potentially hazardous synthetic particles
go unreported,7 the California State Water Resources Control
Board adopted a broad regulatory denition that encompasses
synthetic polymers of any origin and material (e.g., petroleum-,
bio- and inorganic-based), with exceptions only for polymers
occurring in nature that have not undergone chemical modi-
cation (other than by hydrolysis).17 With respect to size, the
California denition harmonizes with historical denitions that
include particles smaller than 5 mm – therefore including
‘nanoplastics’.18 While the California denition is largely
similar to a dra denition introduced by the European
Chemicals Agency designed with the intention to restrict
intentionally added MPs in products, the California denition
is broader due to its inclusion of biodegradable polymers,
water-soluble polymers, and particles as small as 1 nm (the
European denition excludes particles <100 nm) – signicant
deviations that reects the differences in both the intended
uses of these denitions (i.e. environmental monitoring vs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
product restrictions) and practical restrictions (e.g., conrming
presence of <100 nm particles is technically challenging).19

As regulatory agencies and the scientic community at-large
move towards a universally harmonized denition with the goal
of reducing confusion and enabling reliable comparisons
between studies and data, care must be taken to ensure that
denitions are t-for-purpose for the intended use (e.g., moni-
toring, restrictions, etc.) and broad/exible enough to capture
new and/or poorly documented synthetic polymeric particles.
Finally, tools enabling harmonized reporting of the vast diver-
sity of particle traits (e.g., polymers, colors, shapes, sizes, etc.)
should be made widely available, be open-source, and be
actively improved upon by the scientic community.
Standardizing monitoring methods

The ability to reliably compare monitoring data through the use
of harmonized and/or standardized methods is essential to
assessing risks and enacting regulations under most jurisdic-
tions worldwide. Although many analytical methods exist for
detecting MPs, spectroscopic-based techniques are the most
widely used and well-developed.20 While the reliability of spec-
troscopic (e.g., Fourier transform infrared spectroscopy [FTIR];
Raman) analytical techniques have been demonstrated for MPs
previously, their application in regulatory scenarios requires
additional demonstration of the methods' capabilities (e.g.,
specicity, sensitivity, robustness, and repeatability across
laboratories).

In the absence of validated methods, the Southern California
Coastal Water Research Project conducted an inter-laboratory
validation study to meet California's regulatory needs. The
study involved participants from 22 laboratories across diverse
sectors (industry, government, non-governmental organiza-
tions, and academia) and in six different countries, each of
which received known types and quantities of spiked MPs
within four size fractions (1–20 mm, 20–212 mm, 212–500 mm,
>500 mm), four polymer types (polyethylene, polystyrene, poly-
vinyl chloride, and polyethylene terephthalate), and six colors
(clear, white, green, blue, red, and orange) as well as false
positives in a simulated drinking water matrix.21 Each labora-
tory extracted (via ltering/sieving) and analysed the particles
according to specic prescribed methodologies using either
optical microscopy alone or in combination with FTIR or
Raman spectroscopy.21 Mean recovery of particles across all size
ranges among laboratories using stereomicroscopy was 76% ±

10% (standard error), however results differed dramatically
between the three largest size fractions (i.e., 20–212 mm, 212–
500 mm, >500 mm; 92% ± 12% standard deviation) and the
smallest size fraction (i.e., 1–20 mm; 32 ± 16% standard devia-
tion).21 Accurate identication of polymer type by FTIR and
Raman spectroscopy across laboratories was 95% and 91%,
respectively.21 A summary of each analytical methods' strengths
and weaknesses is included in Table 1.

