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LIST OF ABBREVIATIONS

ASTM: American Society for Testing and Materials

CE: Circular economy

CHARM : Chemical Hazard Assessment and Risk Management
EPS: Expanded polystyrene

FCM: Food Contact Material

FSW: Filtered seawater

HMCS: Harmonised Mandatory Control Scheme

IS: Impact Score

ISO: International Organization of Standardization

MSFD: EU-Marine Strategy Framework Directive

MP: Microplastics

NIAS: Non-intentionally added substances

NP: Nanoplastics

OCNS: Offshore Chemical Notification Scheme

OD: Optical density

OECD: Organization for Economic Cooperation and Development
PAH: Polycyclic aromatic hydrocarbons

PBAT: Polybutylene Adipate Terephthalate

PCB: PolyChloroBiphenyls

PE: Polyethylene

PHBH: Poly3-hydroxybutyrate-co-3-hydroxyhexanoate

PLA: Polylactic Acid

PP: Polypropylene

PS: Polystyrene

PVC: Polyvinyl chloride

RAP-ML: OSPAR Convention’s Regional Action Plan on Marine Litter
REACH: Registration, Evaluation, Authorization and restriction of Chemicals
SBSE: Stir bar sorptive extraction

XPS: Extruded polystyrene
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EXTENDED SUMMARY

The OceanWise project

Foamed polystyrene, either expanded (EPS) or extruded (XPS), are materials regularly found as litter
in the marine environment. OceanWise is a European project (Interreg Atlantic Area) that aims at
reducing presence and impacts of foamed polystyrenes (PS) in the North-East Atlantic. It is an
interdisciplinary project gathering 13 partners from five countries (France, Ireland, Portugal, Spain and
United Kingdom) to develop concrete actions in the context of a circular economy (CE). Among the
different project actions, one of work packages (WP7) aims at evaluating the promising solutions to
replace the use of foamed polystyrene products, through analyses and real-life living-labs of eco-
innovation on potential harm issues and usability pilots with target industries. Cedre is particularly
involved in Action 2 that aims to assess and compare the potential impact of EPS/XPS and their
alternatives. EPS and XPS have many qualities (e.g. high mechanical compressive strength, highly
insulating, fireproof, easily shaped and processed, waterproof) explaining their global use in many
sectors such as packaging (e.g. fish box, drink cups), leisure (e.g. surfboard, protective helmets),
aquaculture/fishing (e.g. buoys) or construction (e.g. insulated panel). Due to its wide use, a part of
EPS/XPS waste is mismanaged leading to releases in aquatic environments. Between 2018 and 2020,
in OSPAR countries monitoring foamed polystyrenes (Denmark, the Netherlands, Germany, France,
Ireland and Portugal), EPS/XPS pollution represented 15% of total plastics and 13% of total litter found
on beaches, confirming these litter types are abundant in the North-East Atlantic .

Objectives of the study

In the context of work package 7.2, the present study aims to assess and compare the potential impact
in the marine environment of foamed polystyrenes and newly developed biobased alternatives. This
was done by compiling information existing in the literature and by conducting additional experimental
work. The work was divided in two parts.

Firstly, a review of existing methods to assess potential impacts of plastic materials in the marine
environment was conducted. Based on this review, a “toolkit” of assays covering the different risks
associated with plastic materials was elaborated and a preliminary approach to assess the potential
global impact of plastic materials in the marine environment was proposed.

Secondly, based on the toolkit and the approach proposed, a selection of assays was applied on three
foamed polystyrene products found on the European market and three biobased and biodegradable
alternatives currently developed to be put on the market, in order to assess:

- The potential impact of the three foamed polystyrene products on the marine environment;
- The relevance from an environmental point of view, to replace foamed polystyrenes by
biobased alternatives.
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Toolkit of assays and associated approach to assess the potential global impact of plastic materials
on the marine environment

Information regarding the potential impacts of plastics and available assays (standardized or not) to
assess them were compiled. The literature revealed that plastic litter in aquatic environments can
induce a large panel of environmental impacts that can be classified into three main categories:

(i) Weathering (colonization leading to a species transport and degradation leading to a
release of micro/nanoparticles);

(i) Transfer of hazardous chemicals;

(iii) Toxicity on marine organisms.

In total, 48 assays that can be used to evaluate these three categories of impacts were identified. This
selection constitutes a “toolkit” of assays to assess the potential impact on the marine environment of
plastic materials.

