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nano- and microplastic particles used
to support exposure, toxicity and risk
assessment: implications and recommendations
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Abstract

Background There has been an exponential increase in the number of studies reporting on the toxicological
effects associated with exposure to nano and microplastic particles (NMPs). The majority of these studies, however,
have used monodispersed polystyrene microspheres (PSMs) as‘model’ particles. Here we review the differences
between the manufacture and resulting physicochemical properties of polystyrene used in commerce and the PSMs
most commonly used in toxicity studies.

Main body In general, we demonstrate that significant complexity exists as to the properties of polystyrene particles.
Differences in chemical composition, size, shape, surface functionalities and other aspects raise doubt as to whether
PSMs are fit-for-purpose for the study of potential adverse effects of naturally occurring NMPs. A realistic assessment
of potential health implications of the exposure to environmental NMPs requires better characterisation of the par-
ticles, a robust mechanistic understanding of their interactions and effects in biological systems as well as standard-
ised protocols to generate relevant model particles. It is proposed that multidisciplinary engagement is necessary

for the development of a timely and effective strategy towards this end. We suggest a holistic framework, which must
be supported by a multidisciplinary group of experts to work towards either providing access to a suite of environ-
mentally relevant NMPs and/or developing guidance with respect to best practices that can be adopted by research
groups to generate and reliably use NMPs. It is emphasized that there is a need for this group to agree to a consensus
regarding what might best represent a model NMP that is consistent with environmental exposure for human health,
and which can be used to support a variety of ongoing research needs, including those associated with exposure

and hazard assessment, mechanistic toxicity studies, toxicokinetics and guidance regarding the prioritization of plastic
and NMPs that likely represent the greatest risk to human health. It is important to acknowledge, however, that estab-
lishing a multidisciplinary group, or an expert community of practice, represents a non-trivial recommendation,

and will require significant resources in terms of expertise and funding.

Conclusion There is currently an opportunity to bring together a multidisciplinary group of experts, including poly-
mer chemists, material scientists, mechanical engineers, exposure and life-cycle assessment scientists, toxicologists,
microbiologists and analytical chemists, to provide leadership and guidance regarding a consensus on defining
what best represents environmentally relevant NMPs. We suggest that given the various complex issues surrounding
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the environmental and human health implications that exposure to NMPs represents, that a multidisciplinary group
of experts are thus critical towards helping to progress the harmonization and standardization of methods.

Keywords Polystyrene, Microplastic particles, Monodispersed polystyrene microspheres, Spherical microbeads,

Polystyrene manufacturing

Introduction

A growing body of research has evolved demonstrating
strong evidence of the environmental ubiquity of micro-
plastic particles (MPs) [1-8]. Furthermore, research has
shown that MPs can enter the food chain either directly
or indirectly [9-12] with suggestions produced from
some studies implying the potential for long-term effects
on human health [13-15]. It is not surprising, therefore,
that both research [16, 17] and regulatory pressure [18—
20] on MPs continues to grow.

Addressing the human health implications that expo-
sure to MPs represents, however, is potentially hindered
by a lack of consensus regarding the definition of micro-
plastics. For example, the most commonly used defini-
tion of microplastics are plastic particles that are<5 mm
[21, 22]. The definition of both nano- and microplastic
particles (NMPs), however, is known to be inconsistent
between different research groups and regulatory bod-
ies [23, 24]. The differences in terminology, consequently,
can cause uncertainty and confusion when attempting to
communicate the relationship between adverse effects
observed in lab-based studies and the NMPs reported
in monitoring studies. An important observation in this
context is that while the majority of lab-based studies
report effects on a homogeneous group of NMPs, which
are typically consistent with NMPs within a physiologi-
cally relevant size range (e.g.<10 pm), the majority of
monitoring studies report MPs>10 pm, and which are
therefore likely to have toxicokinetic and toxicodynamic
properties that are appreciably different from NMPs
used in toxicity studies. Several reviews of the micro-
plastic literature, for instance, have identified the obvious
mismatch between the types of NMPs reported in envi-
ronmental monitoring field studies from those used in
laboratory-based studies [25-31].

While there have been several notable recent develop-
ments aimed at attempting to investigate the environ-
mental fate and effect of NMPs using environmentally
relevant NMPs [32], there exists a continuing need to
raise awareness of the complexity of the polymer chem-
istry involved, and its likely impact on the relevance and
reliability of laboratory-based research using commer-
cially available NMPs [33]. While the MPs detected in
the marine environment are typically characterised as
predominantly a heterogeneous mixture of fragments
and fibres of polyethylene (PE) and polypropylene (PP)

[34-36]>10 pum, the MPs reported in air comprise a
variety of different types of polymers, among them PE,
polyethylene terephthalate (PET), polystyrene (PS),
polyamide (PA), polyvinyl chloride (PVC), and oth-
ers [37]. On the other hand, the majority of laboratory
studies have largely aimed at investigating the adverse
effects of NMPs< 10 um using monodispersed polysty-
rene microspheres (PSMs) [29, 35, 38]. The applicability
of extrapolating results generated largely from a suite of
PSMs towards the complex heterogeneous mixture of
NMPs present in the environment has been questioned
in the context of both environmental and human health
risk assessment, with recommendations that future stud-
ies use environmentally relevant NMPs and/or provide
greater information regarding the characterization of the
particles used in a specific study [24, 33, 39—-44]. Environ-
mentally relevant NMPs, in this instance, refers to the use
of NMPs in test studies that are known to be present in
environmental systems. Consequently, recommendations
regarding the use of environmentally relevant NMPs in
toxicity studies would enable a more robust evaluation of
the toxicological hazard that environmental exposure to
NMPs represents to human health.

While there is a logical and rational basis that under-
lies the recommendations for the use of environmentally
relevant NMPs, the generation and availability of these
particles, however, is characterised by several non-trivial
challenges. A key limitation that must first be overcome,
for instance, relates to the current state-of-the-science
regarding our understanding of what actually consti-
tutes an environmentally relevant exposure to NMPs
for human health. This includes a continuing need to
strengthen the characterization and quantification of the
types and physicochemical properties of NMPs present
in the environment, particularly those within a physi-
ologically relevant size range (for example, <10 pum) [24].
Evaluating the characteristics and sources of the types
and properties of NMPs representative of an environ-
mentally relevant mixture of NMPs, however, is subject
to numerous analytical challenges. For instance, plastic is
subject to weathering [27, 45] and to microbial coloniza-
tion in the environment. This can result in biofilm forma-
tion on the surfaces of plastic particles generated through
the weathering process [6, 46], which can not only inter-
fere with analysis but can also influence both the toxi-
cokinetic and toxicodynamic properties of the particles.
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Weathering of plastic is strongly influenced by the envi-
ronmental conditions into which the plastic is released
and can play an important role towards influencing the
properties of NMPs generated and their environmental
fate, transport, and relative toxicity [45, 47].

Recently, a number of researchers have attempted to
investigate methods of artificially weathering plastic
to generate NMPs, with the objective of better under-
standing the overall environmental and human health
implications associated with weathering and aging pro-
cesses [48-50]. For instance, UV degradation can result
in oxidation of the surface of the plastic particle, causing
changes to the surface chemistry of NMPs formed from
the degradation process, whereas the formation of a bio-
film can potentially inhibit surface functionality [51]. Fur-
thermore, biofilm formation and weathering can result in
modifications, such as the degree of crystallinity of the
plastic particle, which can influence sorption and/or des-
orption of chemicals either originating from the plastic
itself or from the surrounding environment [51-54]. The
various changes that NMPs undergo as a result of weath-
ering can also alter the relative density of the particle,
which may result in increased rates of sedimentation in
aquatic environments, for instance. For organisms ingest-
ing NMPs colonised by microorganisms, the presence of
an eco-corona as well as the relative size of the particle
may strongly influence the physiological fate of the par-
ticle, including particle translocation [55, 56]. Given the
stochastic nature of the various factors that can result in
the generation of NMPs, which are formed from a wide
variety of different types of plastic polymeric materials,
combined with the influence of weathering with respect
to their physicochemical properties, it is important to
recognise the non-trivial challenge that defining an envi-
ronmentally relevant suite of NMPs represents for the
research community [57].

The objective of this review is to thus raise awareness
of the challenges and limitations related to the continu-
ing use of poorly defined NMPs used in laboratory stud-
ies, and which are being used to inform the human health
implications that exposure to NMPs represents. Given
current discussions related to the development of an
international treaty on plastic pollution, which aims to
include NMPs within the scope of the treaty [58, 59], it
is thus important that effective regulation be guided by
data generated from toxicity studies using environmen-
tally relevant NMPs, and that caution be used not to
overinterpret results from studies using NMPs that are
inconsistent with environmentally relevant exposure. It
is notable that in this review we focus on the polymer
chemistry associated with polystyrene, largely because
it is identified as the most frequently used type of plas-
tic across all types of lab-based studies. In this instance,
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we aim to highlight the differences in the polymer chem-
istry between the types of PS that are commercially
manufactured, summarizing their different methods of
manufacture and the implications towards differences
in their particle characteristics. In particular, we dem-
onstrate that there are significant differences between
the monodispersed PSMs purchased by research labs to
perform various fate and effects studies, and the PS com-
monly used in consumer products and being detected in
environmental field studies. Consistent with the obser-
vations of Wright et al. [33], we agree that an improved
understanding of the adverse effects of NMPs can only
arise through the generation and distribution of a suite
of environmentally relevant NMPs. To achieve this goal,
however, it is important to appreciate how differences
in polymer chemistry and the manufacture and use of
plastic articles in commerce influences the generation of
NMPs most likely to represent an environmentally rel-
evant human exposure. Consequently, we suggest that
achieving the goal of generating a suite of NMPs repre-
sentative of an environmentally relevant exposure for
humans and ecosystems will require a framework that
must include multidisciplinary expertise, including poly-
mer chemists, material scientists/mechanical engineers,
analytical chemists and toxicologists. We furthermore,
suggest that this holistic approach is fundamentally criti-
cal if the significant challenge of defining the sources and
characteristics of what might best represent an environ-
mentally relevant suite of NMPs is to be achieved.