In addition to determining analytical method performance
(e.g., accuracy, precision, etc.), De Frond et al.21 also quantied
resources required for each analytical method (e.g., time,
money) (Table 1). The interlaboratory validation study found
Environ. Sci.: Adv., 2023, 2, 356–367 | 357
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Table 1 Overview of strengths and weaknesses of analytical methods used for monitoring MPs from an inter-laboratory validation study (n = 22
laboratories) reported in ref. 21. Values are color-coded by least-desirable to most-desirable within each column (red = least, yellow = inter-
mediate, green = highest)
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that the standard operating protocol for microplastics extrac-
tion and analysis takes considerably longer time than many
traditional chemical analyses (e.g., gas chromatography mass
spectrometry typically takes less than one hour), with labora-
tories completing the extraction step in a mean of 15 hours per
sample (±26 hours s. d.), visual microscopy in 26 hours per
sample (±54 hours s. d.), and FTIR and Raman spectroscopy in
10 (±9 hours s. d.) and 15 hours per sample (±16 hours s. d.),
respectively (Table 1).21 To reduce time needed for analysis, the
standardized method based on the interlaboratory study allows
subsampling of particles for chemical conrmation using
spectroscopy,22,23 which was determined using data from the
interlaboratory study and described in ref. 21. While this inter-
laboratory validation study provided sufficient justication for
California's State Water Resources Control Board to adopt
standardized MPs analytical methodologies for regulatory use,
the agency acknowledges room for improvement and is
promoting renements to these methods – especially in the
accurate quantication of particles smaller than 20 mm and in
faster analysis times.24
Assessing hazards of microplastics in aquatic ecosystems

Accurately quantifying exposure to MPs using standardized
analytical methods is one of two key elements to assessing risks-
the other being quantitative hazard thresholds. For MPs, risk
assessments have long been challenged by “non-alignments”
(i.e., mismatches) between particle types used in toxicity studies
and particles documented in the environment, as differences in
size, shape, density, and other factors may signicantly inu-
ence toxicity and the concentrations at which they occur – oen
by several orders of magnitude.25 As a result, risk assessments
that have failed to account for these critically important non-
alignments estimated that risks in aquatic environments are
negligible or highly improbable (e.g.,26,27). The recent develop-
ment of a framework to account for these non-alignments,25

availability of high-resolution monitoring data in multiple
matrices,28,29 and a weight-of-evidence for mechanistic impacts
in aquatic biota30 for the rst time provides the scientic
foundation for reliably assessing risks to ecosystems.8

Leveraging these recent scientic advances, the Southern Cal-
ifornia Coastal Water Research Project facilitated a health
358 | Environ. Sci.: Adv., 2023, 2, 356–367
effects workshop to critically assess evidence of toxicities of MPs
to aquatic organisms and humans (via ingestion route of
exposure) to develop quantitative toxicity thresholds for
managing risks, provide qualitative health guidance for
communicating potential risks to consumers with MPs in
drinking water, and make recommendations for additional
research to rene future hazard assessments.14

The California MPs health effects workshop produced
a number of databases, tools, and frameworks relevant for risk
assessment and management based on a literature review of
published studies. Over 220 toxicity studies were mined for
more than 70 unique variables relating to experimental design,
test organisms, biological effects, and particle characteristics of
MPs used.31 Each study was then screened by two independent
reviewers based on quality criteria developed by de Ruijter et al.
(2019) (for non-mammalian studies) and by Gouin et al. (2022)
for mammalian studies. All reported exposure metrics were
obtained from studies, and when unreported, were estimated
using reported characteristics and geometric calculations.31

Exploratory data analysis and modelling using binomial logistic
regressions revealed insights into particle traits inuential for
various pathways of toxicity for MPs – demonstrating that while
surface area and volume are signicant predictors of toxicity (p
values = 0.0012 and 0.038, respectively), studies should report
(at minimum) particle count and mass (even though neither
exposure metrics were statistically signicant predictors of
toxicity).32 The toxicity databases, tools to estimate particle
characteristics, align toxicity studies, screen studies for quality
criteria, and more were made freely available in an open-source
and open-data repository utilizing an Rshiny web application
called the Toxicity of Microplastics Explorer (“ToMEx”) (https://
github.com/SCCWRP/aq_mp_tox_shiny).31 Additionally, ToMEx
allows users to upload additional published toxicity data –

therefore enabling rapid and real-time meta-analyses and
assessments of risk and reducing burdens of future
assessments.31

