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Abstract
Plastic litter dispersed in the different environmental compartments represents one of the most concerning problems
associated with human activities. Specifically, plastic particles in the micro and nano size scale are ubiquitous and
represent a threat to human health and the environment. In the last few decades, a huge amount of research has been
devoted to evaluating several aspects of micro/nanoplastic contamination: origin and emissions, presence in different
compartments, environmental fate, effects on human health and the environment, transfer in the food web and the role
of associated chemicals and microorganisms. Nevertheless, despite the bulk of information produced, several
knowledge gaps still exist. The objective of this paper is to highlight the most important of these knowledge gaps and
to provide suggestions for the main research needs required to describe and understand the most controversial points
to better orient the research efforts for the near future. Some of the major issues that need further efforts to improve
our knowledge on the exposure, effects and risk of micro/nano-plastics are: harmonization of sampling procedures;
development of more accurate, less expensive and less time consuming analytical methods; assessment of degradation
patterns and environmental fate of fragments; evaluating the capabilities for bioaccumulation and transfer to the food
web; and evaluating the fate and the impact of chemicals and microorganisms associated with micro/nano-plastics.
The major gaps in all sectors of our knowledge, from exposure to potentially harmful effects, refer to small size
microplastics and, particularly, to the occurrence, fate, and effects of nanoplastics.
Keywords: Microplastics; nanoplastics; standardization; internalization; environmental risk; additives; microbial
colonization.
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1. Introduction
Although the first synthetic plastic polymer was discovered in the early 1900s (Andrady and Neal 2009), the
presence of plastics in the world started to grow only in the 1950s eventually becoming ubiquitous and an
integral part of modern life. Several reasons are explaining the enormous success of plastics. The extreme
versatility of these materials, in terms of shapes, consistency, hardness and other properties, allow producing
a practically endless variety of products. The possibility for manufacturing large series of items at low cost
makes them the perfect material for producing disposable objects and all kinds of packaging. Plastics are
almost chemically inert and may be easily sterilised, so they are excellent for containing food and for
sanitary products. They are hardly altered and, therefore, the products made from them are long-lasting.
However, this last property is also the main reason for the growing concern about plastics that raised
worldwide: Plastics are highly persistent and, once introduced in the environment, it takes a very long time
until they disappear.
Plastic manufacture represents about 6 % of global oil consumption, and according to plastics usage
projections, the plastics sector will account for 15 % of the global emission of greenhouse gases by 2050
(WEF 2016). According to PlasticsEurope (2020), worldwide plastic production in 2019 amounted to 368
million tonnes. In Europe (EU plus UK, Norway and Switzerland), 29.1 million tonnes were collected as
post-consumer waste through official schemes, equivalent to 47 % of the amount of plastics produced in the
same countries. Still, 25 % of plastic post-consumer waste was sent to landfill and an undefined amount
ended up in the environment (PlasticsEurope 2020). A large amount of these wastes ends up dispersed into
the environment creating a worldwide pollution problem generally considered one of the major
environmental issues associated to human activities (Baztan et al. 2017; GESAMP 2020; Koelmans et al.
2017a; UNEP 2016). Although most plastics come from land sources, the final receptor of plastic wastes are
the oceans (Beaumont et al. 2019). Once there, they concentrate in particular areas due to the global cycle of
currents, posing large risks for marine fauna (Kuhn et al. 2015; Lebreton et al. 2018; Thiel et al. 2018).
Once in the environment, plastic wastes suffer from several biotic and abiotic degradation processes. Abiotic
mechanisms can be physical, which refers to erosion or fragmentation into smaller pieces, or chemical, due
to the action of light and oxygen that lead to bond cleavage and the generation of molecules with new
chemical moieties. The presence of light stabilizers or antioxidants, which are added to increase the service
life of plastics, is another factor explaining the low environmental degradation rate of many plastics
(Chamas et al. 2020). Biotic degradation generally follows abiotic fragmentation and takes place when
microorganisms decompose break-down products under aerobic or anaerobic conditions to generate carbon
dioxide, methane and biomass (Klein et al. 2018). The degradation of plastics also includes the leaching of
additives included during compounding for a wide variety of purposes as well as non-intentionally added
substances, which include impurities, catalysts, or polymerisation by-products. All of them become
eventually leached out from plastic materials during environmental degradation processes. However, the
complete degradation to carbon dioxide and water hardly occurs in the environment, making plastic debris
and smaller particles prone to travel long distances and/or to accumulate in most environmental
compartments.
Irrespectively of their origin, plastic particles are expected to pose a risk to the environment due to their
inherent properties (i.e., molecular composition, additives, size and shape) or to environmental factors
(Table 1). Risks associated with the inherent plastic properties can vary for the same polymer class due to
differences in the manufacturing process. For example, a generic term for a class of plastic such as
“polyethylene” (PE) includes many grades, differing in aspects like molecular weight, strength, crystallinity
and even the detailed chemical structure, which leads to different monomer/oligomer release. Similarly, the
additive composition can vary notably among polymers of the same class, and result in different chemical
leaching characteristics. The physical impact of large plastics on biota is essentially independent of polymer
characteristics or toxic substances, as is associated with a physical harm, mainly related to their size and
shape. Small debris may cause the blockage of the intestines of small animals and, for sufficiently small
particles, there is the possibility of transfer through the food web and even translocate to tissues, thereby
originating true toxic effects. The environmental factors are associated to the characteristics of the external
medium, like the concentration of other pollutants, temperature, salinity or presence of potentially
colonizing microorganisms. Similar microplastics (MPs) can behave differently in the environment
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depending on external variables providing some kind of “en route” signature (Leslie et al. 2017), which
determines its capacity to disseminate microbial pathogens and transfer pollutants to living organisms. In
addition, plastic debris could affect some aspects of the functioning of the ecosystem. For example, it has
been hypothesized that they can contribute to decrease marine primary productivity and influence the carbon
and nutrient cycles (Troost et al. 2018); however, further research is needed to provide a solid
demonstration.
Table 1. Potential risks associated to plastic particles according to their properties and environmental
factors.
i) Transfer of additives used in the production of plastics ̶ Section 3.4
ii) Release of unreacted monomers/oligomers ̶ Section 3.4
Plastics
properties
iii) Physical impact on biota (higher size particles) ̶ Section 3.8
iv) Translocation and transfer to the food web ̶ Section 3.9
Environmental v) Transfer of adsorbed environmental pollutants ̶ Section 3.5
factors
vi) Transport of non-indigenous species in the environment ̶ Section 3.6
In the last few decades, huge research activity has been developed on the study of MPs and an enormous
number of research papers and reviews have been published to quantify their presence in environmental
compartments (Andrady 2011; Auta et al. 2017; Eerkes-Medrano et al. 2015; Li et al. 2018; Schell et al.
2020b); to evaluate their effects and risks for aquatic and terrestrial organisms (Burns and Boxall 2018;
Chae and An 2018; de Sá et al. 2018); to assess their bioaccumulation and the effects of associated
chemicals (Crawford and Quinn 2017; Verma et al. 2016; Wright et al. 2013); and to model their
environmental behaviour (Everaert et al. 2018; Koelmans et al. 2016). Several international organisations
and working groups have produced important technical reports and opinions (GESAMP 2015; GESAMP
2016; SAM 2019; SAPEA 2019). A considerable number of international research projects have been
funded in the last few years (notably, under JPI Oceans) and specific calls on this topic have been recently
launched (H2020 under Food security and Environment Programmes). Despite this bulk of information,
several knowledge gaps still exist that, in many cases, affect the relevance and the reliability of existing
information. For example, the lack of harmonisation and standardisation of sampling and analytical methods
makes it difficult to compare different studies. Therefore, even fundamental information like actual exposure
in environmental compartments becomes difficult to judge.
Regulatory restrictions on MPs started in 2015 with the Microbead-Free Waters Act (USA) prohibiting the
manufacturing and distribution of cosmetics containing plastic microbeads. A broader regulation came from
a proposal from the European Chemicals Agency (ECHA) upon request of the European Commission to ban
MPs intentionally added to a variety of goods including cosmetics, cleaning agents, paints, and some
industrial products. ECHA’s restriction is currently under study in the European Parliament and the Council.
In the meantime, some EU and non-EU countries, starting by the Netherlands, introduced different
limitations in MP beads in cosmetic products. In 2019, the European Parliament voted the Directive
2019/904 on the reduction of the impact of certain plastic products on the environment, meaning single-use
plastics and fishing gear containing plastic, which bans single-use plastic products by 2021, extends
producer’s responsibility schemes based on polluter-pays principle for items without available sustainable
alternatives, and set the responsibility of Member States with marine waters for the collection of waste
fishing gear containing plastic. As in the case of primary MPs, several countries already adopted or
announced actions to limit the use of plastic starting by plastic bags and single use items. Additional
provisions have been included in the amended Waste Framework Directive while others are being
considered by the EU Commission, US EPA and other Governments and agencies with different rate,
extension, and credibility.
The objective of this paper is not to provide an additional review on the presence and risks of microplastics
and nanoplastics (M/NPs) in the environment, but to highlight and describe the major knowledge gaps and
controversial points that researchers should deal with in the near future. A clear picture of the main research
needs could be the fundamental basis for the coordination of future research efforts and for the development
of specific project calls, at national and international level. This will allow developing proposals to cover
these gaps and to improve our knowledge on the exposure, effect, and risks of M/NPs, increasing our
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capability to develop risk mitigation measures to counteract one of the most important environmental
problems in the start of the third millennium.
2. Definitions
Before presenting the main knowledge gaps and research priorities, a brief note on conventions and arbitrary
definitions is needed. MPs are defined as fragments having < 5 mm along its largest dimension, (GESAMP
2019). Recently, Frias and Nash defined MPs as “synthetic solid particle or polymeric matrix, with regular
or irregular shape and with size ranging from 1 μm to 5 mm, of either of primary or secondary
manufacturing origin, which are insoluble in water” (Frias and Nash 2019). The definition should be broad
enough to include natural polymers processed in such a way that they constitute anthropogenic litter, if
spread into the environment (Hartmann et al. 2019). This definition, despite arbitrary and imprecise
regarding its nomenclature (i.e., MP should include the μm range, and there is no reason to span to the mm
range) has been adopted for the sake of harmonization after certain controversy (GESAMP 2019).
MPs are heterogeneous, exhibiting a range of shapes or morphologies from spherical beads to angular
fragments and long fibres (Fig. 1). According to their origin, MPs are either primary or secondary. Primary
MPs have been specifically manufactured with their size and include virgin plastic pellets used as raw
materials for the fabrication of different products (Browne et al. 2011; Fendall and Sewell 2009; GESAMP
2019). According to GESAMP, secondary MPs “result from wear and tear or fragmentation of larger
objects” (GESAMP 2019). The shape of plastic fragments is relevant because it determines drag, the viscous
force exerted by a flowing fluid on any submerged particle that governs its terminal settling velocity and,
therefore, the time a particle is being transported by water or air. Besides, and concerning the smaller sizes,
particle shape influences suspension stability (Kim et al. 2015).