Literature review

Research aimed at assessing the environmental and
human health implications that exposure to NMPs rep-
resents continues to grow in popularity [17]. Neverthe-
less, as noted above, there is continuing debate regarding
a technical definition of microplastics, and there is cur-
rently no material standard that can be obtained which
would be representative of the complex heterogeneous
mixture that environmental exposure to NMPs is com-
monly understood to represent. To provide some insight
into the types of polymeric particles that are commonly
being used as a model for NMPs, we performed a lit-
erature review following Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [60].

The PRISMA workflow was applied considering two
complementary research strategies to retrieve potentially
relevant studies, as follows: (i) comprehensive primary
search using the PubMed-Medline electronic database,
and (ii) secondary search through manual screening of
the reference list of all relevant studies retrieved in the
primary search.



Gouin et al. Particle and Fibre Toxicology (2024) 21:39

To retrieve relevant research publications, a search
strategy based on the use of relevant indexing keywords
aimed at targeting studies that either generated and/or
obtained NMPs from a supplier was adopted. Various
descriptors and keywords were used to identify poten-
tially relevant studies from a primary comprehensive lit-
erature database, which was created as an Endnote file
from a search of the PubMed algorithm, used to obtain
all studies aligned with the theme of “microplastic” To
increase the scope of the search strategy, relevant studies
and literature reviews were identified from the primary
reference list and were manually screened to identify
additional important studies that were not included in
the PubMed search results. All relevant studies pub-
lished from inception to 27 July 2023 were indexed and
retrieved in full text to be included in the systematic
review. No chronological or language limits were applied
in the search strategy.

An initial keyword search of all Endnote listed fields,
including the main text of the publication of the primary
‘microplastic’ Endnote file, which contained a total of
10,217 references, was conducted using the keywords
‘Cryogenic, ‘Milling, ‘Generation, ‘Microtome, ‘Grind’
and ‘Cryotome. Table S1 (see Supp Info_l.pdf) sum-
marises the results of studies identified that used and/
or generated NMPs as part of their study to assess an
adverse effect from either an ecotoxicological or human
health perspective, to evaluate the environmental fate
or translocation of NMPs across biological tissues, or
to support the analytical method development regard-
ing the analysis of NMPs in various matrices. To widen
the scope of the primary Endnote file and to ensure a
comprehensive search of all potentially relevant stud-
ies, a keyword search of the publication title field was
included for studies not identified using the initial key-
words described above and for which full text was not
available. The keywords used were ‘Extraction; ‘Synthe-
sis, ‘Production, ‘Reproductive, ‘Metabolism, ‘Growth,
‘Inflammation, ‘Oxidative, ‘Polystyrene’ (PS), ‘Polyeth-
ylene’ (PE), ‘Polypropylene’ (PP), ‘Polyurethane, ‘Nylon,
‘Polyamide; ‘Polycarbonate’ (PC), ‘polyvinyl, ‘polylactic;
‘effect; ‘toxicity, and ‘analysis. All studies identified were
manually screened for relevance, and the full text articles
obtained, resulting in a total of 2607 publications. The
types of polymers used in each of the studies is identified,
with Table S2 (see Supp Info_1.pdf) providing a sum-
mary, where 44.5% of studies (1160/2607) used only PS as
part of their study design. The majority of studies used PS
either as part of their ecotoxicity or in mammalian in vivo
or in vitro cell-based studies (Table S3 in Supp Info_1.pdf
and Supp Info_2.xlsx).

Based on the observations from the literature review
performed, which are consistent with other similar
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observations of the literature where the predominant use
of PSMs has been observed [27, 29, 38], it appears rea-
sonable to consider the potential differences of the PSMs
used in microplastic research and its relevance towards
understanding polystyrene microplastic that might be
generated as a result of degradation of PS products used
in commerce. The objective of the following sections is
to thus consider the different chemistries involved, and
the potential implications that relying on the use of PSMs
represents as either facilitating understanding of the
environmental and human health implications that expo-
sure to MPs represents, or as a potential hindrance.

Polystyrene—background

From a polymer chemistry perspective, PS belongs to
the group of thermoplastic polymers. Since its com-
mercialization in 1931 by IG-Farben (BASF) [61], the
production quantity of PS has increased to 18.8 million
tonnes in 2018 [62], and represents about 5% of the total
global plastics production, behind PP, PE, PVC, PET and
polyurethane [63]. Depending on the purpose and appli-
cation, PS is either manufactured unmodified, with rub-
ber modification or foamed. Pure, unmodified styrene
homopolymer, commonly referred to as general purpose
polystyrene (GPPS) is characterised as a brittle mate-
rial. Co-polymerization with a rubber component such
as polybutadiene can significantly help to strengthen PS,
resulting in the formation of “high impact polystyrene”
(HIPS), which is characterised as an opaque and less
brittle polymeric material [64]. A complex three-phase
morphology is thus formed with polybutadiene particles,
which contain polystyrene inclusions, that are dispersed
in a polystyrene matrix, and which gives rise to a stronger
material, as compared to GPPS [65]. Foamed PS can be
produced either from expandable granules (EPS) or as
extruded rigid foam (XPS), both of which can contribute
to NMPs detected in the environment [66, 67]. It is nota-
ble that XPS is often misidentified as EPS, largely due to
a lack of analytical protocols capable of reliably differenti-
ating between the two types of PS [68].

Depending on the manufacturing process and/or
intended functionality of the PS material, different
chemical processing agents and/or chemical additives
can be used to support the manufacturing process and
to improve the properties or processability (see Table 1).
Intentionally added substances (IAS) are added during
manufacturing of the polymer. They include processing
aids and additives. Processing aids either enable, facilitate
or ease the production and/or processing of the polymer
(e.g., polymerization catalysts, solvents, or lubricants).
Most processing aids are consumed during the polym-
erization process and therefore do not persist in the final
polymer, except possibly at trace levels. Additives are
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Table 1 Common processing aids and additives used in PS, EPS and XPS grades [64, 65, 70, 76, 84-86]

Substance group

Function

Examples

Processing aids

Other polymer components
Additives

Initiator
Chain transfer agent

Finishing initiator

Dispersant/ surfactant (Pickering stabiliser)

Stabilizer
Nucleation agent
Blowing agent
Fast-cool agent

Anti-static coating

Anti-lump coating

Impact modifier
UV absorber/ inhibitor
Primary antioxidant

Secondary antioxidant

Flame retardant

Flow enhancer

Mineral filler

Insoluble colorant

Soluble colorant

Optical brightener (compensation of yellowness)

Peroxides (e.g. dibenzoyl peroxide)

Mercaptans
Terpinolene
Dimeric alpha-methyl styrene

tert-butyl peroxybenzoate
tert-butylperoxy-2-ethylhexyl carbonate
tert- amylperoxy-2-ethyl hexylcarbonate

Poly(vinyl alcohol)
Hydroxyethylcellulose
Polyvinylpyrrolidone

Gelatine

Cay(PO4),

BaSO,

CaCo;,,

Sodium alkylbenzene sulfonate

MgO

Waxes (such as paraffins, chloroparaffins, and Fischer-Tropsch waxes)

Esters and amides of fatty acids
Phase-incompatible polymers (e.g. low molecular weight PE)

Co,
Hydrocarbons (e.g. pentane)

Mixtures of glyceride esters of higher fatty acids, preferably with car-
bon chain lengths of 14-20

Esters of fatty acids and amines (e.g. glycerol monostearate)
Quaternary ammonium salts

Alkylphosphates

Fatty alcohol condensed with ethylene oxide on to propylene oxide

Metal stearates
SiO, or CaCO; powder
Powders of polyamide waxes

Polybutadiene
2-(2-Hydroxyphenyl)-benzotriazole derivatives

Sterically hindered phenols or secondary aromatic amines (chain
terminating donors for peroxy radicals)

Sterically hindered amines (radical scavenger / chain terminating
acceptor)

Phosphites
Thioesters (peroxide decomposers)

Styrene-brominated polybutadiene block copolymers
Resorcin-bis(diphenylphosphat) or other phosphates + synergist
(dicumyl peroxide, dicumene, azo derivatives, 2,3- dimethyl-2,3-di-

phenyl butane, antimony trioxide)

White mineral oil (low molecular weight paraffins)
Calcium stearate

CaCo,,

Talcum

Wollastonite

Glass fibres

SiO,

Inorganic pigments, e.g. TiO,

Organic pigments

Polycyclic anthraquinones and perinones
Selected azo compounds

Bis-benzoxazoles
Phenylcumarines
Bis-(styryl)-biphenyls
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substances which are “intentionally added to plastics to
achieve a physical or chemical effect during processing”
of the polymer “or in the final material or article”; they
are “intended to be present in the final material or article”
[69]. While the content of additives is typically only in the
few percent level, their impact on polymer performance
and stability is substantial. In addition to these intention-
ally used chemicals, non-intentionally added substances
(NIAS) can also be present in polymers. These are not
added for a technical reason during the production pro-
cess but rather are formed as byproducts and degradation
products in the manufacturing process or are present as
contaminants in raw materials [69].