To inform California's management of MPs in aquatic
ecosystems, the health effects workshop devised a framework
that includes four risk-based threshold tiers each with
increasing levels of critical actions recommended to be under-
taken by the appropriate regulatory bodies, ranging from low
© 2023 The Author(s). Published by the Royal Society of Chemistry
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concern – prompting additional investigative monitoring – to
the highest level of concern – pollution control measures.10

Using the best available data, risk-based thresholds were
derived using species sensitivity distributions10 – a statistical
approach which is commonly used by regulatory authorities in
many jurisdictions globally to set limits in the environment.33

To account for differences between particles used in and
between laboratory toxicity studies (68% of which were ‘mono-
disperse’ – i.e., a single particle type) and in the environment
(32% were ‘polydisperse’ – i.e., many different particle types),
toxicity data were aligned to each of two ecologically relevant
metrics for demonstrated effect mechanisms of MPs in aquatic
organisms – food dilution (volume), and tissue-translocation
mediated toxicities (surface area).10,30 Large, high-resolution
environmental monitoring datasets across multiple locations
were used to align data based on size, shape, and density
distributions to enable broadly applicable compartment-
specic thresholds, however site-specic monitoring data (if
available) can be easily substituted to derive thresholds appli-
cable to a given location using the ToMEx application.10,31 The
resulting thresholds derived by Mehinto et al. (2022) range from
∼0.5 to 35 particles per L (1 to 5000 mm MPs) for food dilution,
and 60 to 4100 particles per L (1 to 5000 mm MPs) for tissue
translocation-mediated toxicities. Health effects workshop
participants expressed high condence in both the manage-
ment framework and the analytical process used to derive the
Fig. 1 Quality of microplastics toxicity studies of aquatic organisms com
(risk= blue; technical= red) assessed in Thornton Hampton et al.(2022c)
observed for technical quality scores, and not applicability for risk assess
shown as a barplot. Total number of studies = 160.

© 2023 The Author(s). Published by the Royal Society of Chemistry
thresholds but expressed medium condence in the resulting
thresholds for food dilution and low condence for tissue-
translocation mediated effects due to the underlying studies
not meeting all desired quality criteria (in particular, dose–
response effect concentrations such as EC50's).10 Main areas of
uncertainties stemmed from: limited data of sufficient quality;
the lack of established adverse outcome pathways to support
effect mechanisms and ecologically relevant metrics for which
data were aligned; and unclear environmental relevance – as few
studies used bers – which are frequently detected in the
environment10,34 and suspected to exert higher toxicity relative
to other shapes.35,36

Improving study quality and reporting is paramount to
reducing uncertainties in future hazard assessments. To assess
whether MPs toxicity studies have increased in reliability and
applicability to risk assessment over time, quality scores
assigned by Mehinto et al.10 (n = 160) were extracted from the
ToMEx database (https://sccwrp.shinyapps.io/
aq_mp_tox_shiny/) on May 28, 2022, and linear regressions
were performed with quality criteria scores (total accumulated
score, risk applicability score, technical quality score) as
dependent variables and study publication year as the
independent variable (Fig. 1). While the total accumulated
score increased signicantly over time (R2 = 0.04, p < 0.001),
it has progressed slowly – with a modelled increase of ∼0.002
points per year (Fig. 1). Improvements in study quality are
pared to year of publication. Top – scatterplot showing quality scores
for each year with linear regression lines. A significant time trend is only
ment scores. Bottom – relative number of studies published by year is

Environ. Sci.: Adv., 2023, 2, 356–367 | 359
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only signicant for technical quality (p < 0.001) however, and
applicability to risk assessments have not changed
signicantly over time (p = 0.447) (Fig. 1).