Figure 1. Photographs of different types of MPs collected in seawater in Ría de Vigo, NW Spain. Source:
Instituto Español de Oceanografía.
Concerning nanoplastics (NPs), the scientific literature used at least two different definitions: (i) Nano-sized
plastic particles < 1000 nm (Andrady 2011; Cole et al. 2011); and ii) Nanoplastics < 100 nm (in at least one
of its dimensions) as defined for engineered nanoparticles (Bergami et al. 2016; Koelmans 2015). Lately, the
first option, that considers NPs as unintentionally produced plastic particles with colloidal behaviour, and
size range from 1 to 1000 nm has gained popularity (Gigault et al. 2018). GESAMP also accepted this
boundary, which must be understood as referred to the largest dimension by analogy with MPs (GESAMP
2019). The plain use of the 1000 nm boundary without the limitation to unintentionally produced or
secondary particles is less controversial (Hartmann et al. 2019).
https://doi.org/10.1007/398_2021_69

Although detected in essentially all ecosystems (Gago et al. 2018), the current debate on M/NPs tends to
exclude fibres (Frias and Nash 2019; Henry et al. 2019). Polymeric fibres are produced by textile wearing,
particularly during laundry (Napper and Thompson 2016). Before reaching conclusions on the impact
assessment of fibres, two main methodological gaps need to be addressed. First, the lack of a proper
definition of “size” in the case of fibres. Second, the definition of fibres of concern in the context of plastic
pollution. Both aspects require clarification and standardization.
In the case of fibres, their largest dimension is particularly meaningless to establish cut-off among categories
because large fibrous materials may pass through filters with smaller opening size, thereby complicating
quantification. The behaviour of a fibre inside a fluid medium depends on its Stokes’ or aerodynamic
diameter. Accordingly, the relevant or characteristic dimension of a fibre is its equivalent diameter, which is
generally a linear function of their physical diameter and depends less on fibre length. Besides, fibres are
flexible. A clear definition of size cut-offs for fibres, and in general for particles of low sphericity is lacking.
Besides, there is an issue concerning nomenclature. The term “microfibre” is common in many
environmental studies as a synonym of “microplastic fibre” or synthetic fibre within the MP size range, but
the denomination is controversial. There is a technical definition of microfibres to refer to a mass per unit
length of thread, which can be conflicting. Some authors recommend avoiding the term “microfibre” and
others suggest including a minimum length to diameter ratio in the definition (Liu et al. 2019b; SalvadorCesa et al. 2017). The term “nanofibre” is also debated: the industry often considers “nanofibres” objects
with diameters as large as 500 nm or 1000 nm.
An additional issue concerning fibre composition is a need to include as anthropogenic debris not only those
made of synthetic polymers, but also regenerated cellulose textiles (like rayon and lyocell). Both are
included under the heading “man-made fibres” in ISO/TR 11827 Textiles - Composition testing Identification of fibres. Besides, natural fibres that show evidence of industrial processing should be
considered as a category of anthropogenic litter because they incorporate additives like bleaching agents,
softening, or stiffening additives, synthetic dyes, light stabilizers, and flame retardants among others (Darbra
et al. 2012). Clearly, fibres made of synthetic polymers, regenerated cellulose, or processed natural materials
are generally sampled together. Moreover, the textile industry is moving towards the production of a wide
range of hybrid natural/synthetic fabrics.
3. Research priorities
3.1. Environmental sources
State of the art
Intentionally manufactured MPs, or primary MPs, are used with different purposes in many products. These
include scrubbing phase in personal care products (PCPs), encapsulating agent for fragrances in detergents
and softeners, or with several technical functions in fertilizers and plant protection products for agriculture,
paints, coatings, inks, medical products and devices, or food supplements. Most of these primary MPs are
extremely persistent materials whose exposure could result in adverse effects nowadays or in the future due
to continued use and the difficulty of being removed once in the environment. Therefore, there is a need in
the industry for a transition to more suitable alternatives like natural products in PCPs or biodegradable
polymers for other technical functions. In the United States, the Microbead Free Waters Act of 2015 banned
the manufacturing and distribution of cosmetics containing rinse-off plastic microbeads. In Europe, a wider
restriction has been proposed by the European Chemicals Agency (ECHA 2019). The restriction affects a
range of products in different sectors, including domestic and industrial uses. Several EU Member States
have already introduced partial bans for MPs in specific products. Some exemptions are considered like MPs
for use at industrial sites and in medical products for human or veterinary use, among others.
Secondary MPs have several different origins. Wastewater treatment plants (WWTP) have been identified as
one of the main point sources of MPs in freshwater (Carr et al. 2016). Most studies indicated that primary
and secondary wastewater treatments remove most MPs. Murphy et al. reported 98 % of MPs removal from
a conventional secondary WWTP plant located in Scotland (Murphy et al. 2016). Talvitie et al. observed 99
% MP removal from a secondary WWTP, the primary treatment already removing 97.4 %-98.4 % (Talvitie
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et al. 2017b). The same group evaluated four different wastewater treatment technologies (disc filters, rapid
sand filters, dissolved air floatation and membrane bioreactor). They concluded that membrane bioreactor
(MBR) was the most efficient technology with 99.9 % removal capacity (Talvitie et al. 2017a). However,
despite the high removal ability of current wastewater treatment technologies, and due to the high volume of
treated wastewater continuously emitted to the environment, there is still a considerable emission of MPs
from WWTPs to rivers. Edo et al. (2020) reported a release of 300 million MP particles (> 25 µm) per day
from a Spanish WWTP to the Henares River representing an approximate load of MPs of 350 particles/m3
(Edo et al. 2020). One major contribution to MPs reaching WWTP is the wearing of synthetic clothes in
domestic washing machines, notably those made of polyester and acrylic fibres (Napper and Thompson
2016). Additionally, industrially processed natural fibres, which contain potentially harmful additives, reach
the environment in the same way (Edo et al. 2020). Fragments and other secondary plastic debris are also
usual in the effluents of WWTP, which constitute a vehicle for them to reach freshwater and seawater
environments (Bayo et al. 2020).
Stormwater runoff from urban and agricultural soils has been shown to represent an important source of MP
pollution. Commercial and industrial areas are major contributors while synthetic rubber particles attributed
to car tyre wear mostly appear in sediments due to road runoff (Liu et al. 2019a; Ziajahromi et al. 2020).
Besides, plastic debris from materials used in the construction of wetlands, rests from agricultural plastics
and many other secondary MPs reach natural environments driven by wind (Zhang et al. 2019b). A precise
estimation of MPs emissions due to water runoff and atmospheric transport is difficult due the limited data
available.
The atmosphere is the less studied environmental compartment concerning the occurrence and transport of
MPs. The occurrence of airborne MPs has been documented in studies at ground or near-to-ground level
(Brahney et al. 2020; Klein and Fischer 2019). Recently, and for the first time, direct evidence of the
presence of MPs at high altitudes has been provided that demonstrate their presence even beyond the
planetary boundary layer (González-Pleiter et al. 2021). The available data are difficult to interpret due to
the rapid atmospheric mixing and the occurrence of random deposition events, but generally suggest that the
source of most airborne MPs is urban due to the higher concentrations detected near populated areas (Wright
et al. 2020). However, the mobility of airborne MPs is high, and they can be transported to areas far from
any source of pollution (Bergmann et al. 2019; Bullard et al. 2021). The literature reports concentrations in
the order of a few MPs per cubic meter and deposition rates reaching values up to the order of hundreds of
MPs per square meter and day (Abbasi et al. 2019; Dris et al. 2016).
The use of plastic packaging in the food sector clearly proved to be a vehicle for MPs release to packaged
food (Fadare et al. 2020; Kedzierski et al. 2020). Trays made from extruded polystyrene have been deemed
responsible for food transfer of MPs in levels ranging from 4.0 to 18.7 MP/kg of packaged food (Kedzierski
et al. 2020). The occurrence of MPs in drinking water, both tap and bottled, has also been studied with
results showing concentrations in the order of tens of MPs per litre (Schymanski et al. 2018; Shruti et al.
2020). Food plastic packaging enhances storage, transport, protection, and preservation, but contributes to
human exposure to MPs in products intended for human consumption. The presence of MPs in food is a
topic widely covered in the literature with estimations of annual MP intake in order of tens of thousands of
particles (Cox et al. 2019). Teabags packaging were shown to release billions (109) of M/NP particles
(polyacrylate, and polyethylene terephthalate, PET) into a single cup of beverage (Hernandez et al. 2019).
MPs in a wide array of seafood products have been detected due to the pollution of seas (Sun et al. 2019).
Knowledge gaps and research needs
In view of the increasing regulatory restrictions affecting intentionally manufactured MPs, it is foreseen that
they will represent a minor cause for concern in the future. Additionally, it has been observed that < 10 % of
the MPs found in the effluent of WWTPs are pellets, which can be classified as primary MPs) (Dyachenko
et al. 2017). Therefore, it can be concluded that secondary MPs represent a bigger threat than intentionally
manufactured MPs. This includes a better management of plastic litter, which, in the form of larger debris
(mesoplastics, 5-25 mm or macroplastics, > 25 mm) is an important source of M/NPs due to fragmentation,
and the limitation of unnecessary plastic items like plastic packaging materials. Most of the original research
efforts have been conducted on the marine environment. More studies are needed about MPs in freshwaters,
https://doi.org/10.1007/398_2021_69

which proved to be receiving bodies comparable to the marine environment (Li et al. 2018). An important
limitation for assessing the fate of M/NPs is the limited data available for assessing the sources and the
origin (e.g., primary or secondary MNPs) and the mass balance in the different environmental compartments
(water, air, soil) of the smaller sizes of MPs and of NPs (Schell et al. 2020b).
A deeper insight into WWTP processes is required to avoid MPs emissions. The understanding of physical,
chemical and biological mechanisms affecting MPs in WWTP is a related need (Bayo et al. 2020). Even if
removal rates are high in conventional WWTP and most MPs are recovered with sludge, they find a way to
go back to the environment via sludge use in agriculture as fertilizer. Several studies revealed a
concentration of MPs in sewage sludge ranging from a few to several hundred particles per gram of dry
sludge (Edo et al. 2020; Magni et al. 2019). Accordingly, synthetic polymers mainly consisting of fibres can
be detected in agricultural soils even years after sludge application (Zubris and Richards 2005). Therefore,
ways of managing WWTP sludge that ensures its safety and avoids the spreading of MPs into the
environment need to be urgently developed ensuring a safe use by source separation, composting or risk
assessment.
The generation of secondary M/NPs from food contact materials, and human exposure to them is a major
cause for concern nowadays, even in the absence of evidence about their risk for human health. Quantitative
data are needed on the presence of MPs in food from plastic containers and the contribution of food
packaging to the global emissions of M/NPs. There are very limited data on the smaller sizes of MPs and on
NPs, which are the size ranges of higher concern.
Overall, limited data exist on the occurrence and transport of MPs in important environmental
compartments. There are only a few studies addressing the atmospheric deposition rates of MPs and no data
truly reporting their occurrence in the atmosphere. Data from soil and sediments are also scarce and
fragmentary and little is known about the role played by sea bottoms as an ultimate sink. The relevance of
the different transport pathways for the environmental distribution of M/NPs is challenged by the limited
amount of data. The data required for modelling are globally insufficient and, in some regions, relies on
extrapolations made with too many uncertainties.
3.2. Sampling procedures
State of the art
Sampling campaigns in surface water (particularly in the sea) are usually performed using manta trawl nets
with a mesh size usually in the 200-500 μm range (Fig. 2 and Table 2). Data are usually reported as
MPs/km2. The use of flowmeters is highly recommended to report data in MP/m3. Sampling should be
carried out under optimal sea conditions, with a Beaufort scale between 0 and 2. Otherwise, it is necessary to
do the calculations of wind correction factor as proposed by Kukulka et al. (2012) who showed that under
strong wind conditions neuston nets tend to collect fewer plastic particles due to vertical wind-induced
mixing (Kukulka et al. 2012). In some cases, water is pumped into the nets (Fig. 3).
It is also important to mention the recent use of new systems (see Fig. 3), like in situ pumps, fractionated
cascade filtration and other devices, suitable to collect suspended microplastics in the surface and also in the
water column (Abeynayaka et al. 2020; Karlsson et al. 2020; Rist et al. 2020; Schönlau et al. 2020; Setälä et
al. 2016). The main improvement of these systems is the more accurate measurement of the water volume
filtered. Sediment sampling can be done in intertidal or subtidal areas. Intertidal sampling is generally
performed seasonally to account for tide variability. Usually, the sediments are sampled along transects
(approx. 100 m) set in parallel to the water edge and defined by GPS position. Sampling sites can be
distributed along the high tide line, along the low tide line and/or in between. This aspect must be taken into
consideration when comparing results. The sampling unit (e.g.: a square of 50 x 50 cm) must be replicated
along the transect collecting the first centimetres of sediment. Subtidal sampling is generally performed
using grabs or corers being Van Veen grab and Box corers the most usual devices. A Box corer can be used
for sediments allowing sampling the first centimetres with minimal impact on sediment integrity. In this
case, a replicate (up to six per site) is recommended to check the homogeneity of sampling sites.
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Figure 2. Manta net picture and its parts (left): stainless steel structure with a front opening of 60 x 40 cm
and rear opening of 60 x 25 cm. On the sides, two stainless steel ailerons. Some modifications are used such
as the use of buoys (right). Source: EOMAR-Universidad de Las Palmas de Gran Canaria.