The high glass transition temperature (T,) of PS (100 °C
[70]) results in a plastic polymeric material that causes
relatively low diffusivity of fillers and chemical additives
leaching from the plastic [71], so that the risk of migra-
tion is generally understood to be low [64, 72, 73]. Nev-
ertheless, given recent concerns regarding the use and
potential release of chemical additives from plastic and/
or NMPs, there is a need to strengthen our overall under-
standing of their use and diffusive exchange with the sur-
rounding environment [74]. Consequently, in addition
to summarizing the manufacturing processes associated
with the different types of PS, we also provide a brief
summary related to the use of both chemical process-
ing agents and chemical additives that might be specifi-
cally associated with the manufacture and use of PS in
commerce.

Manufacturing processes for GPPS

Commercially, GPPS as well as HIPS are manufactured
by free radical polymerization in a continuous process
[64, 65, 75]. The majority of GPPS is currently under-
stood to be produced by solution polymerization, which
has the advantage of enabling better control over the
reaction temperature, which represents an important fac-
tor towards ensuring the formation of a narrow molecu-
lar weight distribution [70]. The addition of an organic
solvent (e.g. ethyl benzene (EB) or toluene) as a chemical
processing agent, typically between 5 to 10 wt.%, func-
tions as a weak chain transfer agent and helps to reduce
the overall molar mass [65, 75, 76]. Other chemical reac-
tants, however, can also be used to generate a specific
desired molar mass (see Table 1) [76].

A general concern raised regarding the manufactur-
ing process and the use of chemical agents, relates to the
potential presence and subsequent exposure to monomer
residuals and unreacted solvent [74]. Depending on the
initiation method and polymerization process, however,
the types of chemicals and quantity of residual can vary.
Thermal initiation, for instance, can result in a higher
number of residual dimers and trimers, whereas peroxide
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initiated suspension polymerization results in signifi-
cantly lower levels of residuals. The removal of residual
monomers and solvent, particularly during the solution
process, is achieved via post-polymerization devolatili-
zation. There are several ways to remove these volatile
components, such as by vacuo with degassing extrud-
ers, wiped film evaporators or flash evaporators [70, 76].
Further removal of residuals can be achieved by steam
stripping [70]. Consequently, at the end of the produc-
tion process, the reaction mass of the final product can
still contain residual monomer and unreacted solvent (if
applicable), but the inclusion levels are typically under-
stood to be well below 1% [77]. Commercially available
PS from different manufacturers may vary considerably
in the levels and composition of process residues and
additives. This detail is often confidential business infor-
mation and not freely available.

Manufacturing processes for HIPS

For the production of HIPS, polybutadiene is dissolved
in styrene. After initiating the polymerization process,
polystyrene domains are formed within the continuous
rubber phase. As the reaction proceeds, the amount of
PS in the rubber phase increases, until an equal volume
between the polystyrene and rubber phase is achieved.
At this point, the application of a sufficient level of agi-
tation causes a phase inversion to be initiated. The
remaining styrene then polymerizes to a continuous poly-
styrene matrix. Following the phase inversion, the rubber
domains cease to increase and maintain their boundaries
as the polymerization in both phases continues [64, 70].
The mass polymerization of HIPS is predominantly done
in a continuous process. There are various processes
described in the patent literature [78—83], whereby the
initiation is most commonly conducted under thermal
conditions [76].

Similar to GPPS, the final polymer will contain resid-
ual monomers, oligomers and solvent (if applicable).
Consequently, the application of devolatilization helps
to reduce these unwanted residuals. The additives com-
monly present in HIPS are generally consistent with the
types of chemical additives used in GPPS, see Table 1.
In instances where the polymerization process is initi-
ated using peroxide initiators, only phenolic antioxidants
may be used, which is because the use of phosphite anti-
oxidants will result in a reaction with the peroxides that
causes the reaction to be slower. It is common practice to
add the antioxidants prior to the polymerization process
[64].

Manufacturing processes for EPS
Expandable polystyrene beads are produced by one of the
following two processes [64, 65, 70, 76]:
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1. Suspension polymerization of styrene into spherical
beads in the presence of a blowing agent (often pen-
tane in amounts of up to 7 wt%).

2. Extrusion of GPPS, addition of a blowing agent to the
melt during extrusion, followed by underwater pel-
letization. In this case, the EPS particles are not per-
fectly spherical. This process is less common for EPS.

Suspension polymerization of styrene into spherical
beads supports the production of a desired morphol-
ogy of expandable particles, without the need of further
modification. The blowing agent can be added during
or after the polymerization. Water-insoluble monomers
are dispersed in water in the presence of a suspension
stabilizing agent (see Table 1). The polymerization takes
place within the monomer droplets following a free radi-
cal mechanism initiated by peroxides [70]. If low residual
monomer concentrations are required, a second finishing
initiator is added, which disintegrates only at higher tem-
peratures [87].

Manufacturing processes for XPS

Extruded PS foam (XPS) is produced from GPPS. In
an extruder, a blowing agent, e.g. CO,, is added to the
molten PS. The melt is extruded through a nozzle with
a wide slit, resulting in a closed cell foamed board [84,
88, 89]. In contrast to EPS, XPS has a closed-cell struc-
ture with the cells tightly packed together and no voids
between them [84].

Manufacture of monodispersed PS microspheres

Comparable to the production of EPS particles, mono-
dispersed PS microspheres (PSMs), which represent
particles with an homogeneous suite of physicochemi-
cal properties including size, shape and polymer type,
can be produced for specialised purposes. An important
differentiating factor between EPS and PSMs, however,
is that the suspension polymerization process for PSMs
occurs without the use of a blowing agent. Furthermore,
the use of suspension polymerization is only one of sev-
eral different methods to generate PSMs, which can be
influenced by the intended purpose and desired proper-
ties of the PSMs [90]. PSMs are commonly produced in
the form of monodispersed microspheres, in well-defined
sizes that range from below 1 pm up to sub-mm. Some-
times these microspheres are referred to as “uniform
latex particles” These PSMs are used in research and
analytics, e.g. as calibration beads for count control, filter
leak testing, flow cytometry and other techniques, where
their defined particle size facilitates calibration of an ana-
lytical instrument and/or research method. They were
first used in medical diagnostics in the form of “latex
agglutination tests” (LAT) in 1956 and are used today in

Page 7 of 27

a variety of strip tests in human and veterinary medicine,
plant health, law enforcement, food, or the environment,
with the sub-micron sized PSMs acting as a solid support
platform for antigens or antibodies [91, 92]. A detailed
summary of the various suppliers and types of PSMs that
have been used most often in NMP research is provided
in the Supplementary Information (Tables S2, S4 and S6
in Supp Info_1.pdf).

While there exists a general understanding regarding
the production of PSMs, the precise conditions of their
synthesis are communicated as representing confidential
business information by the various manufacturers, and
our attempts at disclosure requests have proved unsuc-
cessful to date. We further note that additional product
information with respect to the chemical composition
and characterization of PSMs, such as might be obtained
from product data sheets, is typically limited. It also
proves difficult to determine if a specific supplier is the
actual manufacturer of the PSMs, or if they are simply a
distributor. When considering the suppliers listed in the
Supplementary Information (Tables S2, S4, S5 and S6 in
Supp Info_1.pdf), it is apparent that the majority of stud-
ies that report using PSMs in the context of microplas-
tic research have obtained their materials from suppliers
predominantly based in China, with other suppliers from
countries, such as in the USA, Germany, the UK and
Japan also being identified. Although we encountered
difficulties towards obtaining a complete understanding
of the manufacture and characteristics of commercially
available PSMs, information available in patent applica-
tions, as well as from the scientific and technical suppli-
ers’ literature, provides important insight regarding the
fundamental components used in the manufacture of
PSMs, insight which can also be used to better under-
stand the implications regarding their physicochemical
properties and ultimately to the risk of NMPs to human
health and the environment. Figure S1 (see Supp Info_1.
pdf) illustrates the variety of properties that can be found
in PSMs.

It is commonly understood, for instance, that PSMs
can be produced directly from styrene monomers, such
as by suspension, emulsion or dispersion polymerization
techniques, depending on the intended target size of the
PSMs [90, 93]. Suspension polymerization, for instance,
typically generates PSMs in the size range of between 40
and 1000 pm, emulsion polymerization provides PSMs in
the size range 0.1 to 10 um, whereas dispersion polym-
erization is suitable for the synthesis of particles in the
range of 1-10 pm [93]. Figure 1 shows the attainable par-
ticle size ranges of the different polymerization methods
in logarithmic scale.