Quality criteria relating to a study's applicability to risk
assessment proved to be the limiting factor for inclusion of
studies in the health effects workshop assessment,10 which as
demonstrated in Fig. 1, has not been trending in a positive
trajectory over time. To improve applicability to risk assess-
ments, MPs hazard studies should focus on utilizing at least ve
exposure concentrations (including a treatment and control),
report effect thresholds, use at least one environmentally rele-
vant concentration within the tested range, use environmentally
realistic MPs particles (e.g., aged and biofouled), and use
a diversity of MPs particles.30,37 While not all hazard studies
need to be designed to inform risk assessments, researchers
should carefully dene the goals of their experiments (e.g.,
mechanisms of action, qualitative effects screening, quantita-
tive dose–response, etc.) at the outset. Finally, to avoid unnec-
essary replication and provide the most useful data for risk
assessors (and regulators), researchers may consult the ToMEx
application and database to identify data gaps.
Characterizing risks to ecosystems

The risk assessment framework developed by California's expert
workshop (i.e.,10) was recently applied to monitoring data in San
Francisco Bay, California.9 Risks were assessed using the
traditional ecotoxicological approach of dividing the predicted
environmental concentrations by predicted no-effect concen-
trations (i.e., risk thresholds derived by10), with a ratio <1 sug-
gesting there is no signicant risk associated with the
contaminant. As MPs were collected using a manta trawl net,
the monitoring data contained systematic biases (i.e., under-
counting of particles smaller than the mesh size, and under-
counting of bers) that needed to be accounted for to enable
direct comparisons to Mehinto et al.10's thresholds.

MPs from San Francisco Bay were collected in sediment, sh
tissue, wastewater discharge, stormwater effluent, and surface
water using a variety of sampling techniques and were extracted
and counted manually using optical microscopy followed by
conrmation of polymer composition via subsampling with
FTIR (with attenuated total reectance) and Raman spectros-
copy.38,39 Currently, hazard thresholds for marine ecosystems
are only available for surface water, so occurrence data in the
other matrices listed were not evaluated for risks.9 Surface water
data were assessed for quality according to the criteria dened
in Koelmans et al.,40 and while data obtained using manta trawl
nets was considered appropriate for risk assessment, data ob-
tained by 1 L grab samples could not be used due to the low
sampling volume (at least 500 L required).9 To enable compar-
isons between the ambient concentrations obtained via manta
trawl and the ecological risk thresholds developed by Mehinto
et al.,10 three types of corrections were performed:9 monitoring
data (>333 mm) was rescaled to the hazard thresholds size
distribution (1 to 5000 mm) using probability distributions;
systematic exclusion of microber particle counts by analysts
was accounted for based on a subset of manta trawl samples in
360 | Environ. Sci.: Adv., 2023, 2, 356–367
which all bers were counted (i.e.,41); and overcounting of
plastic particles due to spectroscopic interference was corrected
for using FTIR data reported in Zhu et al.,.38 Uncertainties due
to corrections were propagated probabilistically using best
available techniques, including derivation of probability
distributions and Monte-Carlo modelling.9

The majority of corrected surface water samples from San
Francisco Bay (82%) exceeded the most conservative risk
threshold (i.e., 0.3 particles per L based on food dilution),
indicating that additional investigative monitoring would be
warranted according to the risk assessment framework devel-
oped by the expert workshop (i.e.,10).9 Far fewer samples excee-
ded thresholds recommending more costly regulatory actions
such as discharge monitoring (27%), management planning
such as setting a total maximum daily load or related measures
(21%) or controlling MPs emissions at sources (3%).9 In
contrast to global risk characterizations that did not account for
non-alignments in particle counts resulting from differing sizes
measured in the environment versus those causing toxicity in
laboratory experiments (e.g.,26,27), risk exceedances documented
in Coffin et al.9 are substantial.