Figure 3. Example of sampling in a river with a battery of nets with different mesh size fed by a pump with
known water flow. Source: IMDEA Water (Madrid Institute for Advanced Studies on Water, Spain, left). In
situ pump built by KC Denmark (Silkeborg, Denmark) and EU CleanSea project; a: Faulhaber Swiss motor
system, 3863H0224CR – 24V, GB 150 nm with a planetary gearing 44/1 – 4,8:1 16 nm; b: Water inlet with
rotating blades to pull in the surrounding water; c: stack of filters with inserted 500 µm, 300 µm and 50 µm
filters; d: water outlet and flow meter (right) Source: Schönlau et al. (2020).
Knowledge gaps and research needs
The methods for MPs sampling vary considerably among studies making it difficult to compare data from
different studies (GESAMP 2020). Table 2, adapted from Herrera et al. (2020), presents the different nets,
and data categorization from recently published studies (Herrera et al. 2020). The different sampling
methods, MPs categories and units used, make impossible the comparison among literature data. A
harmonised approach should be established to get relevant and comparable information from sampling
campaigns. Data sharing protocols and data platforms at regional level (using the Regional Sea
Conventions) and worldwide (like the UN initiative; Global partnership on Marine Litter platform) must
include global standards for sampling, identification, and quantification (GESAMP 2020).
One major knowledge gap refers to the need for obtaining information about smaller size ranges. Most
studies in the marine environment use mesh sizes above 200 µm. However, the available data indicated that
MPs below current sampling limits might be dominant. Cai et al. (Cai et al. 2018) found that > 80 % of the
MPs collected from surface waters of South China Sea were < 200 µm (average 145 µm). Enders et al.
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Table 2. Net types and information collected from manta trawl studies. Comparison of different types of nets used, MP colour categories and units used to report
the data; FTIR analysis; and if zooplankton abundance and MP/zooplankton ratio was reported. Adapted from (Herrera et al. 2020).
Region

Net/size (µm)

MP
type
yes

Sample
sieving
yes

FTIR
analysis
no

Zooplankton

manta 330

MP
colour
no

yes

Report
Items/km2
yes

Report
Items/m3
yes

Ratio
MP/Zoo
yes

North Pacific Central Gyre
Southern California coastal waters

manta 333

no

yes

yes

Santa Monica Bay, California

manta 333

no

yes

Southern California Current, Pacific Ocean

manta 505

no

Northeast Bering Sea, Pacific Ocean

Sameoto 505

Southern California, Pacific Ocean

no

yes

no

yes

no

(Moore et al. 2002)

yes

no

yes

no

yes

no

(Lattin et al. 2004)

no

no

no

no

no

yes

no

(Gilfillan et al. 2009)

no

yes

yes

yes

no

no

yes

no

(Doyle et al. 2011)

manta 505

no

yes

yes

yes

no

no

yes

no

(Doyle et al. 2011)

North Western Mediterranean Sea

manta 333

no

no

no

no

yes

yes

no

no

(Collignon et al. 2012)

South Pacific subtropical gyre

manta 333

no

yes

yes

no

no

yes

no

no

(Eriksen et al. 2013)

Bay of Calvi, Mediterranean Sea

manta 333

no

no

yes

no

yes

yes

no

yes

(Collignon et al. 2014)

Sardinian Sea, Western Mediterranean

manta 500

no

no

no

no

no

no

yes

no

(de Lucia et al. 2014)

Portuguese coastal waters

neuston 280-335

no

no

no

yes

yes

no

yes

yes

(Frias et al. 2014)

Western Tropical Atlantic Ocean

manta 300

yes

yes

no

no

no

no

yes

no

(Ivar do Sul et al. 2014)

Eastern Pacific Ocean

neuston 333

no

no

no

no

no

yes

no

no

(Law et al. 2014)

Goiana Estuary, Northeast coast of Brazil

plankton 300

yes

yes

no

yes

no

yes

yes

(Lima et al. 2014)

Northeast Atlantic Ocean

pump 250

yes

yes

no

no

no

yes

no

Southern coast Korea

manta 333

no

no

yes

no
no,
Raman
yes

no

no

yes

no

(Song et al. 2014)

Western Mediterranean Sea

manta 334

no

yes

no

no

yes

yes

no

no

(Faure et al. 2015)

Spanish Northwest coast

manta 335

no

no

no

no

no

yes

no

no

(Gago et al. 2015)

East Asian Seas, Japan

neuston 350

no

no

no

yes

no

no

yes

no

(Isobe et al. 2015)

South East Sea of Korea

manta 330

no

yes

yes

yes

no

no

yes

no

(Kang et al. 2015)

Arctic waters, Norway

manta 333

yes

yes

no

yes

yes

yes

yes

no

(Lusher et al. 2015)

Arctic waters, Norway

pump 250

yes

yes

no

yes

yes

no

yes

no

(Lusher et al. 2015)

Mediterranean Sea

manta 200

no

yes

no

no

no

yes

no

no

(Cózar et al. 2015)

Black Sea

WP2 200

no

yes

no

no

yes

no

yes

yes

(Aytan et al. 2016)

Mediterranean Sea, near coast

manta 333

no

no

no

yes

yes, zooscan

yes

no

yes

(Pedrotti et al. 2016)

Central and Western Mediterranean Sea

manta 333

no

no

no

no

no

yes

no

no

(Ruiz-Orejón et al. 2016)

Mediterranean Sea

neuston 200

no

yes

yes

yes

no

yes

yes

no

(Suaria et al. 2016)
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Reference
(Moore et al. 2001)

(Lusher et al. 2014)

Northern Gulf of Mexico

neuston 335

no

yes

no

yes

yes, zooscan

no

yes

yes

(Di Mauro et al. 2017)

Pelagos Sanctuary, Western Mediterranean Sea

manta 333

yes

no

yes

yes

no

yes

no

no

(Fossi et al. 2017)

Bay of Brest, France

manta 335

no

yes

yes

no, Raman

no

no

yes

no

(Frère et al. 2017)

Stockholm Archipelago, Baltic Sea

manta 335

yes

yes

no

yes

no

yes

yes

no

(Gewert et al. 2017)

Southern Ocean, Antarctica

manta 350

no

no

no

yes

no

yes

yes

no

(Isobe et al. 2017)

Atlantic Ocean

pump 250

yes

yes

no

yes

no

no

yes

no

(Kanhai et al. 2017)

North-East Atlantic

manta 333

yes

yes

yes

no

no

yes

yes

no

(Maes et al. 2017)

Mediterranean Sea, > 10 km from coast

manta 333

no

no

no

yes

yes, zooscan

yes

no

yes

(Pedrotti et al. 2016)

Israeli Mediterranean coast

manta 333

yes

yes

no

no

no

yes

yes

no

(van der Hal et al. 2017)

Bornholm Basin, Baltic Sea

Bongo 150

yes

yes

no

no

no

no

yes

no

(Beer et al. 2018)

Pearl River estuary, Hong Kong waters

manta 333

no

yes

yes

yes

no

yes

yes

no

(Cheung et al. 2018)

Guanabara Bay, South-eastern Brazil

neuston 64

yes

yes

no

yes

yes

yes

yes

no

(Figueiredo and Vianna
2018)

North Western Australia, Indian Ocean

manta 355

no

no

no

yes

no

no

yes

no

(Kroon et al. 2018)

North Western Australia, Indian Ocean

plankton (subsurf)

no

no

no

yes

no

no

yes

no

(Kroon et al. 2018)

Chabahar Bay, Gulf of Oman

neuston 333

yes

yes

yes

yes

no

no

yes

no

(Aliabad et al. 2019)

North Atlantic Ocean, Azores

bongo 200

no

yes

yes

no

yes, zooscan

yes

yes

yes

(Herrera et al. 2020)

North Atlantic Ocean, Madeira and Canary Islands

manta 200

no

yes

yes

no

yes, zooscan

yes

no

yes

(Herrera et al. 2020)

Persian Gulf

neuston 300

yes

yes

no

yes

no

yes

no

no

(Kor and Mehdinia 2020)

no

no

yes

no

(Schönlau et al. 2020)

no

no

yes

no

(Schönlau et al. 2020)

no

no

yes

no

(Schönlau et al. 2020)

Baltic Sea and Gulf of Bothnia

Manta 333

Baltic Sea and Gulf of Bothnia

Pump ≥ 300

Baltic Sea and Gulf of Bothnia

Pump 50

Nuup Kangerlua, West Greenland
Nuup Kangerlua, West Greenland

NIRhyperspectral
imaging
NIRhyperspectral
imaging
NIRhyperspectral
imaging

no

no

yes

no

no

no

no

no

no

Pump 10

no

yes

no

yes

no

no

yes

no

(Rist et al. 2020)