In emulsion polymerization, a monomer that is almost
insoluble in water is dispersed in an aqueous phase that



Gouin et al. Particle and Fibre Toxicology (2024) 21:39

Emulsion polymerization

Page 8 of 27

Dispersion polymerization

Suspension polymerization

0.01 0.1 1

10 100 1000 pum

Fig. 1 Particle size ranges of emulsion, dispersion and suspension polymerization in logarithmic scale

contains a water-soluble initiator and a colloidal emul-
sifier or surfactant. Formation of micelles occurs if the
concentration of the surfactant is high enough [94]. The
initiator reacts to free radicals which first polymerize
with monomer molecules in the aqueous phase until a
critical chain length is achieved and the growing radical
becomes hydrophobic enough to enter the micelle [95].
Monomers migrate from the monomer droplet reservoirs
into the micelles, where they react with the propagating
polymer chain. Figure 2a) shows a schematic representa-
tion of the emulsion polymerization process. Emulsion
polymerization represents one of the most commonly
used methods for the synthesis of PSMs. The resultant
particles (0.1 to 10 pm), however, tend to be polydisperse
(i.e., particles are of varied sizes in the dispersed phase of
the dispersion system), and are therefore less appealing
for applications that require a narrow particle size dis-
tribution, such as for the calibration of analytical instru-
ments. To address this shortcoming associated with the
emulsion polymerization process, adaptations can be
incorporated that result in a narrower particle size distri-
bution, e.g. applying seed methods [96].

Dispersion polymerization starts with a homogenous
solution of monomers, surfactants and initiator [97].
The formed polymer itself is not soluble in the reaction
medium and thus will precipitate when it is too large to
be stabilized by the surfactant [98]. Figure 2b) shows a
simplified scheme of the dispersion polymerization pro-
cess. With this method, micron-sized PSMs (1-10 pm)
can be synthesized [92, 99-102]. The method results in
particles with narrow particle size distribution when
monomer concentrations are not too high [101]. It is also
possible to generate functionalized or crosslinked parti-
cles in dispersion polymerization processes [98].

In suspension polymerization, the monomers and
initiators are insoluble in water. In the presence of sur-
factants, large droplets with monomers and initiator are
formed in which the polymerization takes place [94].
The use of an organic solvent is possible, but not neces-
sary. Figure 2c) shows the basic principle of suspension
polymerization. Suspension polymerization typically
results in the production of larger micron-sized parti-
cles (40 to 1000 pm), which are not as commonly used in
the microplastic research. The width of the particle size

distribution depends on the initial droplet size, which in
turn depends on the stirring intensity and type and con-
centration of the surfactant [103].

Nanosized PSMs with a small standard deviation in
particle size are typically synthesised by surfactant-free
emulsion polymerization (SFEP) with potassium persul-
fate as the initiator [104] and coated/functionalized using
surfactant-free seeded emulsion polymerization (SSEP)
[105]. Consequently, understanding the nature of the
polymerization technique can represent an important
factor towards better understanding the sizes of particles
generated as well as an expectation regarding the vari-
ability of the particle size distribution.

Functional properties of PSMs

Depending on the research question, it can be assumed
that an attractive property of PSMs for microplastic
researchers is their monodispersity, where it is desir-
able that at least 90% of the particle size distribution be
within 5% of the average particle size [90]. A factor that
can negatively influence the monodispersity of gener-
ated PSMs, however, is their propensity to form particle
aggregates in solution. Consequently, following the gen-
eration of PSMs, it is typical for the particles to be stabi-
lised in order to prevent their aggregation. One strategy
to prevent aggregation is the application of a hydrophilic
coating to the PSMs, or alternatively the introduction
of reactive groups to the surface of the particles, whose
functionalities induce a specific surface charge that dis-
courages particle—particle interactions [93]. Specifi-
cally, the addition of anionic or cationic groups results
in the formation of negative or positively charged sur-
faces, respectively, of the PSMs [106]. Functional groups
include amino, carbonyl, carboxyl, hydroxy, epoxy, sul-
fate, sulfonate, and aldehyde groups. They can be incor-
porated into the polymer by intentional addition of
hydrophilic comonomers, such as carboxylic acid, butyl
acrylate, acrylic acid, or methacrylic acid, typical of PSMs
available from Bangs and Thermofisher [107-109], but
can also be formed through the use of initiators, includ-
ing potassium persulfate or benzoyl peroxide, such as
associated with PSMs available from Spherotech, but
also from Thermofisher [102, 109]. One possibility for
the stabilization of PSMs is the introduction of a negative
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charge by a combination of sulfate groups, and adsorbed
anionic surfactant on the surface e.g. [109, 111]. It is
important to note that the preparation of PSMs without
the use of a surfactant requires the inclusion of a higher
number of sulfate groups, as these are necessary to sup-
port stabilization, which is lost when the surfactant is not
included. The charged particle surface area is typically
between 5 and 10% [109], which is understood to suffi-
ciently prevent the aggregation of PSMs in the stock solu-
tion obtained from a supplier.

In general, the most commonly available surface func-
tional groups in PSMs are carboxyl and amino groups.
The density of carboxyl or amino groups on the surface
of the microsphere can vary and can be determined
using conductometric titration [108]. It is often referred
to as the COOH surface titer and expressed in units of
A2JCOOH group, resembling the average space a reac-
tant would have on the microsphere surface when cou-
pling to a COOH group if all COOH groups are used.
A closely packed monomolecular layer of acid groups
would have an area of 20-25 A%/COOH group, there-
fore microspheres with an area smaller than 20-25 A%/
COOH group are considered as completely coated by
acid groups. PSMs with a surface titer of around 100 A%/
COOH group or more are considered as having a low
coverage. For amine-modified microspheres, the pres-
ence of NH, groups is confirmed using a ninhydrin test
[108, 109, 111]. This method is also referred to as the
Kaiser test [112] and determines free amino groups by
reacting them with ninhydrin to form a chromophore
[113, 114]. Measuring the COOH or NH, surface groups
of a particle reveals more information on the particle sur-
face as a calculation of the particles’ zeta (z) potential can
deliver. The zeta potential is the difference in electrical
potential at the interface of a particle with its surrounding
medium. It is used as an indirect estimation of the surface
charge density of a particle and can be measured by elec-
trophoretic light scattering (ELS) [115]. The zeta poten-
tial represents the parameter most typically reported in
the microplastic literature as a relative indicator of the
surface charge of a particle, since it is relatively easy to
measure, and has consistently been proposed in guidance
documents as a particle property that should be included
when characterizing nanoparticles [116, 117]. Several
confounding factors, however, can result in difficulties
with respect to measuring, integrating and interpreting
zeta potential values reported in the literature, requiring
caution not to overinterpret data obtained [116, 117]. It
is thus recommended that a thorough characterization of
the surface functionality consider measurements of the
surface titer of the carboxyl or amino groups, especially
when interpreting the toxicological effects of a specific
particle on a biological endpoint.
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Although carboxyl and amino groups are commonly
used, there are a variety of functional groups that can be
added to PSMs to support their application in the con-
text of biological, biomedical and other research areas,
which include a variety of different chemical groups and
biomolecules such as antigens, antibodies, oligonucleo-
tides etc., which make them a versatile carrier material.
For example, PSMs can be used to detect the presence
and quantify the number of biomarkers or biological spe-
cies in bodily fluids, with the PSMs used either in suspen-
sion arrays or in planar microarrays [93]. Introduction of
functional groups can be done either by copolymeriza-
tion with functionalized monomers or by modification
after the polymerization step [102].

Consequently, the addition of functional groups to the
surface of PSMs not only aims to provide a surface charge
to prevent aggregation, but the functionality can also sup-
port the use of PSMs in the context of biomedical arrays
and other applications, such as to support mechanistic
toxicity studies aimed at evaluating the influence that a
specific functional group may have on a biological recep-
tor. The functionalized surfaces have been observed to
facilitate cell adhesion [93, 118, 119]. Local electrostatic
interactions between charged groups on the particle sur-
face and cell membranes are an important factor for the
particle-cell adhesion strength [120]. But functionalized
surfaces can also adversely affect cell viability [121, 122].
The cellular uptake can either be enhanced or inhibited,
depending on the cell type and surface charge [122], thus
also influencing the toxicity of PSMs [123, 124]. Further-
more, the dispersants used for particle dispersion could
be responsible for their in vitro toxicity [124].

A useful functionality that is commonly used to track
PSMs in biological tissues includes the addition of a fluo-
rophore. The incorporation of fluorophores represents
an important property that enables the fate and behavior
of PSMs to be traced and analytically quantified. There
are a variety of PSMs that can be obtained, with various
fluorescent organic dyes or other types of markers [125].
Within the microplastic research literature, these mark-
ers have been commonly used to evaluate the transloca-
tion of PSMs across epithelial tissues, as well as helping
to support the development of analytical methods. Dyes
or markers can be incorporated into the PSMs using a
variety of methods, and which may have important impli-
cations when attempting to interpret the results of a spe-
cific study. Table 2 summarises the different methods
available.

There are several different types of organic dyes used
for fluorescence marking of PSMs. Interestingly, the dyes
(fluorophores) are similar to the ones used for staining
antibodies, proteins and other cell components, cells and
tissue [132]. Some fluorescent dyes such as rhodamine
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and fluorescein are often used to prepare fluorescent
microspheres [133]. The development of dyes for molec-
ular imaging primarily focused on optimizing fluores-
cence brightness, photostability and pH-insensitivity,
e.g., leading to a series of sulfonated coumarin and rho-
damine dyes (Alexa dyes) [134].