Despite relatively high uncertainties, the risk characteriza-
tion of MPs in San Francisco Bay represents one of the most
accurate and reliable comparisons to-date due to the use of
alignments, high-quality monitoring data (total assessment
score of 13 compared to an average 7.9 in ref. 40), data-driven
corrections with errors propagated probabilistically, and
medium condence ecological risk thresholds.9 Corrections for
systematic ber undercounting in manta trawl nets accounted
for over 90% of the total uncertainty, while corrections due to
spectroscopic subsampling and rescaling for size introduced
marginal uncertainties.9 While regulatory agencies have utilized
class-based approaches and estimation methods for some
toxicants (e.g., toxic equivalency factors for polychlorinated
biphenyls), corrections required to assess risks of MPs in this
case are signicantly more complex – requiring relatively
sophisticated modelling tools and large, high-resolution data-
sets – aspects which will understandably factor into regulatory
decisions based on this assessment. Additionally, because the
necessary corrections introduced relatively high uncertainties
into the risk characterization (e.g., 95% condence interval
includes 3% to 73% of samples exceeding the threshold rec-
ommending discharge monitoring), any regulatory decisions
based on this risk characterization are unlikely to result in
a denitive or severe ruling (e.g., total maximum daily load).

To date, the San Francisco Bay risk characterization (i.e.,9) is
among one of two other fully aligned MPs risk assessments in
aquatic environments (i.e.,25,42) and represents a rapidly
changing paradigm within the eld.8 As demonstrated in the
rst of suchMPs risk assessment to account for non-alignments
between particle sizes in toxicity studies and the environment,25

risk assessments that do not rescale particle concentrations
(e.g.,26,43) dramatically underestimate risks. Owing to the recent
rapid progression of the eld,44 uncertainties in MPs ecological
risk assessments have dropped precipitously in less than two
years. In the rst such study, Koelmans et al.25 demonstrated
the principle of non-alignments by characterizing risks in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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global freshwater ecosystems using the best available data –

which included highly uncertain particle size distributions.
Building on Koelmans et al.,25 Coffin et al.9 utilized threshold
data from an improved alignment methodology (i.e.10), and
rescaled concentrations using high-resolution particle size
distribution data from ref. 28. Despite these improvements, the
risk assessment in San Francisco Bay suffered from signicant
uncertainties due to the hazard thresholds being based on
studies passing a minimum set of quality standards that
excluded other desired criteria such as effect concentrations.10

The most recent aligned MPs risk assessment likely contains
the least uncertainty of any such study to date, as Redondo-
Hasselerharm42 characterized risks of MPs in freshwater sedi-
ments worldwide using strict quality criteria in effect studies
(92% of which used environmentally realistic polydisperse
MPs), and high-resolution size distribution data. The authors
found that for all locations considered, exposure concentrations
were either below or in the margin of uncertainty of the hazard
concentration affecting 5% of species, therefore concluding
that risks to freshwater benthic communities cannot be
excluded.42

To enable more reliable ecological risk characterizations of
MPs, monitoring studies should collect large volume samples
using ltration methods with small mesh sizes (<300 mm) in
addition samples obtained using nets – therefore reducing
uncertainties introduced by size rescaling and undercounting
of bers while ensuring adequate spatial representation.45

Furthermore, best practices for sample collection, analysis,
spectroscopic subsampling, and data reporting should be
employed to ensure data are reliable for further
assessments.46–49 Finally, the use of high-resolution (and pref-
erably automated) spectroscopic analysis of a small number of
samples would enable more accurate size rescaling through the
use of site-specic size distribution data, however few labora-
tories currently have access to such technologies due to their
relatively high costs.
Assessing hazards of microplastics to humans through
drinking water