Bongo 300

no

yes

no

yes

no

no

yes

no

(Rist et al. 2020)
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(Enders et al. 2015) sampled MPs down to sizes of 10 μm and concluded that small MPs are ubiquitous in
the ocean surface layer, the majority (64 %) of particles being < 40 μm. Technical developments are
necessary to implement standardized procedures for sampling MPs with such small sizes. In some sampling
campaigns batteries of plankton nets in series, with mesh size as small as 20 μm are already in use, in
addition a new plastic-free pump-filter system has recently been successfully used that allows the collection
of MPs down to 10 μm (Rist et al. 2020). Concerning sizes in the higher range, standardized cut-offs should
be established. Specifically, for marine pollution studies, sampling size ranging from 200 µm to > 1 mm is
ideal for comparing samples taken with different types of mesh. It may include 1000, 500, 330 and 200 µm
opening sizes.
Besides, MPs should be consistently classified according to typology and colour. Typology should include
the following categories or others that can be reduced to them: fragments, fibres, lines, pellets, films, foams.
RGB colour system can be determined from images using software like ImageJ or similar. Both colour and
typology can help to determine the source of pollution or can indicate whether predation is being selective or
not. The following nine colour categories are suggested: no colour/white/clear, yellow, orange/brown,
red/pink, green, blue, purple, grey/silver, black/dark.
Plankton count is important, as microplastics/plankton ratio is an indicator of the probability of plastic
entering the food web through filters feeders. Zooplankton can be quantified using a stereomicroscope and
software like Zooprocess (https://sites.google.com/view/piqv/). The identification and counting of the
different groups of organisms can be carried out with the ECOTAXA web application (https://ecotaxa.obsvlfr.fr/). Reports should include the zooplankton abundance in items/km2 and, preferably, in items/m3.
There is an urgent need for information about the fate of smaller size MPs, i.e.: those falling below 100 or
200 µm and are currently outside systematic sampling, except for in situ pumping systems. For all sizes,
there is a need for agreeing standardized methods to allow comparability from different sources.
Standardization is needed in all environmental compartments and in large scale monitoring campaigns.
There is a need to record crosscutting data like plankton abundance, proper georeferencing, and
environmental conditions. The use of adequate procedures for sample processing and storage should be
documented in all studies. This includes the mention to the use (or not) of clean air conditions, the thorough
description of controls and any other details that can be relevant for comparing data. A more comprehensive
monitoring of freshwater ecosystems is needed as they received far less attention than marine ones, despite
the evidence that most plastic litter comes from land sources.
3.3. Analytical methods
State of the art
Large MPs (1–5 mm) are usually identified by optical microscopes (sizes usually > 100 μm) or using the
naked eye detection for differentiation from non-plastic materials. This approach allows evaluating colour,
shape, size, and number of plastic particles and, accordingly, several guidelines have been reported for
harmonizing the visual identification of MP particles (Lv et al. 2020). Dyes (e.g.: fluorescent dye Nile Red)
are used sometimes to improve discrimination. However, visual identification is not usually accurate enough
for scientific and monitoring purposes and other techniques are required. High-throughput alternatives based
on specific equipment used for zooplankton (ZooScan or FlowCam), flow cytometry or by a high-resolution
scanner in combination with automatic image analysis or computer vision have been recently developed to
count and classify MPs into different visual classes, thereby reducing analysis time and cost (e.g.: SMACC,
which is freely distributed by EOMAR group from University of Las Palmas de Gran Canaria) (LorenzoNavarro et al. 2020). In any case, and even if high-throughput techniques are used, the analysis of plastic
pollutants is complex, expensive, and time-consuming. Therefore, there is a need for establishing the size of
subsample to be analysed based on robust statistical criteria, which is a caution very rarely addressed in the
literature. Relatively simple statistics can be used to assess the accuracy of results within a certain error
margin (Kedzierski et al. 2019).
Analytical methods based on spectroscopic techniques such as Fourier transform infrared spectroscopy
(FTIR) or Raman spectroscopy allow non-destructive chemical characterization and are commonly used to
accurately identify plastic polymers (and sometimes additives) over a wide range of particle sizes (Xu et al.
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2019). These techniques require a small amount of sample although they normally involve careful spectra
gathering and long analysis time. Larger particles can be analysed by attenuated total reflectance (ATR)
FTIR spectroscopy with high speed and accuracy (200 µm – 5000 µm). Depending on the setup of the
application, small particles can also be measured only down to the range of 20 µm (reflectance or
transmittance modes) due to the diffraction limit (Lv et al. 2020). Recently, the combination of FTIR with an
IR microscope (single point, focal plane array or linear array) has emerged as micro-FTIR for the
characterization of samples with sizes down to 10 μm (Löder et al. 2015). Raman spectroscopy can detect
small plastic particles down to 1 μm and using micro-Raman even smaller sizes could be achieved, although
limited by fluorescence from some polymers or from biogenic materials. In addition, aged and weathered
plastics must be included in the spectral libraries used for identifying environmental samples. An important
drawback is that micro-spectroscopic identification is a very time-consuming task, especially when
analysing the entire sample and smaller particle size ranges in complex environmental samples.
To cope with these limitations, automatic image software based on library search and chemometric analyses
have been developed that reduce working time and cost sometimes using freeware software tools (e.g.:
siMPle, developed by Aalborg University and Alfred Wegener Institute) (Meyns et al. 2019). Lately,
hyperspectral imaging (HSI) is used to characterize larger MPs (> 200–300 µm). It produces 3D
hyperspectral image hypercube, which contains spatial and spectral information such as morphological
features and chemical characteristics of the analyte. The main drawback of HSI is data processing
complexity because users must develop customized algorithms and models to extract information (Fu et al.
2020).
In contrast to spectroscopic techniques, the thermal analysis is being increasingly used for MP
characterization, which includes pyrolysis gas chromatography-mass spectrometry (Py-GC-MS),
thermogravimetric analysis (TGA), hyphenated TGA such as TGA-mass spectrometry (TGA-MS), TGAthermal desorption-gas chromatography-mass spectrometry (TGA-TD-GC-MS), TGA-differential scanning
calorimetry (DSC) (Peñalver et al. 2020). These methods give information about chemical composition but
not about size, shape, or number of MPs in each given sample. Besides, they are destructive techniques. One
of the main advantages of Py-GC-MS is the possibility of the chemical characterization of polymer and
organic additives in the same analysis (Fischer and Scholz-Böttcher 2017; Fries et al. 2013). Py-GC-MS
does not usually require any pre-treatment and only needs a very small amount of sample (in the low mg or
µg range and even only one particle). X-Ray fluorescence can assess additives or adsorbed metals, while
scanning electron microscopy reveals information on morphology and composition of MPs. These are
complementary techniques with generally high cost (Fries et al. 2013).
Knowledge gaps and research needs
There are still no harmonised analytical methods for quantifying and determining the occurrence and
composition of M/NPs in environmental samples. For most environmental applications, the methods
currently applied for the detection, characterization, and identification of M/NPs are complex, tedious, and
time-consuming, and difficult to automate. All of them suffer from matrix effects and require controversial
sample pretreatments. There are issues relating to the use of standard metrics, pretreatment and separation
methods and there is also an urgent need to improve rapid and reliable analytical methods, particularly for
small size MPs as quantitative data for particles with a size smaller than c.a. 50 µm are scarce in the
literature. There is an important difficulty derived from the huge variety of polymers and additives that can
be included in MPs such as plasticizers, flame retardants, pigments, stabilizers, and many others, that have
been used to modify their properties and characteristics (Hermabessiere et al. 2017). Additionally, the
weathering of plastics can modify their composition or some of their characteristics making it difficult to
detect them in environmental matrices (Fernández-González et al. 2021; Jahnke et al. 2012).
A first non-solved issue is the metrics used to report “plastics”, which is closely related to the analytical
methods required. One of the most usual units found in published articles is items of plastic per unit of
volume, weight or similar of the environmental matrix (i.e.: items/kg sediment). This approach requires
methods that individually separate and identify every single item. This type of methodology is extremely
time-consuming, impossible to apply to NPs and, to some extent, dependant on the analytical operator and,
for brittle materials, a possible source of errors (if the items break in two pieces the result would be the
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double number of items). Another approach, more in line with what is normally done in the analytical
quantification of pollutants in the environment is to report the results as the weight of plastic per weight or
volume of the environmental matrix (i.e.: mg/kg sediment). This approach is applicable to M/NPs and would
be probably more accurate and lead to more comparable results with the drawback of the difficulty to
separately quantify the different plastics components of environmental mixtures. The need to clearly define
what to measure and how to report data is critical if the results are to be used for risk assessment and
included regulatory frameworks such as the Marine Strategy Framework Directive or, in the future, the
Water Framework Directive.
Depending on the sample to be analysed, a suitable pretreatment might be necessary. At some stage,
floatation, as a density fractionation method, is generally required followed by suitable filtration. However,
there is wide variability in the type of solutions in which floatation can be developed: saturated solutions of
NaCl (the cheapest and most common), NaI, NaBr, ZnCl2, ZnBr2, CaCl2, sodium or lithium metatungstate,
among others (Gong and Xie 2020; Li et al. 2020; Miller et al. 2017; Prata et al. 2019a; Silva et al. 2018).
There is a clear need to establish a floatation protocol, since the use of a certain type of solution determines
the plastics that can be separated. For this purpose, apart from the density of the floating solution and
polymers, the toxicity of the salts, their cost as well as their possible interaction with specific materials (NaI
reacts with cellulose filters) should be considered. Besides, for MPs of very small sizes (typically < 10 µm)
floatation may not be suitable, while the separation of fibres by floatation is also difficult (Miller et al.
2017). An important issue regarding floatation is that its automation remains a challenge.
The removal of organic matter is another important step in samples from soils, sediments, sewage sludge,
biosamples, and many others. Organic matter removal can be achieved with acid (HNO3, H2SO4, HClO4 or
mixtures of them) or basic (i.e. NaOH, KOH) treatments, oxidizing agents (H2O2 with or without Fe(II) as
catalyser-Fenton’s reagent) or enzymatic digestion (using proteolytic enzymes like trypsin, papain, pepsin or
collagenase) at different temperatures and times, without a clear harmonized procedure (Bretas Alvim et al.
2020; Miller et al. 2017; Prata et al. 2019a; Primpke et al. 2020). It should be considered that a complete
elimination of organic matter might not always be possible. Besides, chemical and structural integrity of the
polymer, which is an organic compound itself, may be affected, a fact that should be carefully evaluated
(Munno et al. 2018; Prata et al. 2019a). Aggressive pretreatments can be strongly influenced by the ageing
of plastics specimens, as well as their composition and size.
Concerning fibres, and, in general, MPs of small size (i.e. < 300 µm), it is also frequent to incubate them in a
dye solution like, for example, Nile Red (which is also fluorescent) or Rose Bengal (Prata et al. 2019a; Prata
et al. 2019b), once they are separated from the sample matrix. This is normally done by immersing the
filtration membranes into the dye solution (Primpke et al. 2020). Staining facilitates the visual identification
in different ways. For example, Nile Red will improve their observation by fluorescence or any other
imaging technique while Rose Bengal will not normally stain MPs but natural particles (Bretas Alvim et al.
2020; Primpke et al. 2020). Despite the benefits achieved by dye staining, this method alone is a nonspecific approach that may yield false positives. Another important issue regarding sample pretreatment is
the composition of the filters to be used for the recovery of MPs from liquid samples or from the supernatant
of the density separation, especially if they are directly used for further spectroscopic analysis since their
compatibility should be considered (i.e. with FTIR or Raman).
There is a lack of relevant information on the instrumental setup required to replicate the environmental
studies undergone (e.g.: up to 25% of the published papers do not reported relevant instrumental operational
details); therefore, some MPs identifications might be compromised (Andrade et al. 2020). In addition,
statistical assessment of sample-associated errors should be systematically addressed. The fraction of sample
derived to micro-FTIR or other characterization techniques must not be arbitrary and accuracy, representing
half-width of the confidence interval should be routinely reported. Standardized analytical procedures and
more efficient analysis workflow of environmental samples should be carried out regarding sizes, shapes
and material identity focussing on the development of automatized systems to avoid biases in plastic
identification and providing a reliable estimation of environmental contamination from MPs (Campanale et
al. 2020).
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Appropriate quality assurance/quality control (QA/QC) procedures are required to improve data reliability.
Thus, cross-contamination/procedural blanks should be routinely performed during all steps of the analytical
procedure, especially when measuring small fragments and fibres to assess the representativity of results.
Besides, the results of procedural blanks should be reported. The recovery rates of the analytical procedure
using spiked samples are also relevant to assess the accuracy of the selected methodology, avoiding the risk
of under- or overestimation of the reported MPs. The validation of the analytical methods for measurements
of MPs is hampered by a general lack of standards and reference materials (Seghers et al. 2021). In fact, it is
particularly challenging to prepare reference materials able to mimic the MPs found in environmental
samples. However, there is an urgent need to develop such standards to achieve reliable monitoring of MP
contamination. In addition, interlaboratory comparison exercises are also required to detect potential biases,
uncertainties, and other sources of error, and to demonstrate proficiency and competence. As recent
examples, the European Commission's Joint Research Centre (JRC) has been involved in the preparation of
a reference material for MPs (PET) in water and proficiency tests on MPs in water (PET), and in sediments
(PE). QUASIMEME/NORMAN organized an international laboratory intercomparison exercise to
determine the polymer type and number or mass of polymer particles in different samples, which revealed
an urgent need for harmonization (van Mourik et al. 2021). These challenging analytical progresses will
contribute to improve the reliability of MP analysis to support monitoring programmes, research and
decision-making.
An even greater challenge is the identification of smaller-sized M/NPs, especially for complex matrices and
if particles are affected by plastic weathering that may cause misclassification. All techniques generally
available have a particle size limit of a few micrometres; consequently, new methods must be developed to
cover the smaller sizes of MPs (< 10 µm) and the nanometre range (< 1000 nm). Recently, promising
techniques widely used for characterizing nanomaterials have been applied to small MPs. Field flow
fractionation (single-particle mode of inductively coupled plasma-mass spectrometry) allow active particle
separations. Hydrodynamic chromatography, a solution-phase liquid chromatographic separation method, is
advantageous for particle size determination in the range from 10 nm to 1 µm. For physicochemical
quantification, dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) is useful for the
hydrodynamic size and zeta potential measurements of M/NPs. Recently, atomic force microscopy (AFM) is
an emerging nanoscale characterization technique of materials. Besides morphological information,
chemical properties are also achieved in combination with spectroscopic IR or Raman IR techniques
(Dominguez et al. 2014). So far, there have been a very limited number of studies using hybrid AFM
techniques (AFM/IR or AFM/Raman) to detect and characterize M/NPs (Fu et al. 2020). Raman
spectroscopy can also be combined with SEM allowing a spatial resolution down to several hundred of
nanometres (Zhang et al. 2020). However, the techniques for detecting NPs are still complex and difficult to
apply to environmental samples. There is an urgent need to develop and implement more precise, more
reliable and less time-consuming methodologies for the identification and quantification of MPs
(particularly small size MPs) and NPs in environmental matrices.
3.4. Additives and other non-intentionally added substances
State of the art
Commercial plastics are not pure polymers. They include many additives to improve their processability and
their properties that include a wide series of different chemicals and materials: fillers, plasticizers, colorants,
stabilizers, flame retardants, compatibilizers, among others, which are found in different proportions in the
formulation of plastic materials (Ambrogi et al. 2017). Most additives are included at levels of very low
percent by weight, although some of them, like flame retardants or plasticizers, may reach much higher
values (Hahladakis et al. 2018). It is well-documented that the additives found in plastics have the potential
to contaminate the environment. Inorganic substances like metals become easily leached, while organic
compounds are released directly or as degradation products after photochemical reaction (Bandow et al.
2017). In contact with water, additives migrate to the aquatic media (Koelmans et al. 2014; Mato et al. 2001;
Romera-Castillo et al. 2018). The migration of additives in food contact plastic materials poses an additional
issue to human health and food quality if transferred beyond certain limits (Bhunia et al. 2013). Noteworthy,
some additives, like antioxidants, ultraviolet (UV) absorbers and biological preservatives, are responsible for
enhanced persistence of many plastics that degrade very slowly under environmental conditions (Hahladakis
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et al. 2018). Besides intentionally added chemicals, other substances, like mono- and oligomers from the
plastic structure can be released threatening the environment (Amamiya et al. 2019; Saido et al. 2014). As an
example, unreacted styrene from polystyrene (PS) packaging materials has been detected in different
matrices (Arvanitoyannis and Bosnea 2004). The transfer of PET oligomers to drinking water has also been
described (Hoppe et al. 2017). This issue has been dealt within the context of food safety, but, as nonintentionally added substances, there is also a concern associated to their leaching to the environment
(Hoppe et al. 2016).
Knowledge gaps and research needs
The risk assessment of additives faces an important problem of lack of information about the chemical
nature of the additives themselves and their concentrations in plastic materials because of the secrecy
associated with proprietary formulations. Some information is available, but much more is needed, about
additives and their potential toxicity when incorporated to plastic products. Significant efforts have been
made in the field of plastic packaging. A database has been created that includes near one thousand
chemicals plus several more thousands possibly associated with plastic packaging. Some of them are known
by posing a significant risk to human health and to the environment according to ECHA, including
endocrine-disrupting chemicals and persistent and bioaccumulative compounds (Groh et al. 2019). The issue
is not only the enormous number of different chemicals in use but the lack of transparency and
incompleteness of publicly available information on the use of many substances. The fact that many plastic
objects are produced in countries with limited access to the information does not help. Obviously, their longterm toxicity and possible mixture effects are essentially unknown except for some of the most hazardous
chemicals.
The environmental conditions affect the intensity of chemical migration from the plastic to the aquatic
media. Turbulence was found to enhance plastic leaching especially of those additives less soluble in water
(e.g., phthalates or Irgafos® 168) in comparison with those with higher solubility (e.g.: BPA) (Suhrhoff and
Scholz-Böttcher 2016). Other variables, such as salinity, affect differently the intensity of the plastic
leaching depending on the intrinsic nature of the additive (Suhrhoff and Scholz-Böttcher 2016). The effect
of photochemical ageing on the release of additives and depolymerization fragments has been studied but
results are not yet conclusive (Lee et al. 2020; Romera-Castillo et al. 2018; Suhrhoff and Scholz-Böttcher
2016; Zhu et al. 2020). The degradation stage of the plastic can also affect the leaching rate and its toxicity
to marine fauna (Bejgarn et al. 2015; Saido et al. 2014).
There is also a considerable lack of knowledge about the possible degradation products originated from
additives under environmental conditions. The analyses required to trace the huge amount of oxidation,
photodegradation and biotransformation products that can be originated from plastic additives are highly
challenging. The identification of additives and their degradation products is a very complex issue due to the
large number of different types of chemicals used, the relatively high molecular weight of many additives,
their presence in mixtures and their inclusion in complex matrices, particularly when dealing with food
transfer chemicals (Blázquez-Blázquez et al. 2020). As for the environmental fate of plastic debris, additives
received much less attention compared with food contact materials. There is a need to characterize the
additives associated with the MPs detected in environmental samples. Non-target screening analysis and
toxicity studies are required to assess the risk of additives leaching from plastic debris. The transfer of
additives to the food chain upon MPs ingestion, and their effect on freshwater and marine organisms are
largely unknown. The possible formation of toxic degradation products from additives upon oxidation or
photochemical processes is another complex issue that requires attention. The degradation pattern and
leaching of dissolved organic carbon from biodegradable polymers should be clarified, as up to date, the
environmental impact of their degradation products is poorly understood. In addition, there is scarce
information about the processes that such additives suffer when recycling polymers or the additives released
in the environment from recycled polymers. All of these are key issues to promote more sustainable and
non-toxic reusable products reducing the impact of plastics on the environment.
3.5. Sorption of chemicals
State of the art
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Plastic has the capacity to absorb and desorb organic compounds, such as persistent or emerging organic
pollutants (Rodrigues et al. 2019; Wang et al. 2018). The available data suggest that certain hydrophobic
pollutants adsorb onto the surface of MPs reaching a concentration much higher than in surrounding water
(Mato et al. 2001). Field campaigns detected aromatic hydrocarbons, polychlorinated biphenyls,
organochlorine pesticides, brominated diphenyl ethers and organophosphorus flame retardants among other
pollutants in MPs from marine environments and sediments (Camacho et al. 2019). Despite the ample
evidence that MPs accumulate persistent organic pollutants, this does not result in MPs being important for
their global dispersion and there is scant evidence that MPs are an important transfer vector for
bioaccumulative chemicals (Lohmann 2017). Physicochemical studies suggested that the adsorption of
hydrophobic pollutants would be insufficient to increase the exposure to toxic substances in the marine
environment (Koelmans et al. 2016). Gouin et al. used thermodynamic calculations to show that the
importance of MPs as a carrier of hydrophobic substances is probably limited in marine environments
because the partition of pollutants among plastic, air and water would not result in significant adsorbed
amounts even for volumes of plastic orders of magnitude above current values (Gouin et al. 2011). Recent
experimental work confirmed the theoretical hypotheses showing that the presence of MPs (polyethylene
particles 150 μm diameter) does not increase the bioconcentration of lipophilic chemicals in fish (Danio
rerio) or marine plankton (Beiras et al. 2019; Schell et al. 2020a). However, limited studies are available to
evaluate possible different patterns in organisms with different physiological characteristics (e.g.:
invertebrates) and in different environmental matrices (e.g.: soil or sediments). Therefore, the role of plastics
as a vector of organic pollutants to biological organisms is still unclear. The concentration of certain
chemicals such as contaminants of emerging concern or persistent pollutants is particularly high in inland
waters, close to zones of intensive agriculture, industrial placements or near the discharge of wastewater
treatment plants. Adsorbed chemicals might be released when the conditions of the external medium
changes, such as inside the animal guts (e.g. pH conditions). Compounds eventually translocated to organs
or tissues may induce damage and move through the trophic web until humans.
Knowledge gaps and research needs
The relative importance of plastics as a vector in the transport of chemical contaminants to biota is
influenced by several factors like polymer characteristics, material ageing, chemical environment, and