In the context of toxicological effects testing, it is
important to note that some fluorescent dyes can poten-
tially influence a toxic response [135, 136]. Table S7 sum-
marises the toxicity of 19 organic fluorophores used in
molecular imaging, as reviewed by Alford [135]. Con-
sequently, it is recommended that the use of fluorescent
dyes be thoroughly investigated before they are used in
studies to determine the toxicity of PSMs, otherwise it
is not clear if any observed effect is caused by the PSMs
or by the fluorescent dye, particularly since the toxicity
information may be unavailable for some fluorophores.
One approach would be to avoid the use of fluorescent
PSMs when investigating toxicological endpoints, limit-
ing the use of these materials towards investigations with
respect to mechanisms of cellular uptake or other fate
processes. It is imperative to note, however, that when
used to evaluate the absorption and systemic distribution
of PSMs, such as from the gastrointestinal or respiratory
system, that researchers carefully consider the potential
for some fluorescent markers to leach from the micro-
sphere into the surrounding medium, which has been
observed and reported as a complicating factor when
attempting to interpret data from such studies [129, 137].
Alternatively, tagging of the microsphere by another
means, such as *C, should be explored, although in this
instance there are financial implications and permitting
for use and disposal associated with generating radiola-
belled microspheres that may limit their feasibility.

Finally, it should be noted that while commonly used
GPPS and HIPS are not produced as cross-linked poly-
mers, PSMs are typically manufactured by copolymeri-
zation of styrene and small amounts of divinylbenzene
(DVB) [93, 138]. For example, both GPPS and HIPS,
typical of PS used in consumer products, are known
to swell under conditions of contact with high etha-
nolic solutions and increasing temperature [139]. If it is
intended to reduce swelling of PS, and thus improve the
solvent resistance, the polymer chains can be crosslinked.
Crosslinking is not typical in the production of GPPS and
HIPS intended for industrial use in the packaging or con-
struction industry, as it would prohibit typical processing
of the material (extrusion, injection molding), but repre-
sents a common practice for PSMs intended for analyti-
cal purposes or for ion exchangers [102, 108, 110]. The
degree of crosslinking of PSMs, therefore, represents an
additional difference between PS used in consumer prod-
ucts for industrial use, and some PSMs, the importance
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of which is not reported or evaluated in the microplastic
literature. Given that not all PSMs are crosslinked, it may
prove beneficial to better understand the role that swell-
ing may play in the context of a specific research ques-
tion. Circumstances where solvent induced swelling can
be desirable in PSMs, for instance, includes research that
requires PSMs to be dosed with hydrophobic materials
[140] or loading of fluorophores into the PSMs [141].

Environmentally generated polystyrene microplastic

The various types of functionalization that can be
included in PSMs, and their application to support vari-
ous scientific needs, using the methods summarised
above, however, is notably inconsistent with the produc-
tion of polystyrene used in commerce. Consequently,
factors used to inhibit aggregation in PSMs, and/or the
addition of functional groups aimed at a specific research
need, can result in potentially significant differences
regarding the toxicological effects between PSMs and
environmentally relevant NMPs that might be generated
from PS used in consumer products. Specifically, PSMs
can be obtained in either an aqueous or nonaqueous
suspension that can include various surfactants, buffer
salts and preservative agents, such as thimerosal (sodium
2-(ethylmercurithio)benzoate), a mercury-containing
preservative considered as causing hypersensitivity in
humans and very toxic to aquatic organisms [142, 143],
or sodium azide, a substance considered very toxic to
aquatic life as well [102, 108, 111, 143]. Conversely, the
generation of PS microplastic originating from consumer
products are unlikely to contain surfactants or preserva-
tive agents typically associated with PSMs and are more
likely to be characterised by a heterogeneous mixture
of functionalized groups, as opposed to the relatively
homogenous properties of PSMs used to support a vari-
ety of scientific research needs.

Heterogeneity of the surface groups and electric
charges that are likely associated with PS microplas-
tic generated from consumer products is further con-
founded by a variety of other factors not typical of PSMs.
For instance, varying topography, chemical composition,
and reactivity as well as the presence of IAS (Table 1)
and NIAS, represent important factors that must be
considered when attempting to evaluate and extrapolate
differences between different types of environmentally
relevant NMPs [144].

Whereas the manufacture of PSMs targets the pro-
duction of a monodispersed suite of particles that can
include various functionalities, the generation of NMPs
that might originate from PS used in consumer prod-
ucts occurs via a variety of different pathways in the
environment. It is widely understood, for instance, that
the majority of NMPs detected in the environment, and
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which comprises various types of polymers, includ-
ing rubber from tire abrasion and fibres from clothing,
are formed as a result of environmental degradation
and fragmentation of plastic articles used in commerce
[62, 145]. Environmental degradation processes include
chemical reactions such as UV-light induced photooxida-
tion and crosslinking, physical processes (abrasion, pres-
sure, expansion, contraction) and biological processes
such as metabolism by enzymes [146]. The colonization
by microorganisms and subsequent biofouling also plays
a major role in environmental degradation processes
[125]. An initial eco-corona of biomolecules such as pro-
teins, lipids, or carbohydrates) [57, 147] is formed very
shortly after plastic is released into aquatic environments,
which, over time, is substituted by biomolecules with
higher binding affinity that form a hard corona [56]. On
top of the hard corona, a dynamic corona can be found
that is in high exchange with the surrounding environ-
ment [57]. The eco-corona may influence the movement
of NMPs and its ingestion by micro- and macrofauna
[148]. It is important to note that there is not just one
kind of biofilm, but many different ones, depending on
the polymer type and structure of the NMPs [149, 150].
The surface roughness of the particle, for instance, sup-
ports biota settlement [149]. It is important to note that
the mechanisms surrounding biofilm formation on plas-
tic and NMPs represents a specialized area of research,
and for which insight from microbiologists is perceived
as being greatly beneficial towards strengthening our
overall understanding regarding the types of organisms
present on NMPs and the role they play towards poten-
tially influencing the fate and effects of the particles.

For polystyrene, degradation can occur at elevated tem-
peratures in the presence of oxygen, or by photooxida-
tion. The photodegradation is initiated by the absorption
of UV radiation by the aromatic ring [151]. Peroxy radi-
cals are formed, followed by consecutive chain scission
reactions to hydroperoxides and formation of new radi-
cals, repeating the process until finally termination takes
place. Generally speaking, weathering processes enlarge
the effective surface area of the plastic and increase oxy-
gen-containing functional groups in the polymer [45].
The weathering mechanisms and rates may not only vary
with the environmental conditions, but also depend on
the polymer type, polymer structure and the presence
of stabilizing additives [152]. Antioxidants, for instance,
help to impede photooxidation weathering kinetics, but
do not inhibit UV degradation [153].

The degradation reactions on the surfaces of plastic
lead to a variety of products, such as PS with shorter
chain length, carbonyl groups on the surface and volatile
components [70, 153—-156]. Specifically, aged materials
are observed to have an increase in hydroxyl groups and
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aromatic carbon—carbon double bonds, but an associated
decrease in carbon hydrogen bonds [157]. This has been
confirmed by FTIR spectroscopy, which is a highly sensi-
tive method to detect the newly created C-O, C=0 and
O-H bonds during oxidation [158—160]. Table S8 pro-
vides a selection of products and functional groups that
are formed in the photooxidation of polystyrene along
with their characteristic IR absorption bands. Photodeg-
radation mostly occurs on the surface of the plastic and,
depending on the polymer, is limited in the bulk compo-
sition of the material [152, 161]. This is because the UV
radiation only penetrates a few micrometers into the pol-
ymer, and the partial pressure of oxygen is also higher at
the polymer surface [162].

In the aquatic environment, the low molecular weight
degradation products such as benzoic acid, acetophe-
none, benzaldehyde, methyl benzoate, formic acid and
acetic acid [154, 160, 163] are removed from the surface
by water movement and might accelerate the overall
degradation of a PS particle due to the exposure of fresh
surfaces [152]. Therefore, the actual photodegradation of
the solid sample might be higher than measured by FTIR
[152]. From controlled weathering experiments, it has
been estimated that a rate of only 5% formation of defects
on the surface of a PS microparticle occurs annually
[164], but for deeper insights a better characterization
of the particles would be necessary. Similar to consider-
ing the important insight gained from microbiologists
with respect to biofilm formation on the fate and effects
of plastic and NMPs, we also note the important insight
that can be gained from polymer chemists, material sci-
entists and/or mechanical engineers when helping to bet-
ter understand degradation mechanisms of plastic under
different life cycle scenarios.

Implications and recommendations

When considering the details discussed above, we sug-
gest that there are significant differences between PSMs
manufactured for biomedical and analytical purposes
and environmentally generated PS NMPs originating
from various PS products used in commerce, including
GPPS, HIPS, EPS or XPS. Table 3 summarises the prop-
erties of the various PSMs and environmentally gener-
ated PS NMPs. Notable differences include the shape,
surface chemistry, chemical composition of the parti-
cles and the presence of IAS and NIAS. Depending on
the research question being addressed, the use of PSMs
may or may not represent a suitable model particle. For
example, it is reasonable to anticipate that the use of
PSMs to evaluate a toxicological mechanistic cause-effect
relationship between a specific particle property, such
as the influence of particle size and/or surface charge in
relation to a specific adverse effect, can prove insightful.