In addition to assessing ecological hazards, determining
hazards to humans through drinking water was a primary
objective of the California health effects workshop. A total of 41
in vitro and 31 in vivo (mouse and rat) studies using mammals
were identied from the peer-reviewed literature, however due
to the lack of a quantitative method to relative in vitro MPs
toxicity data to in vivo settings, only the in vivo studies were
further assessed.50 Following an initial screening for quality
control, only 12 out of 31 in vivo studies underwent further
evaluation by a wider group of experts with specializations in
each study's particular eld.50 Monodisperse polystyrene
spheres were used in 83% of studies passing the rst tier of
screening, ranging between 0.040 and 20 mm in diameter.50 Four
of the studies passing screening criteria reported adverse effects
on male reproductive systems, across which demonstrated
consistent effects relating to a reduction in the number and
proportion of viable sperm, increased sperm deformities, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
the apoptosis of sperm cells accompanied by a dose-related
expression of cytokines (a biomarker of underlying
inammation).50–54 Due to the lack of a proper analysis of
testicular histology in any of these studies, it was not possible to
determine whether the observed effects resulted from a direct
response to the exposure to the test materials, or a secondary
response resulting from inammation.50 Additional ndings of
adverse impacts to female reproductive systems in two studies
passing the quality screening criteria55,56 increased the expert
workshop's condence of a causal relationship between expo-
sure to polystyrene spheres and the observed impacts.50 The
additional studies evaluated by subject-matter experts reported
impacts to the heart, liver, thyroid, and gut microbiome,
however none contained reliable measurements for apical
endpoints and thus were not suitable for assessing hazards.50

Quantitative toxicity thresholds were estimated for each of
the reliably apical endpoints using benchmark dose modelling
soware, resulting in a clustering of point-of-departures around
1 mg kg−1 day−1, and ranging from 0.024 mg kg−1 day−1 for
reduced anti-Müllerian hormone concentrations56 to 4.98 mg
kg−1 day−1 for reduced liver condition.50,57 Based on the lowest
identied threshold (i.e. 0.024 mg kg−1 day−1 for lower anti-
Müllerian hormone concentrations from exposure to 0.5 mm
polystyrene spheres), a mass-based screening level applicable to
0.50 mm polystyrene spheres in drinking water of 90 mg L−1 was
derived using default risk assessment assumptions and prac-
tices (20% relative source contribution, composite uncertainty
factor of 300, upper 95% percentile 70 years lifetime weighted
average drinking water intake rate of 0.053 L kg−1 day−1).50

Extrapolation of this monodisperse screening level to a poly-
disperse mixture of MPs found in environmental settings comes
with extreme uncertainties due to the lack of mammalian
toxicity data across multiple polymer types and shapes.50

Signicant uncertainties remain in assessing risks to
humans through drinking water. The expert workshop deemed
that the screening level they derived would be inappropriate for
regulatory use due to the lack of established mechanisms of
toxicity – in part due to inadequate particle characterization in
many of the toxicity studies and uncertainties regarding
internal exposure concentrations in test animals.50 Accordingly,
in lieu of issuing a regulatory limit for MPs in drinking water,
California will require water systems with positive detections to
provide qualitative health guidance language to consumers that
includes ndings from the health effects workshop.24 To reduce
uncertainties in future risk assessments, research is needed for
quantitative particokinetics in mammals, adverse outcome
pathways, in vitro to in vivo quantitative extrapolation, and
a reliable toxicologically relevant metric (e.g., surface area) for
predicting effects across a diversity of MP particle types.32,50
Charting the path forward to regulatory emergence

While scientic publications on MPs have increased exponen-
tially in recent years58 – even being recognized as the hottest
trending contaminant in Environmental Science & Technology in
201939 – the same year that it surpassed per- and polyuoralkyl
substances in total publications,44 the transformation of
Environ. Sci.: Adv., 2023, 2, 356–367 | 361
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Table 2 General summary of a diversity of sampling and analysis tools for MPs that may be used depending on the intended management and
scientific goals within a particular region and jurisdiction

Category Driver Matrix/location Utility Technical requirements

Risk/exposure
characterization

Environmental health Oceans, estuaries, etc. Compare thresholds to
monitoring data

Low to high

Human health Drinking water, food, etc. Characterize exposure High
Environmental & human
health

All matrices Meta-analysis Very high

Sources & pathways
characterization

Reduce inputs Atmospheric, stormwater,
wastewater, etc.