residence time in the organism when ingested, among others. Although experimental and modelling
evidence suggests that plastics would not represent an important pathway for the transfer of sorbed
chemicals, more work is needed to assess this fact across a wider range of organisms (Bakir et al. 2016). It is
a fact that plastics can sorb pollutants from the environment relatively quickly and their concentration on
their surface or dissolved in the glassy phase can become orders of magnitude higher than in the surrounding
aquatic environment (León et al. 2018; Mato et al. 2001). If sorbed chemicals desorb upon ingestion this
could provide a route for transferring pollutants to biota (Teuten et al. 2007). The relative importance of this
pathway has yet to be fully evaluated in freshwater, soils, and sediments. Plastics from intensive agriculture
or in contact with wastewater discharges may be exposed to high concentration of toxics and, therefore,
cause a higher carrier effect than that of marine debris.
Sediments and soil have been recognized as a major sink of MPs, probably one order of magnitude higher
than oceans (Tourinho et al. 2019). There is a need to extend studies to them as well as including relevant
organisms such as soil invertebrates. The effect of MP ageing should also be considered. The interaction of
pollutants and microplastics changes from hydrophobic interaction to hydrogen bonding as hydrophilic
moieties appear upon oxidation and photo-oxidation. The interaction with polar and semipolar compounds
should be emphasized including antibiotics, new pesticides, and other compounds of emerging concern
(CEC).
3.6. Interaction with microorganisms
State of the art
Once in natural environments, plastics are easily colonized by different types of microorganisms, including
bacteria, archaea and eukaryotes such as fungi, diatoms and protists (Kettner et al. 2017; McCormick et al.
2016). The term “plastisphere”, first coined by Zettler et al. identifies plastic as a new niche or habitat for
microorganisms (Amaral-Zettler et al. 2020; Zettler et al. 2013). Advanced DNA sequencing protocols
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(metabarcoding analyses as well as shotgun metagenomics; generally known as next-generation sequencing,
NGS, techniques) facilitated the knowledge of the diversity of microorganisms forming biofilms on different
types of polymers and have allowed comparison with those free-living in the water column or attached to the
sediments (Jacquin et al. 2019). Most studies about plastic-colonizing microorganisms have been made in
marine environments and only a few have targeted freshwater environments (Hoellein et al. 2014;
McCormick et al. 2016). The experimental approach of reported studies is highly variable. Some are based
on the in situ sampling of plastics or MPs in aquatic environments (Bryant et al. 2016; De Tender et al.
2017; Lee et al. 2014), while others selected different types of artificial polymers and sizes and incubated
them under controlled experimental conditions using microcosms (Ogonowski et al. 2018). Biodegradable
plastics have also been found more easily colonisable than non-biodegradable ones (Dussud et al. 2018).
Most studies describe that location (in situ environment), rather than polymer type, determines microbial
community on plastic biofilms, but data are still scarce to provide general trends.
Biofilm formation in any matrix (including plastics) involves a series of phases from initial colonization to
maturation. Early attachment by pioneer microorganisms is usually facilitated by the formation of a surface
organic layer on the substrate. At this stage, physical properties of the material such as roughness, charge,
density, mechanical stability, or hydrophobicity may play crucial roles. Subsequent production of
extracellular polymeric substances determines the capacity of biofilms to grow and to establish cell-cell
interactions, which is an evolutionary strategy to survive in unfavourable environments (Flemming et al.
2007). Usually, during the maturation phase, a succession of new settlers occurs and finally the biofilm
disperses, and the free microbes look for new niches to be established. Several studies have followed the
dynamics of the formation of biofilms on plastics showing that biofilm formation was stable enough to
reconstruct temporal dynamics allowing the identification of indicator species of the different stages of
biofilm formation (De Tender et al. 2017). Some results reported significant changes in microbial diversity
depending on polymer type (De Tender et al. 2017; Ogonowski et al. 2018; Webb et al. 2009). It was
suggested that differences between substrates may be stronger during early stages of biofilm formation
(Oberbeckmann et al. 2016). In this context, most studies have examined microbial colonization in mid to
long-term experiments, while early microbial colonization has seldom been studied although it is a critical
phase for biofilm conditioning. A recent study characterized bacterial communities in the early stage of
biofilm formation on seven different types of MPs (including biodegradable as well as non-biodegradable
ones) deployed in two different WWTPs effluents (Martínez-Campos et al. 2021). An early colonization
phase MPs-core microbiome was identified. Furthermore, linear discriminant analysis effect size analysis
(LEfSe) allowed identifying core microbiomes specific for each type of polymer suggesting that each type
might select early attachment of bacteria.
An important issue of microbial colonization is that plastics may be first colonized by taxa that can degrade
plastic polymers to some extent. For example, different species of Pseudomonas which have been found on
plastics have been associated with the degradation of PE, polypropylene (PP) or poly(vinyl chloride) (PVC)
(McCormick et al. 2014; McCormick et al. 2016). Oberbeckmann et al. (2016) also found PET-colonizing
taxa that might degrade the polymers they colonize such as taxa belonging to the family Rhodobacteraceae
which one of its members Rhodococcues rubers has been reported to degrade the less stable substrate PE
(Oberbeckmann et al. 2016). Martinez-Campos et al. reported in their study of early bacterial colonizers on
MPs deployed in WWTP effluents that genera Pseudomonas, Variovorax, Aquabacterium or Acidovorax ,
which have species able to metabolize recalcitrant substances including plastics, were dominant in MPs
(Martínez-Campos et al. 2021). It is interesting that biodegradable MPs were also enriched on these
potential degrading taxa (Aquabacterium and Pseudomonas in PHB and Variovorax in PCL). In fact, taxa
specialized in complex carbon degradation (including some recalcitrant compounds) have also been found
(Bryant et al. 2016). This raises the question as to whether these colonizers might be involved in plastic or
other organic compounds degradation as a source of carbon for their growth and metabolism. It is important
to note that conventional plastics have been designed to be intrinsically persistent, not only because of the
nature of their polymeric backbone, but also because they are blended with stabilizers that limit oxidative or
photochemical degradation. Therefore, the biodegradation of ‘non-biodegradable’ plastics is difficult, which
is the reason they constitute a group of persistent organic pollutants. Oxo-degradable plastics, which contain
additives that accelerate oxidation processes, have been recently banned in the EU (Directive 2019/904).
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NGS analyses have underpinned that MPs might host pathogens within attached microorganisms and thus,
might act as vectors to distribute them in their movement through aquatic ecosystems. Sequences belonging
to potential pathogens such as Vibrio and Arcobacter spp. have been identified in MPs in marine as well as
freshwater environments (Amaral-Zettler et al. 2015; Harrison et al. 2014; Martínez-Campos et al. 2021).
Campylobacteraceae, a family that includes several taxa associated with human gastrointestinal infections,
and potential fish pathogens like Aeromonas, have been identified on MPs in an urban river (McCormick et
al. 2014). It is remarkable the finding that biodegradable MPs such as PLA, PHB and PCL showed a
significant abundance of genera with potential pathogenic members such as Pseudomonas, Comamonas,
Aeromonas and Vibrio; this might be of concern since the capacity of the MPs to act as vector of potentially
pathogenic taxa may be facilitated by their biodegradability (Martínez-Campos et al. 2021). In addition,
viruses, such as the SARS-CoV-2, which is the coronavirus responsible for the COVID-19 pandemic, is of
concern given that the virus may remain active during several days on plastics (van Doremalen et al. 2020).
The material used to be protected from the pandemic, in particular facemasks, are usually made of PP and
PA and are being disposed carelessly in the environment. Thus, they are becoming a real environmental
problem because the virus has already been found in wastewaters (Chavarria-Miró et al. 2020) and in other
countries.
There is also a growing concern that MPs and plastics in general may be reservoirs of antibiotic resistance
bacteria (ARB) and cognate antibiotic resistance genes (ARG) (Laganà et al. 2019; Wang et al. 2020; Yang
et al. 2019). ARB may survive in the presence of one or more antibiotics and that might be a potential threat
for human health. In addition, ARGs are carried usually on broad-host range plasmids or other mobile
elements that may be potentially transferred by horizontal gene transfer to nearby receptors, which may
contribute, to global spread of antibiotic resistance (Sultan et al. 2018; Wang et al. 2020). It was recently
reported that MPs could concentrate ARGs such as sulI, tetA, tetC, tetX, ermE and ermF from the
surrounding water (Martínez-Campos et al. 2021; Wang et al. 2020).
Knowledge gaps and research needs
The colonization of plastic substrates by microorganisms is still largely unknown. Specific in situ
environments might select the indicator species and early-stage development of plastisphere communities
should be studied not only in marine but also in soil and freshwater habitats. An important issue seldom
tackled is whether there are changes in community composition along with the transport from WWTP to
rivers and to the ocean. Several studies have found that geography and season are the main factors in
shaping microbial communities in plastics (Lee et al. 2014) (Oberbeckmann et al. 2014). The transport of
non-indigenous species or pathogens (like bacteria or viruses) using plastic debris as transport mechanism
should be compared to natural materials. The stability and physical properties of plastics may favour the
attachment and transport of mobile and sessile species to new areas. In this context, MPs have been found in
remote regions such as in the Arctic in deep-sea sediments (Bergmann et al. 2017), seawater (Cincinelli et
al. 2017; Cózar et al. 2017; Lusher et al. 2015) and sea ice (Obbard et al. 2014; Peeken et al. 2018), and
recently in a freshwater lake (González-Pleiter et al. 2020). The colonization of MPs from remote regions
has not been addressed yet. An important knowledge gap exists about the potential of MPs to act as vectors
of ARBs/ARGs in remote locations because they would shed light on the global issue of antibiotic resistance
(Hendriksen et al. 2019; Pärnänen et al. 2019).
Only a few studies about microbial colonization of plastic wastes have been carried out on soil
environments, albeit recent evidence indicate that plastics are abundant in soils. The recent study of Puglisi
et al. confirms the novel hypothesis that different plastics host different bacterial communities, and that their
structure can be correlated with the physico-chemical properties of the plastics, particularly their degradation
degree (Puglisi et al. 2019). The most degraded polyethylene films were found to host a bacterial community
similar to the surrounding soil. Meanwhile the study of Zhang et al. concluded that the bacterial
communities colonizing microplastics were significantly different in structure from those in the surrounding
soil, plant litter and macroplastics (Zhang et al. 2019a).
Overall, the role of MPs as a new niche for microorganisms is not well understood. It is a new microbial
habitat that might already be performing a role at the ecological level. MPs may contribute to disperse
microorganisms even to remote areas or to host pathogens. This could include ARBs/ARGs possibly posing
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an important issue to human health and the environment. Colonized MPs may alter the feeding behaviour of
many aquatic organisms that may feed on them. Further research is needed on the potential transfer of
pathogens or ARGs to the aquatic trophic web. Attention must be paid to microbial assemblages that may be
involved in polymer degradation and metabolism of xenobiotics, including biodegradable plastics. This
merits further research as new degradation pathways may be discovered.
3.7. Degradation and fate of microplastics
State of the art
The breakdown of plastic is known to be triggered by environmental factors like light, oxygen, temperature
and mechanical erosion. Recently, it has been demonstrated that some aquatic invertebrates can also
contribute to MP breakdown (Mateos-Cárdenas et al. 2020). Mineralization as the final stage of polymer
degradation takes a very long time. Polyolefins, which are the most abundant polymers in marine samples,
may persist even hundreds of years exposed to hydrolysis and photo-oxidation conditions (Barnes et al.
2009). Several studies showed how the abiotic ageing of polymers leads to their fragmentation in smaller
pieces (Gewert et al. 2015; Kalogerakis et al. 2017). Surface cracking makes the rest of polymeric material
more prone to degradation, while the mechanical properties related to the fabrication process might play a
major role in the fragmentation propagation of cracks and eventually in the disintegration of specimens. The
data indicate that fragments are generated when cracking lines converge, so cracking is key to predict the
number and size of the fragments produced from a given material (Julienne et al. 2019). The biodegradation
of ‘non-biodegradable’ MPs does exist, but it is very slow as most plastics are very resistant to
microorganisms because high molecular weight and hydrophobic surfaces make them inaccessible to
microbial enzymes. Some studies identified strains capable of certain biodegradation of conventional
polymers, but at a very slow rate (Skariyachan et al. 2017). Multiomics and synthetic microbial communities
have been explored to enhance plastic biodegradation with a certain degree of success (Jaiswal et al. 2020).
Many fungi are able to degrade complex carbon polymers such as lignin, which might imply that they can
also degrade plastics. Lignin-degrading enzymes such as oxidases, laccases and peroxidases have been
reported as responsible for the degradation of plastic polymers by fungi (Shah et al. 2007). Most reports
describe fungi able to degrade Polyurethane (PU) by extracellular polyurethanases (Russell et al. 2011).
Brunner et al. found several fungi growing on plastic debris floating in the shoreline, which were able to
degrade PU (Brunner et al. 2018). The capacity of fungi to degrade PE is controversial although that
capability has been reported (Ojha et al. 2017). Regarding biodegradable plastics, fungal depolymerases
have been found capable to degrade PHB films (Panagiotidou et al. 2014).
Most polymeric molecules are chemically (and toxicologically) inert, but the same does not stand for their
degradation products. Plastics can be broken down into smaller pieces and the smaller they are, the higher
their surface to volume ratio, with more plastic surface potentially leaching. There are more than 250,000
tons of plastics floating in the ocean exposed to UV radiation and oxygen degradation, which are the main
abiotic factors responsible for plastic degradation and leaching (Andrady 2011; Eriksen et al. 2014). Up to
23,600 tons of dissolved organic carbon (DOC) can be released from plastic reaching the ocean every year
(Romera-Castillo et al. 2018). About 7 % of the plastic weight can be lost in form of DOC under UV
irradiation (Zhu et al. 2020). The leached material mainly consists of low molecular weight compounds (<
350 Da) and its release is enhanced by UV radiation (Lee et al. 2020). It has been shown that leached
compounds may alter the marine food web by stimulating marine bacterial growth (Romera-Castillo et al.
2018; Zhu et al. 2020). It has also been shown that they can impair the photosynthetic capacity and growth
of cyanobacteria (Tetu et al. 2019).
Knowledge gaps and research needs
Fracture behaviour and the propagation of cracks in aged plastics require further studies. The parameters
governing plastic fragmentation have not been completely identified and there are great difficulties to
monitor fragmentation patterns in real environments. Therefore, artificial weathering protocols should be
developed to clarify fragmentation kinetics (Andrade et al. 2019; Julienne et al. 2019). It is necessary to gain
information about the influence of abiotic and biotic factors in the fragmentation process of plastic debris to
model the number of small pieces of MPs and NPs in environmental compartments, which is a major
question still open in M/NPs research (Koelmans et al. 2017b).
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The degradation patterns (time, intermediate products) of different types of polymers in different
environmental conditions is not well understood in terms of DOC generation and should be better
investigated. The biodegradation of conventional plastics by microorganisms is poorly known, in particular
regarding the isolation of depolymerization enzymes and their mechanism of action. Another poorly known
but relevant issue is the fate of non-traditional plastic polymers, the so-called biodegradable polymers,
which include their subclass of compostable plastics. Their actual degradation patterns, as well as the
environmental impact of intermediate products, should be thoroughly investigated. The available data point
towards a non-negligible environmental impact of MPs derived from the biodegradation of bio-degradable
plastics (González-Pleiter et al. 2019). This is an aspect of high economic and social relevance and should
be thoroughly investigated. Plastic leachates can also have consequences in human health after interacting
with other chemicals. For instance, the chlorine often applied in WWTP as a disinfectant can react with the
organic compounds migrated from plastic to form toxic disinfection by-products such as trihalomethanes
(Lee et al. 2020).
3.8. Direct adverse effects of microplastics
State of the art
One of the major properties of most plastic polymers is their lack of chemical reactivity. Moreover, MPs in
the size range of a few tens of µm up to a few mm are too large to be capable to cross cell membranes and
enter cells. Therefore, the adverse effects of MPs on living organisms, if only the effects of particles are
considered, excluding chemical additives that may be present in some formulations (Section 3.4), cannot be
considered toxic effects. Indeed, toxicity is the reaction, inside of the cell, of a chemical substance with a
chemical cellular receptor (specific toxicity) or with the general chemical environment of the cell (nonspecific or narcotic-type toxicity) (Verhaar et al. 1992).
MPs ingested by higher organisms pass through the digestive tract and can be eliminated through faeces.
Possibly, a different pathway may occur with very small size MPs (a few µm) or NPs (Sections 3.9 and
3.10). The ingestion of MPs may produce physical injuries, inducing inflammation and stress, or it may
result in a blockage of the gut and subsequent reduced energy intake or respiration. MPs may also produce
behavioural effects such as reduction of feeding efficiency (Besseling et al. 2017; Cole et al. 2015; de Sá et
al. 2015).
In recent years. a huge amount of information has been produced on the adverse effects of MPs on aquatic
(freshwater and seawater) and terrestrial organisms. Several types of organisms have been tested covering
various taxonomic groups (e.g.: crustaceans, insects, molluscs, annelids, fish), ecological role and feed habit
(e.g.: filter feeders, grazers, predators), habitats (e.g.: planktonic, benthonic, sediment-dwelling, soil
organisms). Short term (e.g.: mortality) and long-term (e.g. growth, reproduction) endpoints have been
addressed. Tests have been performed using various types of test materials (micro-beads, fibres, tyre debris)
of different size, also in relation to the size of tested animals, shape, and chemical composition (de Sá et al.
2018) (Kögel et al. 2020). In most studies tests have been designed to provide (LC50 results) with
concentrations that are beyond the environmentally realistic range (Lenz et al. 2016). However, in some
cases, the concentration range used spans from environmentally realistic levels up to orders of magnitude
higher (Lusher 2015). An important problem is that the particles used in different tests span through a wide
range of ranges and shapes. A rescaling method has been recently proposed to adjust data from sources
using different types of MPs when determining species sensitivity distributions (Koelmans et al. 2020)
Knowledge gaps and research needs
Several comprehensive reviews have been published collecting the bulk of the information available and
trying to perform hazard and risk assessments (Adam et al. 2019; Burns and Boxall 2018; Kögel et al. 2020).
The main conclusion that may be derived is that no adverse effects have been observed at concentrations
comparable to the upper range of the distribution of the levels that have been measured in natural
environments. Usually, adverse effects under laboratory conditions have been observed at levels that are
orders of magnitude higher than environmentally realistic levels. A comparison between a safe
concentration, estimated on the basis of available data on adverse effects, and projection of the concentration
of global marine microplastics in a “business as usual” scenario, indicates that by the end of this century, the
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concentration of floating MPs will reach a level about two orders of magnitude lower than a threshold of
risk, while a potential risk level will be reached only by the concentration of MPs that wash ashore in the
marine environment (Everaert et al. 2018). Based on the available information, it may be concluded that the
adverse effects of MPs do not represent a priority for further research, although some specific issues may be
further investigated. For example, some details on the types of effects and modes of action remain to be
clarified. Besides, the environmental relevance of the plastic material is rarely considered for impact
assessment studies. More information is needed on the different test materials representing plastics from real
consumer products and on their environmental behaviour when exposed to ageing conditions similar to
natural environments.
3.9. Translocation and transfer to the food web
State of the art
The uptake of chemicals by living organisms is a process by which a contaminant is stored in the tissues to a
level higher than the surrounding environment (Gobas and Morrison 2000). These processes may describe
uptake patterns: (i) Bioconcentration is the accumulation of a chemical in the tissues of an organism because
of direct exposure to the surrounding medium (e.g., water). The bioconcentration factor is the ratio of a
contaminant concentration in biota to its concentration in the surrounding medium once equilibrium is
reached. (ii) Bioaccumulation is the accumulation of chemicals in the tissue of organisms through any route,
including respiration, food ingestion, or direct contact. (iii) Biomagnification is the increase of internal
chemical concentration from lower to higher levels of the food chain, which depends not only on the
physico-chemical properties of the chemical but on the trophic relations (Solomon et al. 2013). These
processes may not occur with insoluble particulate materials, such as MPs, that cannot cross cellular
membranes and enter the cells by passive diffusion regulated by partitioning mechanisms, as soluble
chemicals do (Devito 2000; Schultz 1976). Therefore, they cannot accumulate in tissues unless other types
of active processes, such as endocytosis-related mechanisms occur (Felix et al. 2017). The cellular uptake
process of insoluble particulates is completely different from the passive diffusion process of
bioaccumulative chemical compounds, and the assessment of their potential to bioaccumulate may require
the development of new test systems, models, and mechanistic understanding (ECETOC 2019; Handy et al.
2018; Petersen et al. 2019; Roch et al. 2020).
The ingestion of MPs by aquatic and terrestrial animals has been widely documented in the literature
(Wesch et al. 2016). According to Gouin, a huge number of individual organisms (about 87000) behaving to
more than 800 different species have been analysed and MPs have been found in the gastrointestinal tract
(GIT) of more than 20 % of them, with an average of 4 MP items per individual (Gouin 2020). However, the
presence of MPs in the GIT does not mean that a bioaccumulation process is occurring and does not
necessarily represent a transfer to the food web comparable to biomagnification processes occurring with
bioaccumulative chemicals. This consideration refers to MPs of medium-large size, i.e.: those that are easily
detected and analysed. For small-size MPs, smaller than some tens of microns, and particularly for NPs,
smaller than 1 µm, the problem is much more complex. Indeed, these particles cannot be detected,
measured, and counted with the conventional analytical procedures usually applied to detect MPs. Due to
technical limitations, the concentrations of NPs in the environment are currently unknown (GESAMP 2020).
To date, there are no examples in the literature demonstrating the ingestion of NPs by free-living organisms,
though some laboratory studies have attempted to investigate ingestion of NPs using labelled particles and
environmentally unrealistic exposure levels (Skjolding et al. 2017).
Knowledge gaps and research needs
The capability of M/NPs to cross cell membranes and enter tissues is highly controversial. Large size MPs
cannot, and the problem is limited to very small MPs and NPs. However, we lack information to determine
to what extent small MPs and NPs may cross cell membranes. The potential for translocation of small size
MPs and NPs from GIT to internal tissues, at least at very high levels, has been demonstrated (Triebskorn et
al. 2019). Most of these results have been obtained using fluorescence- labelled NPs (Fig. 4). However, the
reliability of results based on fluorescence-labelled MP-NPs is highly controversial, as it has been recently
demonstrated that these results may be biased by experimental artefacts due to lipid accumulation of the
leached fraction of hydrophobic fluorescent dye (Schür et al. 2019). An additional cause for concern is
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represented by a general lack of reproducibility of studies on the translocation of M/NPs into living
organisms (Burns and Boxall 2018). It is also important to note that nano-sized plastics exhibit strong
sorption affinities for toxic compounds (Mattsson et al. 2015). Therefore, their role as vector of fluorescent
dies and other pollutants could be higher for NPs than for MPs.