Based on the literature review and the “toolkit”, a preliminary approach to assess the global impact
on the marine environment of plastic materials was proposed, in line with approaches already applied
under existing regulations (e.g. for registration of chemicals intended to be used in offshore oil and gas
applications). The proposed approach relies on the application of different assays and the combination
of results obtained using an “Impact Score (IS)”, traducing the potential impact on the marine
environment of tested materials. It consists of different steps which are detailed below:

1) Selecting a minimum of 8 assays in the toolkit: 2 assays in the category “Weathering”, 3 in
the category “Transfer of chemicals” and 3 in the category “Toxicity on marine organism”,

2) Selecting of a minimum of two materials to be tested,

3) Conducting the 8 assays on the two materials and statistical comparison of results
obtained for each assays,

4) Attributing scores to each material for each assay,

5) For each impact category (“Weathering”, “Transfer of chemicals” and “Toxicity on marine

organisms”), calculating the average of scores obtained for the different assays,

6) Calculating the resulting Impact Score for each material by summing the 3 average scores
obtained for the three impact categories,

7) Interpreting results and ranking the potential global impact of the two materials knowing
that the lower the score, the lower the potential global impact on the marine environment.

The elaboration of this toolkit and associated impact score approach should be seen as a first step in
the development of a tool to help decision-makers in the mitigation of plastic pollution impact on the
marine environment. It has currently several limitations, which are related to existing methodological
and knowledge gaps. For instance, the approach can only be applied to perform relative impact
assessment by comparing at least two materials, due to the absence of standardized thresholds and
mathematical models.

Overall, this type of approach is needed to assess the potential global impact exhibited by a material
likely to reach the marine environment but also to allow pragmatic comparisons of the potential
impact between conventional plastic items commonly found as aquatic litter and proposed
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alternatives. This type of information is also interesting to feed life-cycle analysis and circularity
assessment tools as developed in OceanWise work package 6.

Case study on six foamed polystyrenes and alternatives

Based on the toolkit and the associated approach proposed in Part 1, a case study was conducted with
six materials: two EPS, one XPS, and three biobased alternatives (Table 1) to provide first data on (i)
their potential global impacts on the marine environment and (ii) the relevance from an environmental
point of view to replace conventional foamed polystyrenes by biobased alternatives.

Table 1. Materials tested in the study

End Food
Material Biobased Biodegradable Code contact
product .
materials
Expanded Polystyrene No No EPS-F Fish box Yes
Insulati
Expanded Polystyrene No No EPS-I nsulating No
plate
Extruded Polystyrene No No XPS-O Food box Yes
Yes
. . In industrial .
Polylactic Acid Yes . PLA-F Fish box Yes
composting
facilities?
Yes
Polylactic Acid + . .
Polybutylene Adipate Yes In |ndust'r|al PLA+PBAT Fish box Yes
composting -F
Terephthalate e g
facilities
Yes
Poly3-hydroxybutyrate- Yes In the marine  PHBH-F Fish box Yes

co-3-hydroxyhexanoate .
y ¥ environment?

! certified by the NF EN 13432, ? certified “OK Biodegradable MARINE", certificate from Green Planet™

The six materials were tested using 13 assays, combining both field and laboratory experimentations,
selected in the toolkit described in Part 1. These assays are:

(1) For the “Weathering” category (3 assays):

o Level of colonization in seawater,
o Degradation of the materials in an aging chamber,
o Degradation of the materials on a beach.

(1) For the “Transfer of hazardous chemicals” category (3 assays):

o Level of intrinsic contaminants,
o Capacity to leach intrinsic contaminants in seawater,
o Capacity to adsorb environmental contaminants during a deployment in the field.

(1) For the “Toxicity on marine organisms” category (7 assays):

o Cytotoxicity of solvent extracts on bacteria,
o Cytotoxicity of solvent extracts on fish cell lines,
o Estrogenic potential (i.e. endrocrine disruption) of solvent extracts,
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o Reprotoxicity of solvent extracts on zebrafish early life stages,

Cytotoxicity of seawater leachates on bacteria,
Cytotoxicity of seawater leachates on microalgae,
Reprotoxicity of seawter leachates on oyster early life stages.

The different assays were conducted either by Cedre in its premices (Brest, France) and in Brest Marina
du Chateau or in collaboration with French partners laboratories, namely the EPOC lab (UMR 5805,
Talence), the LEMAR lab (UMR 6935, Plouzané) and the LUBEM lab (UR 3882, Plouzané).

Results obtained from the different assays were combined by calculating the “impact score” for each
material which provides a ranking from the less to the more potentially impacting for the marine
environment.

It must be noted that this approach and associated results must be considered with caution since it is
a first attempt to assess a global impact of plastic materials on the marine environment. The proposed
approach and associated assays have a number of limitations due to existing knowledge and
methodological gaps and further developments are needed to increase their robustness and accuracy.