Estimate ux and removal
efficiencies

Medium to high

Reduce inputs Atmospheric, stormwater,
wastewater, etc.

Pathway attribution Medium to high

Reduce input, polluter
accountability

High risk/exposure areas Fingerprinting to determine
sources

Extreme
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information and data into knowledge has failed to progress at
a proportional rate. Indeed, misconceptions and misunder-
standings of what's known and unknown scientically about
MPs continue to pervade both lay-persons and topic-
experiences practitioners – particularly regarding risks to
biota.5,6 In addition to inherent challenges associated with the
complexity and ‘wickedness'of MPs described earlier in this
article and elsewhere,5,6 widespread inaccuracies both in the
media and even peer-reviewed publications,59 and abysmal
sharing of data in published articles,60 two signicant barriers
to progress are resource constraints and disorganization within
the scientic community.

Resource constraints have long restricted progress in MPs
research and management. One of the most resource-intensive
components is environmental monitoring, as spectroscopic-
based techniques require considerably longer analysis times
than for most contaminants and are relatively expensive (Table
1). While detailed particle-level information provided by spec-
troscopic techniques is essential to assessing risks (e.g., size,
shape, and polymer distributions),8 it is not necessary to obtain
Fig. 2 Proposed tiered monitoring framework for MPs in drinking wate
information regarding health effects but require additional resources (tim

362 | Environ. Sci.: Adv., 2023, 2, 356–367
such high-resolution information in all situations. Instead,
a diversity of analytical methods will be needed in different
locations and purposes (Table 2). For example, manta trawl nets
could be used to collect MPs in the marine environment and be
analysed with an inexpensive method (e.g., nile red uores-
cence;61) to determine spatial and temporal trends in contami-
nation, while a suite of sophisticated forensic monitoring tools
could later be used on MPs from a highly polluted area to
determine the manufacturer of those plastics and pursue
accountability or even litigation (Table 2).

Similar to how semi- and non-targeted methods are now
being used as initial screening methods for per- and poly-
uoroalkyl substances (e.g., total organic uorine, total oxidiz-
able precursors, etc.),62,63 a tiered monitoring strategy for MPs
could be developed and implemented to optimize resource
usage by regulatory authorities (Fig. 2). For example, a “tier 1”
screening method (e.g., rapid particle counting using nile red
dye;61) could be used to estimate potential MPs concentrations
and determine if more resource-intensive analytical methods
should be applied (Fig. 2). A potential “tier 2” method may
r or other matrices. Higher tier analytical methods provide additional
e and money).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involve bulk quantication of MPs by mass (e.g., pyrolysis-gas
chromatography/mass-spectrometry),64 which would conrm if
suspected particles were indeed MPs (and their mass-based
concentrations), but would not capture particle size or shape
distributions, and would be limited to polymers for which
analytical standards exist (Fig. 2). If mass-based concentrations
of MPs are determined to be of regulatory concern, a “tier 3”
method could then be used, which would provide necessary
information for characterizing risks (Fig. 2).