Gouin et al. Particle and Fibre Toxicology

(2024) 21:39

Table 3 Properties of PS pellets and particles
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PS type

Typical shape & size

Typical surface
functionality

Typical chemical
composition of the bulk
material

Typical additional
components

Commercial GPPS
Commercial HIPS

Commercial EPS

Commercial XPS

Weathered PS MP fragments
from the environment

Commercial spherical PS
microbeads

Pellet,> 1 mm
Pellet,>1 mm

Foamed bead,>1 mm, con-
verted to moulded shapes
and boards

Extruded board

Irregular, no specific size,
broad size distribution

Sphere, sizes ranging
from few nm to sub-mm,
with narrow size distribution

No
No

No

No

Carbonyl groups, adsorbed
biomolecules, microbes,
and abiotic materials

e.g.amino, carbonyl,
carboxyl, hydroxy, epoxy,
sulfate, sulfonate or aldehyde

PS

PS and Butadiene-Styrene-
Copolymer

PS

PS

Depending on the source

PS, crosslinked PS, PMMA

Antioxidants, fillers
Antioxidants, fillers

Antioxidants, fillers, flame
retardants possible

Antioxidants, fillers, flame
retardants possible
Depending on the source:
Antioxidants, fillers, flame
retardants possible

Fluorescent dyes

groups

Conversely, extrapolating results to imply an environ-
mental or human health risk associated with environ-
mentally relevant exposure to PS NMPs present in the
environment we suggest is inappropriate. The challenge,
for the microplastic research community, consequently,
is to consider how to best evaluate the potential risks
associated with human exposure to an environmentally
relevant polydisperse mixture of NMPs, which consists of
a heterogeneous mixture of physicochemical properties,
including size, shape and polymer types [33].

The recommendation to obtain and use environmen-
tally relevant NMPs to evaluate environmental and
human health risk is not novel. Indeed, several litera-
ture reviews have highlighted the observation that the
majority of lab-based studies do not use environmen-
tally relevant plastic polymers or shapes but rather rely
on the use of commercially fabricated, often fluorescently
labeled PS or PE spheres, largely for convenience or for
necessity of detection [29, 48, 157, 165, 166]. Intuitively,
the use of either surface-functionalized particles or non-
functionalized particles will result in different effects
[167], the interpretation of which can be further com-
plicated depending on whether or not the particle solu-
tions contain surfactants or dispersants [57] which might
have a toxic effect on their own [167]. There is thus a
well-understood gap between the polymer types used in
laboratory studies and their respective environmental
representativeness [29].

Unfortunately, it is difficult to obtain a sufficient quan-
tity of NMPs directly from the environment to support
either fate and/or toxicity testing [166]. Generating
NMPs in the lab may therefore currently represent the
best option to help progress research towards better

understanding the potential risks that NMPs represent to
the environment and human health.

Particle generation methods

A large number of top-down methods have been
described in the literature to generate NMPs, and which
are largely based on physically damaging different types
of larger plastic articles and/or larger sizes of pre-pro-
duction plastic pellets [168, 169]. These methods include
the application of ball milling, cryogenic milling, ultra-
centrifugal milling, grinding microplastic particles with
a coffee grinder, conical burr grinder, or other grinding
methods, manually sanding the surfaces of plastic with
sandpaper or with a kitchen grinder, homogenizing plas-
tic with the use of kitchen blenders or generating NMPs
by sawing the plastic or a combination of approaches.
Application of the various methods to generate NMPs
typically results in the formation of irregularly shaped
particles, with the need to generate fibres requiring the
application of alternative approaches, such as manu-
ally cutting, isolating fibres generated from laundering
synthetic clothing, or through the use of various milling
techniques, or by electrospinning. In other instances,
chemical methods are used, whereby research groups
generate NMPs either by bottom-up lab syntheses of the
particles in the lab or through the use of solvents capable
of dissolving plastic, followed by precipitation and isola-
tion of NMPs into aqueous solutions.

Aligned with the various methods that have gener-
ated NMPs, and summarised above, are a number of
strengths and weaknesses that can be identified. A key
strength often referenced when applying relatively sim-
ple and inexpensive methods, such as those that grind
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or cut plastic articles using commonly used appliances
(e.g. kitchen blenders, coffee grinders, or manually cut-
ting materials with scissors) is an argument that the
methods represent a flexible and relatively quick and
inexpensive approach that facilitates the investigation of
important questions related to the properties, effects, fate
and transport of NMPs. Unfortunately, the generation of
NMPs using these approaches also tend to provide lim-
ited insight regarding the reproducibility of the method
with respect to consistency in the generation of particles
of a specific size and shape, and/or the efficacy of the
method when applied to other plastic polymeric mate-
rials. An additional concern often not addressed relates
to the small quantity of NMPs generated. In all methods
there is a common theme that the particles generated are
aimed at supporting a limited number of studies for a sin-
gle research group. However, given the large number of
studies being generated aimed at evaluating all aspects of
NMPs in the environment (e.g. fate and transport) and
their potential effects, there is a need to generate large
quantities of NMPs using methods that generate particles
of specific sizes and shapes in a consistent and reliable
manner for a variety of different types of plastic [170].
Based on the challenges that have been encountered to
date it is unlikely that a single method can be used for all
types of plastic. Consequently, it is likely that a combina-
tion of techniques will be needed to generate particles of
varying shapes and sizes for different types of polymers,
and which can consistently and reliably generate rela-
tively large quantities of NMPs. This would benefit from
insight gained from polymer chemists, who would be
better positioned to help guide the generation of NMPs
with specific properties.

When considering the suitability of a specific technique
aimed at generating NMPs of varying size and shape,
for instance, it is important to consider how a particular
method may influence the physicochemical properties
of the plastic itself. For instance, the application of mill-
ing techniques applies mechanical energy that results in
larger pieces of plastic to become physically damaged,
resulting in its fragmentation to smaller sizes of plastic
particles. Decreasing the size of MPs generated using a
milling technique requires an increase in the amount
of mechanical energy. Increasing the amount of energy,
however, can be problematic depending on the phys-
icochemical properties of the polymer, such as its melt-
ing point, glass transition temperature and/or degree of
crystallinity. In the instance of polyethylene, which has
an average melting point temperature of approximately
140 °C, attempting to generate polyethylene MPs using
a milling method can result in annealing, which can
result in changes to the properties of the particle, such
as degree of crystallinity, that are inconsistent with the
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starting material. Alternatively, annealing can also sig-
nificantly impact the ability to further decrease the size of
the particles, whereby annealing results in the formation
of larger agglomerates. In an effort to counter the issue of
annealing, many researchers employ the use of cryogenic
milling, aimed at keeping the polymer below its melting
point temperature.

In their study using a cryogenic ball mill, which gener-
ated PS particles in the size range of 1-200 pum, Eitzen
et al. [171] observed that the yield of small particles
(<100 pm) increased with increasing pre-cooling and
milling durations. Based on a starting mass of 2 g, a
pre-cooling period of 12 min resulted in about 50% of
the particles generated to be between 1 and 100 um. A
slightly larger fraction (x=70%) was observed when using
5% 10 min milling durations and a pre- and intermedi-
ate cooling duration of 6 min [171]. These results were
in contrast to those obtained using a sieve mill, where a
starting mass of 100 g of PS was possible, however, the
method was reported to be difficult to control, and was
therefore found to be an ineffective approach towards
generating PS microplastic [171]. The importance of
the number of milling cycles towards generating MPs
has been observed to vary depending on the polymeric
composition of the starting material. Munoz et al., for
instance, report using 2, 3, 5, and 10 milling cycles of
2 min each at a frequency of 30 Hz, with an intermediate
cooling time of 1 min at 5 Hz between each cycle for PS,
PET, PP and high density polyethene, respectively [172].
The resulting particles were then sieved to obtain MPs
in a size range of 100—250 pm, the yield of the method,
however, is not reported. Nevertheless, when consider-
ing results reported by Kiihn et al., the relative yield of
MPs generated from weathered and aged plastic obtained
directly from the marine environment is observed to be
strongly influenced by the nature of the starting poly-
meric material [173]. Using a 30-min pre-cooling period,
MPs generated from 3 mm subsamples of net, rope, foam,
sheets and rigid plastic were obtained using an ultra-cen-
trifugal stainless steel Retsch ZM 200 mill [173]. MPs in
the size range of 0.5-2.0 mm accounted for ~68% of the
total mass, with particles in the 0.2—0.5 mm size fraction
only accounting for about 20% and particles<0.2 mm
representing < 10%. Similarly, Astner et al. report a recov-
ery efficiency of 2% when generating 106 um MPs, which
they then converted to nanoplastic by employing a wet-
grinding method, which resulted in a binomial particle-
size distribution with an average particle size of 390 nm
for PE [174].

It is notable, therefore, that when reviewing the differ-
ent studies that have applied cryogenic milling to gener-
ate NMPs, there is an apparent inconsistency between
studies related to the application of the milling, such as
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milling times, number of milling cycles and differences
in relation to the use of pre- and intermediate cooling
times. Consequently, the reproducibility of NMP genera-
tion methods, such as those summarized above, requires
additional investigation. A specific concern, for instance,
relates to inconsistencies that are observed regarding the
duration of pre- and intermediate cooling times as well as
the speed, duration and number of milling cycles. While
the inconsistencies may be due to challenges encoun-
tered with respect to the efficacy of cryogenic milling to
generate NMPs for different types of polymeric materi-
als, the end result are concerns regarding the efficiency
of the method to reliably and reproducibly generate MP
that might reflect particles <150 um.