Key results of the case study:

1. Weathering assessment

Foamed polystyrenes and alternatives can be colonized in the marine environment. After 3 months
of deployment in the harbor area of Brest (France), results revealed that conventional EPS/XPS and
alternatives are rapidly colonized by macrofauna with no apparent differences among materials.
Plastic ended up in the marine environment can be colonized by macro- and micro-organisms, which
can impact marine ecosystems through the transport of non-indigenous/invasive species and diseases.
Results obtained in the present study did not show differences in terms of colonization between the
six materials suggesting they are all able to transport macrofauna. However, further analyses are
needed to confirm this hypothesis (analysis of microorganisms, characterization of the diversity
attached to materials).

Degradation could be faster for foamed polystyrenes compared to alternatives. The six materials
were placed for three months in an accelerated aging chamber at constant and controlled temperature
(45°C) and illumination (55 W m2). Observations at the end of the exposure showed a greater yellowing
of the surface of conventional foamed PS compared to the three alternatives, as well as a greater
release of powder. These results support the hypothesis that conventional foamed PS degrade more
rapidly. This could pose a threat to the marine environment through a more rapid and significant
release of micro/nanoplastics and toxic chemical compounds initially added during material
production (i.e. additives). However, further analyses are needed to confirm this hypothesis (study in
outdoor or immersed conditions, longer exposure, assessment of biodegradation capacity, analyses of
particles release).

2. Transfer of hazardous chemicals
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Conventional foamed polystyrenes could adsorb more organic contaminants than alternatives. The
six materials were deployed for three weeks in seawater in the harbor area of Brest (France) to
evaluate their ability to adsorb chemical contaminants (PAHs, PCBs). Results showed an increase in the
amount of PAHs adsorbed on the surface of the three conventional PS compared to the alternatives
that displayed no change in the PAH content during the deployment. No change in the PCB content
was found for the six materials, suggesting low PCB contamination at the deployment site. Overall,
results suggest a higher capacity of conventional foamed PS to adsorb hydrophobic contaminants than
tested alternatives, representing a higher risk to the marine environment.

Laboratory analyses found higher concentrations of chemicals (PAHs and additives) in foamed
polystyrene than alternatives. Targeted chemical analyses revealed higher amounts of PAHs in
conventional PS (average value= 45,154.0 + 18,573.6 ng g'!) compared to alternatives (average value=
2,379.2 + 483.1 ng g1), which could be explained by the petroleum origin of polystyrenes. The EPS
insulating plate (66,144.9 + 1,223.9 ng g') had the highest amount of PAHs compared to EPS Fishbox
and XPS foodbox (average value= 34,658.5 + 5,387.8 ng g1) while no statistical difference was detected
among the three alternatives. Regarding the amount of additives, statistical differences were detected
among the six materials with higher amounts for EPS insulating plate (12,344.3 + 1,395.3 ng g}) and
XPS foodbox (16,350.6 + 1,255.4 ng g'!) compared to other materials (average value = 5,078.1 + 789.5
ng g7). In addition, more chemicals were detected in conventional foamed PS (33 for the EPS fishbox,
43 for EPS insulating plate, 41 for XPS foodbox) compared to alternatives (26 for the PHBH fishbox, 27
for PLA fishbox, 23 for PLA+PBAT fishbox). Furthermore, analyses revealed the presence of specific
compounds considered as hazardous in conventional foamed PS such as benz[a]anthracene,
anthracene and benzothiophene. Higher concentrations of hazardous compounds were found in
conventional foamed PS such as naphthalene, 1-methylnaphthalene, biphenyl, phenanthrene and
tricresyl phosphate. Overall, chemical analyses of the six materials suggest that fewer or different
chemicals are present in the three alternatives compared to conventional materials. However, only
targeted analyses on a limited number of chemicals were performed in the present study, which do
not represent the chemical diversity found in tested materials. It can’t be excluded that different
additives, not analyzed in the present study, are used in alternatives. Therefore, to confirm results
obtained, new analyses should be conducted to deeply characterize the diversity of chemicals in
conventional foamed PS or alternatives, including additives, degradation products and non-
intentionally added substances (NIAS).

No differences were recorded in the amount of chemicals released in seawater over a short leaching
time (24h). Compiling all the data, the quantity of leached PAHs is less than 8% and less than 1% for
the additives whatever the material. To confirm the same capacity of leaching among the tested
materials, it would be interesting to repeat our experiment using longer leaching durations (weeks,
months). Nonetheless, when looking at chemicals individually, the leaching pattern is different among
materials. The individual visualization highlights higher amounts of hazardous chemicals (naphthalene,
1-methylnaphthalene, 2-methylnaphthalene and phenanthrene) in leachates from conventional
foamed PS.