Figure 4. Rhodamine B labelled NPs in the gastrointestinal trait of Daphnia magna. Daphnia was exposed
for 24 hours to PE NPs (about 100 nm) at a concentration of 10 mg/mL, corresponding to about 1.7 x 1010
NP/mL. The experiment was performed at IMDEA Water (Madrid Institute for Advanced Studies on Water,
Spain).
It is reasonable to suppose that there exists a size threshold below which particles can cross cell membranes
and may be transferred into body tissues through passive diffusion mechanisms. Above this threshold,
insoluble particles would enter cells only by endocytosis-related mechanisms or membrane disruption.
Previous research performed with engineered nanoparticles showed that particle size is a key factor
influencing passive permeation, and only particles below 10-50 nm tend to penetrate. Moreover, this is a
complex process that tends to be regulated by several other factors such as hydrophobicity/hydrophilicity
and surface modification of the particle, as well as environmental factors (pH, osmotic pressure, ionic
strength; (Nakamura and Watano 2018). As for plastic particles, the first two are not expected to have a
large influence given the hydrophobicity and non-reactivity of the constituent polymers, but the
environmental factors can probably contribute do different cell permeation rates. Besides, the shape of the
particles may affect their uptake into the cells, so that the permeability of tubular or irregular NPs may be
different from that of rather globular particles.
Given the above, the major research priorities on the issue of bioaccumulation, biomagnification and transfer
in the food web of M/NPs are: (i) developing, improving and calibrating standardized methods to extract,
isolate, and identify MPs in organisms, particularly focused on the measurements of small-sized MPs and
NPs; (ii) development of methods, test procedures and modelling approaches to assess, measure and predict
the possible occurrence of cellular uptake of M/NPs trough endocytosis-related mechanisms and permeation;
and (iii) assessing the capability of NPs (several tens of nanometers or less) to cross cellular membranes and
to enter cells and tissues trough passive, diffusion-based mechanisms and quantifying the actual dimensional
threshold and factors that influence this process. Experiments should be made using NPs of different sizes
labelled with procedures different than fluorescence. A possibility is to use metal-doped NPs, which can be
detected by ICP-MS thanks to the metal incorporated (Mitrano et al. 2019). Another option is the use of 14C
labelled polymers, and recently latexes of PS nanoparticles with size as low as 20 nm have been prepared
using radiolabelled styrene that can be used to study the in vivo uptake of NPs in simulated environmental
conditions (Al-Sid-Cheikh et al. 2020; Al-Sid-Cheikh et al. 2018). However, metal and 14C labelled NPs are
valid only for specific polymers, difficult to prepare and/or very expensive. Additionally, there are very few
data on the presence of inhaled MPs in lungs either in animals or humans. Only a few studies have addressed
this issue showing the presence of polymeric fibres in human lung tissues of people exposed to airborne
microplastics (Pauly et al. 1998; Vianello et al. 2019). This is an important research topic that should be
addressed in future studies.
3.10. Nanoplastics
State of the art
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NPs have already been mentioned in several sections above. The reasons for concern are clear. Just one
ethylene-vinyl acetate commercial buoy (14.8 cm x 9.5 cm, 110 g) may produce > 1020 fragments of 100 nm
NPs (own calculation). However, they represent the major knowledge gap in the general topic of plastics in
the environment. It is reasonable to hypothesize that NPs may represent a major concern for the environment
and human health. Nevertheless, to date, the information required to support this hypothesis is insufficient.
According to Koelmans et al. “Nanoplastics is probably the least known area of marine litter but potentially
also the most hazardous” (Koelmans et al. 2015). Specifically, there is no adequate information to assess the
exposure and effects of nanoplastics and, therefore, to characterise the risk for the environment and human
health.
Knowledge gaps and research needs
The first key issue is the problem of sources and origins of NPs. As for MPs, NPs may be emitted as primary
(i.e. intentionally produced) or secondary (i.e. non-intentionally produced) particles. Primary nanometresized particles may be produced using known synthesis processes and may be used for several applications
(Rao and Geckeler 2011; Stephens et al. 2013). Secondary NPs can be produced in specific processes like
the thermal cutting of PS foam (Zhang et al. 2012). Another possible source is the fragmentation of MPs to
smaller-sized particles eventually reaching the nanoscale (Andrady 2011). However, to date, no precise data
exist on these processes and any quantitative estimate of the possible emissions of primary and secondary
NPs is largely hypothetical (Koelmans et al. 2015; Lehner et al. 2019). It is reasonable to suppose that NPs
may be present in large amounts in all environmental matrices, but this is speculative and must be supported
by experimental data.
A key issue is the lack of suitable and reliable methods for sampling and analysing NPs. The problem was
already highlighted for small sized MPs (e.g.: < 20 µm) in previous sections and it is even more complex for
NPs. For the sampling in the water environment, suitable methods for filtering in field large volumes of
water, up to the nano-level are not realistically applicable. Therefore, a possibility could be taking water
samples and processing in the lab with suitable approaches (e.g. ultra-filtration). This cannot be
accomplished with large volume samples as for those needed for MP sampling (typically some cubic
meters). Smaller volumes may be enough if NP concentration would be higher than those of MPs. This is
probable, but it is just a speculative hypothesis because even the order of magnitude of NP concentration in
natural waters is unknown. Comparable and even higher problems may arise for sampling in other
environmental matrices like soil, sediments, or biota. The methods for analysis and detection of NPs are still
in an early stage of development. Currently, there are no routine methods available that permit detection of
NPs in any environmental matrices, including biota and food (Lehner et al. 2019; Peng et al. 2020). As
mentioned before, thermo-analytical methods coupled with mass spectrometry offer the possibility of
detecting polymer particles with sizes outside current analytical possibilities. The detection limits are
expected to reach the nanogram per litre range with minimum sample pre-treatment (Yakovenko et al.
2020). Recently, pyrolysis gas chromatography time of flight mass spectrometry (Py-GC-ToF) has been
proposed for the detection of marker ions from the compounds generated in the pyrolysis of M/NPs
(Sullivan et al. 2020).
In addition, several studies have demonstrated that nanoparticle toxicity is extremely complex, and that the
biological activity of nanoparticles will depend on a variety of physicochemical properties such as particle
size, shape, agglomeration state, crystal structure, chemical composition, surface area and surface properties
(Hofmann-Amtenbrink et al. 2015). Moreover, the concept of toxicity itself is unclear for insoluble
particulate materials. As stated above, toxicity is a reaction between a chemical substance and a chemical
structure of a living organism. Unlike medium-to-large MPs, NPs have higher possibilities to cross cell
membranes and to enter cells (Section 3.9). Small size increases reactivity and possible breakdown in
monomers (Lehner et al. 2019). Therefore, the possibility for true toxic effects increases. Experimental tests
on the adverse effects of NPs on the environment and human health have been performed using in vitro
assays (Lehner et al. 2019) and in vivo tests, mainly on aquatic organisms (Kögel et al. 2020; Liu et al. 2020;
Liu et al. 2021). However, the information available is scarce compared to that recovered for MPs. In
general, adverse effects have been observed at relatively high concentrations, but the lack of information on
environmentally realistic concentrations in natural ecosystems makes impossible any characterisation of
risk. Moreover, the types of adverse effects possible and the modes of action are largely unknown.
https://doi.org/10.1007/398_2021_69