Availability of a range of tools is essential to reducing
resource barriers for MPs research, however such tools must be
accessible and affordable to maximize their utility. In the 21st
century, an abundance of tools is now available that allow
researchers to share and communicate information, data, and
evidence rapidly and effectively. Many of these tools have the
potential to radically transform the pace at which MPs research
evolves-leading to policies and regulations that could signi-
cantly reduce the global “plastic toxicity debt” (increasing MPs
concentrations caused by unrecoverable degrading environ-
mental macroplastics) that future generations will inevitably
inherit.65 For example, many reference databases for spectro-
scopic analysis are available but are oen proprietary, cost-
prohibitive, and lack spectra for environmentally-relevant
MPs. The recent development of free open databases and so-
ware such as Open Specy signicantly reduces monitoring costs
while increasing transparency, accuracy, and reproducibility of
results.66 Other open-source tools have been recently developed
to estimate the ow and accumulation of MPs through envi-
ronments (e.g., “The Full Multi”;67) and humans (e.g.,
“HEASI”;68) thereby allowing more rapid and transparent
understandings of the contaminant suite and prioritization of
monitoring efforts. Additional solutions with potentially high
impact to the eld include harmonization (e.g., language and
denitions, analytical and toxicity testing methods, standard-
ized and reference particle mixtures, reporting standards, etc.);
effective global and local communication between researchers
and decision-makers (e.g., accurate media reporting, peer-to-
peer networks, open-access publications); and living evidence
synthesis tools (e.g., centralized databases; open-source code
repositories; systematic critical reviews).

Signicant progress has already been made on the harmo-
nization front, especially with regards to denitions,17 analytical
methods,21 reporting,48,49 and hazard study design criteria,30,69

however many additional challenges remain – particularly in
developing standardized particle mixtures for hazard testing
and monitoring,70 and reporting physical traits of MPs in
monitoring studies. The recent development of a living toxicity
database for MPs (i.e., ToMEx) is catalysing the formation of
higher quality studies designed specically to t knowledge
gaps and providing a common repository to share published
data.31 Further, a recent ambitious effort has been made to
centralize all tools, databases, and evidence for MPs (i.e.,
https://www.plastiverse.org/) according to recommendations by
the Global Commission on Evidence to Address Societal
Challenges.71 These efforts to widely share evidence could be
hindered by current policies employed by traditional funding
agencies and grants that oen lack requirements for
© 2023 The Author(s). Published by the Royal Society of Chemistry
researchers to share science and data openly.60 Finally, such
radical sharing efforts may become more sustainable, fair,
inter/multi/trans-disciplinary, and well-funded through adop-
tion of novel “decentralized science” methods that leverage
cryptoeconomic mechanics (e.g., tokenization, consensus,
crowdsourcing, smart contracts, reputation systems) to coordi-
nate scientic collaborations across large scales and compli-
cated networks72 – a method that has recently shown promise in
mitigating other global challenges such as climate change.73
Conclusion

As the public becomes increasingly more aware of and con-
cerned about their possible exposure to MPs (recent examples
include human blood, breast milk, placenta, and lungs)74–77 and
risks to humans and ecosystems,78 governments must respond
in a satisfactory and rapid manner to maintain public trust
while allocating limited nancial and institutional resources
wisely to manage other legacy and emerging contaminants
effectively. Tiered approaches utilizing a suite of analytical
methods in t-for-purpose applications can maximize data
utility while minimizing costs (Fig. 2). As demonstrated in
a recent risk probabilistic risk characterization in San Francisco
Bay,9 a combination of complimentary sampling techniques
and optimized analytical methods are necessary to produce
reliable and representative exposure data. However, develop-
ment of environmental regulations (e.g., total maximum daily
loads, maximum contaminant levels) of MPs will require addi-
tional advances and harmonization of analytical techniques
such that uncertainties of risk characterizations are comparable
to other regulated contaminants.

As government agencies tackle MPs, they should leverage
and promote recently developed fundamental tools and
methods to monitor contamination and assess risks of MPs to
humans and environments. Notably, open-source methods to
document and model exposure and hazards of MPs as a multi-
dimensional contaminant suite (e.g., Open Specy, The Full
Multi, HEASI, ToMEx)31,66–68 enable higher resolution risk
characterizations-which are paramount to applying regulatory
frameworks to control MPs. Finally, to achieve full emergence of
MPs as a regulatory contaminant class while making sensible
use of resources, government agencies and scientists alike must
be adaptive and innovative in their approaches through the use
of open-source technologies, tiered and objective-driven moni-
toring strategies, and open collaboration and sharing.
Data availability
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