Acknowledging that there may be important differ-
ences related to how NMPs are generated between the
lab and in the environment [51], some methods have
attempted to generate NMPs using simulated weathering
and aging techniques [175-177]. However, limited quan-
tities of NMPs are generated using such approaches and
are unlikely to be sufficient to support the development
of a large repository of model NMPs that might support
the research community. Nevertheless, having access to
weathered NMPs directly or guidance with respect to
best practices that research groups could adopt would be
very useful.

In their review of weathering pathways and experi-
mental protocols that have been employed in relation to
microplastic research, Alimi et al. report that the major-
ity of studies have mostly aimed at evaluating the influ-
ence of weathering on the sorption and desorption of
contaminants, with a subset of studies evaluating the
toxicity of leachates from weathered NMPs [178]. When
considering all studies that have directly weathered
NMPs, only about 10% of them have used the particles to
evaluate the toxicological effects associated with weath-
ering. Based on the limited number of studies, however,
the results imply that weathering does significantly alter
the properties of NMPs and can increase the potential
for adverse effects to occur [178]. Consequently, having
protocol that simulates the natural weathering and aging
of NMPs should represent an important research need,
since environmental exposure to weathered NMPs most
likely represents the dominant environmentally relevant
scenario, as opposed to exposure to NMPs originating
from ‘virgin’ plastic. The majority of effect studies, how-
ever, continue to rely on NMPs generated from ‘virgin’
plastic, with only a small number of studies simulating
natural UV radiation (UVR) to produce weathered NMPs
[178, 179].

Given that there are a multitude of weathering pro-
cesses that can occur in the environment, research is
warranted in order to better understand the relative
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implications of the various weathering processes on the
fate and effects of NMPs, and which would benefit from
inputs from a diverse group of experts, including poly-
mer chemists, material scientists, mechanical engineers,
microbiologists, and analytical chemists. It is generally
well understood, however, that photo-oxidation repre-
sents the primary trigger in the weathering process of
plastic articles. Natural solar UVR is largely dominated
by UVA (A=315-400 nm). The UVR dose that arrives
at the surface of plastic is the product of the irradiance,
expressed as energy per unit surface area, and the time
of exposure. The longer the exposure time the greater
the UVR dose, which represents the most likely environ-
mentally relevant scenario. When attempting to simulate
environmental UVR doses in the lab, there is a tendency
to increase the irradiance intensity, such as through the
use of UVC (A=100-280 nm), largely because it would
be impractical to simulate environmental exposure times
on the order of months to years in the lab. Alimi et al,,
however, note that the simulated process is only sufficient
to generate enough energy to initiate photodegradation
at the surface of the plastic [178], and it remains unclear
if the simulated process sufficiently replicates the natural
weathering process over longer periods of time, repre-
senting an important research need to better understand
the relative importance of irradiance versus exposure
time [161].

When considering the various properties of NMPs
that may be encountered in the environment, it becomes
obvious that the current practice of relying on the use of
PSMs is insufficient to effectively characterise and quan-
tify the environmental and human health implications
that exposure to NMPs represents [33]. Similarly, there
is a lack of evidence that the adoption of various ad-hoc
approaches recently employed to generate NMPs pro-
vide efficient and reproducible methods that are capable
of generating a consistent, reliable and relevant source of
NMPs that are representative of environmentally relevant
exposure. The aspirational recommendation emphasised
here and in other studies, which strongly urges research
groups to use NMPs that are representative of environ-
mentally relevant exposure, however, requires specific
guidance with respect to the various aspects that should
be considered if a repository of an environmentally rel-
evant suite of model NMPs is to be achieved. Given the
various complex aspects that need to be considered, we
suggest the need to adopt a holistic strategy that would
benefit from the active involvement from a multidiscipli-
nary group of experts [33, 180].

Addressing the ‘relevant’ in environmentally relevant NMPs
To enable an assessment of the risks that NMPs may pose
to human health and the environment, it is first necessary
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to assess the fate and effects of relevant particles [33]. As
summarised above, several research groups have applied
various approaches to generate their own NMPs, such
as through the use of cryogenic-milling. Concerns, how-
ever, regarding the reproducibility of the method(s) and
the efficiency to generate NMPs of a toxicological rel-
evant particle size (e.g.<10 um) in sufficient quantities
to support the microplastic research community have
been raised. It seems reasonable, therefore, to conclude
that the generation and characterisation of NMPs repre-
sentative of an environmental exposure for human health
would represent an improvement on the overall reliance
of PSMs. Moving forward, however, there remains a need
to evaluate the influence of weathering and/or the for-
mation of an eco-corona on the fate and effects of NMPs
[147]. Parallel to the development of guidance with
respect to best practices that could be adopted to gen-
erate NMPs, there is thus the need to also develop best
practices aimed at artificially weathering NMPs.

While recommendations, such as those proposed
above, may be perceived as representing reasonable and
rationale advice, several questions remain regarding
how to turn these recommendations into tangible out-
comes. For instance, which particle shapes and sizes and
for what types of plastic polymers should be prioritised
when working towards the development of best prac-
tices? Who will provide the resources and leadership nec-
essary to support the development of best practices? On
these questions, unfortunately, there is no simplistic solu-
tion, since our understanding of the complexity of the
characteristics and quantities of human exposure, which
the heterogeneous nature of NMPs represents, is poorly
defined. Furthermore, identification of which types of
NMPs to prioritise will most likely require multidisci-
plinary expertise, which we suggest would be necessary
to address the various factors that likely influence the
sources of NMPs to the environment, as well as to help
guide which exposure scenarios and properties of the
particles might require prioritisation. A complementary
approach is thus envisioned, which could be visualized
as a holistic strategic framework that is consistent with a
“One Health” approach and which aims to bring together
various experts who could consider the various factors
that are most likely important throughout all stages of
the life cycle of plastic used in commerce. Specifically,
there is a need to bring together polymer chemists,
material scientists, mechanical engineers and analyti-
cal chemists to collaborate with exposure and life cycle
assessment scientists with the aim of better characteriz-
ing the primary sources of exposure for humans to NMPs
under environmentally relevant conditions. Insight from
an improved understanding of exposure would thus ben-
efit the strategic design of toxicity studies necessary to
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both characterise toxicological mechanisms of action and
quantify reliable and relevant dose—response relation-
ships for use in evaluating human health risks.

Figure 3 presents a conceptual framework aimed at
communicating the connectivity between different com-
ponents related to assessing the environmental and
human health implications that exposure to NMPs rep-
resents. It is suggested that this can best be achieved
through a multidisciplinary approach, whereby commu-
nication between experts is supported through the estab-
lishment of a community of practice. At the core of the
framework is the need for transparency in the context
of problem formulation, and which emphasises the need
to ensure the acquisition of reliable and relevant data
obtained from quality assured and quality-controlled
experiments. Considering the current need to better
understand the human and environmental risks associ-
ated with exposure to NMPs, prioritising work on those
model NMPs that are most relevant to the problem being
addressed must represent the primary driver.

Key elements of the conceptual framework

The overall goal of the framework presented in Fig. 3 is
to provide a summary of the key elements necessary to
support progress on generation of NMPs that are rele-
vant from an environmental exposure perspective. In this
context, problem formulation represents the central ele-
ment that must be robustly defined. Identifying the most
relevant model NMPs to be used to address the problem
under investigation is both fundamental and critical. It is
thus important to acknowledge that there are potentially
several different research questions that can emerge.
Here we summarise five different themes that would ben-
efit from access to NMPs that are capable of supporting
the generation of high-quality data that are relevant, reli-
able and are thus, fit-for-purpose. These include:

+ Exposure Assessment: There is currently a mismatch
between the types of NMPs used in toxicity stud-
ies and those which are understood to be present in
the environment. Nevertheless, characterization and
quantification regarding what represents an environ-
mentally relevant exposure to NMPs remains a criti-
cally important data need. For example, it is currently
not possible to accurately quantify either the dietary
or inhalation exposure of NMPs for humans, neither
is it possible to provide an accurate description of the
physicochemical properties of the NMPs present in
air or in food and beverages. Given the wide range
of different types of plastic used in commerce, identi-
fying the most significant sources of exposure repre-
sents a potentially overwhelming task. Here we sug-
gest that there is a potential opportunity to consider
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Fig. 3 Conceptual framework to set priorities in the context of prioritizing the acquisition and properties of the best model NMPs necessary
to advance the ability to evaluate their human and environmental risks. Each shell represents a key element, and spokes illustrate direct connectivity
between key elements

a strategic approach towards more efficiently prior-
itising consumer use and exposure scenarios that
may result in exposure to NMPs, which we propose
would benefit from active collaboration between a
multidisciplinary group of experts. Specifically, this
should consist of a group that would bring together
polymer chemists and material scientists who could
collaborate with exposure and life-cycle assessment
scientists. The aim of bringing together the differ-
ent groups of experts would represent a first step
in achieving a consensus on the definition of which
NMP are most abundant in the environment. Once
this has been established, and since NMPs are sub-
ject to microbial colonization in the environment,
insight gained from microbiologists could contribute
to stablishing a consensus on the definition of what is
the most environmentally relevant NMP. During this
process clarification could be sought on a variety of
open questions, including those related to weather-
ing, the presence of an eco-corona, their size, shape
and polymer composition.