The main knowledge gaps and needs for research on NPs may be summarized as follows: (i) better defining
and quantitatively estimating emission sources; (ii) developing suitable sampling procedures in different
environmental media; (iii) developing suitable and reliable analytical methods to quantify their
environmental occurrence; (iv) assessing their capability to cross cell membranes and bioaccumulation
potential; (v) assessing the possible modes of action and quantifying their adverse effects; and (vi)
characterising the risks for different environmental compartments and for and human health.
4. Conclusions and recommendations
In the last few years, a large amount of resources has been allocated to conduct research in the field of
plastic pollution and its effects. This has contributed to some extent to improve our knowledge on the
occurrence of large MPs in different environmental compartments and to perform preliminary hazard and
risk assessments, which generally indicate low risks for living organisms. We have also learned that this new
research area needs further technological developments and cannot always rely on the approaches
traditionally implemented in the risk assessment of chemical contaminants (sampling and analytical
methods, toxicological risk assessments, etc.). Moreover, the development of techniques and concepts
urgently requires coordination and harmonisation among different researchers and stakeholders. In general,
many researchers share the idea that the results obtained were less than expected in relation to the efforts
devoted, and that there are difficulties in the implementation and comparison of available scientific results.
In addition, it seems that the focus on some key aspects needed to produce a suitable risk assessment has
been frequently missed. Through this paper we have proposed a list of scientific issues that require to be
better defined, clarified, or studied to advance the field. These have been discussed trough the text and
schematically listed in Table 3. We sincerely hope that the list of research needs helps to optimize the use of
human and economic resources dedicated to improving the risk assessment of M/NPs, and that aids in the
development of effective mitigation strategies to counteract these risks in the near future.
Table 3. Synthesis of the main knowledge gaps that need to be considered for future research in the field of
M/NPs.
Knowledge gap
Definitions
M/NPs shape is generally ignored

Current size cut-off is inadequate
to fibres
Other anthropogenic fibres are
rarely considered
Environmental sources
The mechanisms of generation of
secondary M/NPs in freshwater
environments are poorly known
Wastewater treatment processes
need improvements to limit the
emission of M/NPs
It is unclear if secondary M/NPs
from food packaging may be a
risk for human health
Available data are insufficient for
modelling
Sampling procedures

Why it should be considered
-Shape determines the viscous force and transport in fluid
media
-Shape influences colloidal stability
-Shape can also influence uptake by living organisms
-Filter cut-off and size definition based on largest dimension
do not match
-Fibre length do not account for aerodynamic or
hydrodynamic behaviour
-Non-plastic industrially processed fibres bear the same
additives and appear together with those made of synthetic
polymers
-The understanding of physical, chemical and biological
mechanisms affecting M/NPs fate in inland environments is
needed
-Wastewater treatment process and regulations (including
sludge management) should be developed to avoid current
emission of M/NPs
-Risk assessment of M/NPs ingestion via food transfer
cannot be performed with currently available data
-More data are needed to feed models that can predict the
accumulation and fate of M/NPs
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Standardisation of sampling
methods
Scarcity of data for the lower size
M/NPs
Limited attention to freshwater,
soil and air compartments
Analytical methods
Non-comparable metrics
Standardization of pretreatment
methods
Scarcity of data for the smaller
size M/NPs
Poor statistics

-Standardisation of sampling procedures is needed to allow
comparing data from monitoring campaigns.
-Shape, colour and cross-cutting data about zooplankton and
environmental conditions should be systematically reported
-Limited data are available for M/NPs below 100 µm, and
primarily in the nanometre range, which is the size range
with risk to translocate to biological tissues
-Additional monitoring efforts should be oriented to inland
ecosystems as most plastic litter is originated from land
sources.
-Metrics is a critical need to include M/NPs monitoring in
regulatory frameworks
-Pretreatments aimed at removing organic matter or
separation from non-plastic particles affect the quality and
comparability of results from different sources
-As for sampling methods, analytical methods for small size
MPs and or NPs are poorly reliable, inadequate or fully
lacking
-The fraction of sample analysed by micro-FTIR or other
techniques should not be arbitrary, and accuracy must be
reported
-The results of procedural blanks should be reported, and
recovery rates should be evaluated

Insufficient information about
cross-contamination/procedural
blanks and recovery rates
Additives and other non-intentional substances
Lack of information about
-It is difficult to obtain information about substances
additives in marketed plastics
included in marketed materials
Limited information for
-The impact of environmental variables on the leaching of
modelling or risk assessment
additives under realistic conditions is required for risk
assessment
Lack of information about by-The possible formation of toxic degradation products from
products or metabolites of
additives upon oxidation or photochemical processes
additives
requires attention.
Sorption of chemicals
Different groups of living
-To date, major attention has been devoted to fish and the
organisms (e.g.: invertebrates)
aquatic compartment. The role of species with different
and environmental compartments biological traits in the compartments that are the major sinks
(e.g.: sediments, soil) should be
of MPs and chemical contaminants is still unclear
considered
The sorption of semipolar
-The effect of ageing should also be considered because of
pollutants in aged plastics
the different interaction of pollutants with hydrophilic
received less attention
moieties, which may interact with polar and semipolar
compounds including antibiotics and other CEC
Interaction with microorganisms
The role of MPs as niche for
-MPs are a new microbial habitat that might already be
microorganisms is not well
performing a role at the ecological level
understood.
MPs may contribute to disperse
-Potentially transported microbes include pathogens
microorganisms even to remote
(bacteria and viruses such as SARS-CoV-2) and ARB
areas
possibly threatening human health and the environment
Colonized MPs area a source of
-Further research is needed to shed light on the potential
food for some aquatic organisms
transfer of pathogens or ARB/ARG to these organisms and
to the aquatic trophic web
https://doi.org/10.1007/398_2021_69

Microbes involved in polymer
-Microbial assemblages on MPs may be a source of
degradation might be detected in
organisms involved in polymer degradation
biofilms
Degradation and fate of microplastics
Little is known about smaller size -The generation of small fragments of M/NPs must be
MPs and no data exist about NPs
modelled in order to perform a risk assessment
Aged M/NPs may be relatively
-Plastic leachates can interact with certain chemicals with
reactive
consequences for human health and the ecosystems
Limited information on
-The degradation pattern and leaching of dissolved organic
biodegradable polymers
carbon from biodegradable polymers are poorly known
Translocation and transfer to the food web
Limited data exist about the
-There is a need for developing standardized methods to
capacity of M/NPs to cross cell
identify MPs in organisms, particularly small-sized MPs and
membranes
NPs including the mechanisms of cellular uptake
The importance of size for M/NPs -The influence of different parameters, notably size, on the
uptake needs to be determined
efficiency of internalization must be addressed in order to
prioritize risk
Nanoplastics
There is almost no information
-No risk assessment is possible without reliable data about
about the presence, fate and
NPs concentration in environmental compartments
effects of NPs in the environment -Reference materials are needed to further develop toxicity
tests
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