Hazard Assessment: When considering the large
number of studies that have been conducted to

date, and which have reported a variety of observed
adverse effects associated with exposure to NMPs, it
is concerning that the majority of studies have used
PSMs from a large number of different commercial
suppliers (as discussed above). Data are summa-
rised for both in vitro and mammalian in vivo stud-
ies in Supp Info_2.xlsx, which report adverse effects
on several endpoints, with adverse effects typically
observed at high test concentrations. A general
observation is that the most commonly reported
toxicological response appears to be associated with
oxidative stress and/or inflammation biomarkers.
Depending on the study, adverse effects on a vari-
ety of systems have also been reported and include
effects on the liver, kidney, reproductive organs, neu-
robehavioral effects, immunity, intestinal health, pul-
monary and genotoxicity. Given the reliance on the
use of poorly characterised PSMs it is, however, cur-
rently not possible to extrapolate these results with
sufficient confidence to human exposure to NMPs.
In this regard, an improved understanding of human
exposure to NMPs would support the generation of a
more relevant suite of NMPs that would strengthen
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the relevance of future hazard assessments. In the
absence of relevant and reliable data from either an
assessment of exposure or hazard, it is presently not
possible to perform a risk assessment. Given the
expertise of particle and fibre toxicologists, it is criti-
cal that they help support the prioritisation of NMPs
regarding the most likely relationships between
their physicochemical properties and the implica-
tions regarding cellular interactions and responses in
health and disease [33].

Toxicity mechanism: Whereas significant concerns
have been raised regarding the relevance of data
generated from hazard studies using PSMs for risk
assessment, it could be argued that if hazards were
identified from the use of environmentally relevant
NMPs then the use of PSMs may represent an impor-
tant tool for the understanding of the toxicological
mechanisms of action of MPs. For instance, the abil-
ity to produce PSMs of different sizes and surface
chemistry, can support an understanding regard-
ing the relative differences between different phys-
icochemical properties of monodisperse particles
with respect to a toxicological endpoint. To support
mechanistic understanding, however, there is a need
for the particles to be robustly characterised with
respect to their physicochemical properties. Most
current publications have little to no particle charac-
terization reported [43]. Table 4 summarises several
important physicochemical properties and methods
of analysis, which are identified as representing a
base set of information necessary for the characteri-
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zation of particles. It is important to note that com-
mercially available PSMs do not typically include all
data reporting on the characteristics listed in Table 4,
which would imply that research groups should per-
form their own analysis on each batch of particles
obtained. Similarly, any NMPs generated should
also be fully characterised. Generally, the practice of
fully characterizing particles for toxicity testing rep-
resents a fundamental principle in particle and fibre
toxicology (see for instance [181]). Furthermore,
additional guidance with respect to the safety test-
ing and assessment of manufactured nanomaterials
should be leveraged, since we note that there already
exists various OECD guidance documents that would
be relevant to the microplastic research community
[182-184]. Indeed, the challenges identified with
respect to NMPs are comparable to the challenges
faced in the early stages encountered by the toxicity
testing of manufactured nanomaterials, with many
of the recommendations presented here being simi-
lar to those expressed by Bouwmeester et al. [185].
Consequently, opportunities to leverage expertise
and learnings gained from advances in the testing of
manufactured nanomaterials should also represent
an important consideration for the group of experts
included within a community of practice.

Toxicokinetics: While there are likely specific phys-
icochemical properties associated with NMPs that
cause them to have novel hazards, the direct risk they
represent to human health will be influenced by their
potential to enter the body and reach a toxicological

Table 4 Frequently used analytical methods to characterise microparticles

Purpose Methods References
Particle detection Optical microscopy [187-189]
AFM [187,188]
Particle morphology (size and shape) DLS [190]
SEM [187-189, 191]
TEM [187,188]
Composition (polymer type, additives, fillers, surface functional groups) WFTIR [187-189]
HRAMAN [187-189]
Py-GC-MS [187,189,192]
LDIR [193]
XRF [67]
EDX [191,194]
"H-NMR [194,195]
Detection of surfactants and dispersants HPLC-MS [7]
Particle surface area, surface charge, porosity Electrophoretic light scattering (Zeta potential) [120, 196]
BET [190]
Potentiometric titration [197-199]
Molecular weight distribution GPC [194, 196]
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site of action. Generally, the overall understanding
with respect to uptake and translocation pathways
for NMPs remains an ongoing research need, with
available studies limited to a relatively small group
of monodisperse PSMs to characterise uptake and
translocation. Largely unknown are the transloca-
tion rates as well as accumulation and retention in
critical target sites and their underlying mechanisms.
The uptake, translocation and potential accumula-
tion of NMPs in the body will largely be influenced
by their physicochemical properties, and which are
similar to those summarised when working towards
an improved understanding of their toxicological
mechanism of action [186]. Consequently, advanc-
ing an improved understanding of the toxicokinet-
ics of NMPs will require the same factors required in
advancing toxicological mechanisms of action. Spe-
cifically, studies aimed at characterizing and quanti-
tying the uptake, translocation and accumulation of
NMPs will benefit from the use of both monodis-
perse and environmentally relevant NMPs, and will
facilitate the development and parameterisation of
physiologically based toxicokinetic models [186].

+ Prioritisation: Finally, prioritisation represents an
important issue that needs to be addressed in the
context of plastic pollution and NMPs. If one of the
goals of regulatory measures targeting NMPs, such as
the current discussions on an international treaty on
plastic pollution, for instance, is to help reduce envi-
ronmental and human health risks associated with
exposure to NMPs, then it is critically important to
generate reliable and relevant data that can be used
to prioritise the primary sources of NMPs identified
as representing the greatest risk to human health and
the environment. In the absence of hazard data for
NMPs that are consistent with environmentally rel-
evant exposures, coupled with an insufficient under-
standing of human exposure to NMPs, prioritising
actions on NMPs cannot be judged to be proportion-
ate and efficiently progressed. There is thus a dan-
ger that actions limiting and/or banning the use of
some types of plastic used in commerce may result
in regrettable substitution when they are based on an
absence of scientific evidence that can demonstrate
a causal relationship. We suggest that a multidisci-
plinary group of experts would be best positioned to
direct the prioritisation of actions based on robust,
reliable and relevant science.

The primary objective for expressing a need for a
community of practice that is comprised of a multidis-
ciplinary group of experts is to ensure the generation
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of high-quality data that are both reliable and relevant.
Although the amount and type of data will vary depend-
ing on the problem definition, the data generated must
be both transparent and robust. This will necessitate
the need to develop and apply best practices, which
would ideally result in the development and acceptance
of standardized methods with respect to the generation,
weathering, analysing and evaluation of the exposure
and hazards associated with NMPs present in the envi-
ronment. Aligning the different experts, however, repre-
sents a non-trivial challenge and will require top-down
support from leadership in the regulatory and research
communities.

Conclusions

Key policy initiatives targeting plastic pollution should
be based on scientific evidence, but the main focus of
research has been, through necessity, on the hazardous
properties of a relatively small group of readily available
monodisperse PSMs. Not surprisingly, therefore, there
remains considerable uncertainty as to the actual harm
being caused by plastic pollution [200]. Using a polydis-
perse group of NMPs representative of an environmen-
tally relevant exposure when investigating the impacts
of NMPs in vitro and in vivo has been suggested as an
important research need that would address this uncer-
tainty and lead not only to better targeted initiatives and
regulations, but also set a sound foundation for future
policy making and avoid regrettable decisions [33].
To start this process we have identified an urgent need
to establish a coordinated multidisciplinary group of
experts, supported within a community of practice that
could be charged with the task of developing a consen-
sus on not only what best constitutes an environmen-
tally relevant suite of NMPs, but also what are the best
practices that could be adopted for their generation and
weathering. Given the multitude of challenges that the
research community currently face, the ambitions of the
community of experts should possibly aim to start sim-
ple and build a repository of model NMPs for which a
consensus can be made regarding their environmental
relevance. This should perhaps be swiftly followed by the
development of guidance documents with respect to best
practices for use by the research community. It is impor-
tant to acknowledge, however, that establishing a multi-
disciplinary group, or an expert community of practice,
is not trivial and will require significant resource in terms
of expertise and funding. An open question, therefore,
relates to who will take a leadership role in supporting the
organisational and logistical structure of a community
of practice? In this regard, we recognize that there are
already several groups that have attempted to establish
community of practices that might help to address the
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concerns raised in this review. These include the group
of projects supported through the European Horizon
2020 initiative, known as CUSP [201], as well as PRIOR-
ITY [202], and those supported by industry including the
Plastics Europe Brigid project [203] and the International
Council of Chemical Associations, i.e. the Microplastics
Advanced Research and Innovation Initiative (MARII)
[204]. While there are elements of the conceptual frame-
work presented here in each of the projects listed above,
to the best of our knowledge there is, however, no recog-
nizable effort being directed towards establishing a con-
sensus on what is an environmentally relevant NMP.

Mindful of the wide range of plastic polymers used
in commerce [205] and considering the complex chem-
istry surrounding each of them, it is not unreasonable
to anticipate that insight gained from several different
groups of experts be necessary when generating a suite of
NMPs representative of those that may actually occur in
the environment. Here we suggest as a minimum, but not
limited to, the need to consider including polymer chem-
ists, materials scientists, mechanical engineers, analytical
chemists, toxicologists, exposure and life-cycle scientists
and microbiologists, given a general perception regard-
ing the valuable input that each could provide towards (1)
Arriving at a consensus regarding what best represents
an environmentally relevant NMP, and (2) Developing
guidance on best practices on the generation, characteri-
zation and toxicity testing of NMPs.
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