3. Toxicity on marine organisms
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Toxicity experiments performed on different organization and trophic levels suggested a higher
intrinsic toxic potential for conventional foamed PS, especially for the EPS not certified for food
contact. A set of assays was performed to characterize the cytotoxicity, genotoxicity and reprotoxicity
of solvent extracts of foamed polystyrenes and alternatives on different biological models (bacteria,
microalgae, bivalves, and fish). Extracts obtained from conventional foamed PS showed a cytotoxic and
estrogenic potential higher than the alternatives. This estrogenic potential suggests the presence of
endocrine disruptors in the extracts of conventional foamed PS that could induce reprotoxic and long-
term effects (inter/transgenerational effects). In this regard, reprotoxic effects were detected in
zebrafish larvae (decrease in the percentage of normal Danio rerio larvae) while the alternatives had
lower effect. The EPS insulating plate displayed the highest toxicity potential in comparison to the
other tested materials. This material is the only among those tested which is not certified as a food
contact material (FCM). Overall, the weathering (on the beach or in aging chamber) leads to a slight
increase in intrinsic toxicity of materials, however effects remain limited over the study period.

Experiments conducted with leachates suggested low effects without differences among materials
even if remarkable effects can be observed on specific biological model (e.g. PLA leachate inhibited
completely oyster embryogenesis). This suggests that the six materials leached small amount of toxic
compounds after 24h of leaching period, which is in agreement with results of chemical analyses
described above. It could be interesting to repeat the experiments with leachates obtained from a
wide range of leaching duration (from 24h to several weeks/months) to monitor the kinetics of
potential effects associated to the release of toxic compounds by the six materials.

Global risk assessment and conclusions

The diversity of results obtained in this case study confirmed the need to conduct different assays to
obtain a robust assessment of impacts on the marine environment of plastic materials.

Through all assays performed in the three environmental impact categories identified, the impact
score (IS) proposed by the preliminary approach for harmonized impact assessment of plastic materials
allowed to obtain a ranking available in Table 2. Based on assay results, higher IS were obtained for
the three conventional foamed materials (average I1S= 1.5 + 0.3) compared to the alternatives (average
IS= 0.4 £ 0.1), suggesting replacement of foamed PS by selected alternatives is a relevant option from
a marine environment point of view.

This work is, to our knowledge, the first attempt to provide an approach with guidelines to characterize
potential environmental impacts of plastics likely to reach the marine environment. This case study
confirms the added-value of this type of approach as it provides (i) a harmonized framework allowing
comparisons among studies and materials and (ii) data to help decision-makers in the mitigation of the
impact of plastic pollution on the marine environment.

However, the proposed approach has limitations due existing methodological and knowledge gaps
indicating that further developments are needed to make the approach and associated results more
robust and accurate. For instance, it appears necessary to (i) develop more standardized assays to
assess the different impacts of plastic materials, (ii) elaborate thresholds allowing to assess the level
of impacts for each assay, (iii) further develop the impact score assessment method by specifying the
number and types of assays to conduct, the weighting of each test, the calculation method to use...).
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Table 2. Impact Score (IS) of the six materials regarding the three categories of impacts.

Environmental

EPS-F EPS-I XPS-O PHBH-F PLA-F PLA+PBAT-F

Impacts
Weathering 0.7 0.7 0.7 0.3 0.3 0.3
Transfer of
hazardous 0.3 0.5 0.7 0 0 0
chemicals
Toxicity on

marine 0.3 0.6 0.4 0 0.1 0.1
organisms
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INTRODUCTION

1. Context

The global plastic production showed an exponential pattern since 1950 to reach 367 million tons (Mt)
in 2020 (Figure 1; PlasticsEurope, 2021). Plastics are polyvalent and used in all sectors such as
packaging (40.5% of the demand), building, automotive, electrical/electronics, and agriculture owing
to numerous qualities (e.g. resistant, durable, malleable, low cost). Associated with this wide use,
unmanageable amounts of plastic waste are produced every year. Of the 8,300 Mt of plastic waste
produced from 1950 to 2015, 9% were recycled, 12% were incinerated, and 79% were disposed in
landfills or in natural environments (Geyer et al., 2017).

A 450 - B Packaging
— 400 -
= 350 4 M Building &
‘E’ Construction
S 300 o )
E B Automotive
S 250
o
6.? 200 M Electrical &
5 150 o Electronics
g 100 4 B Household, Sports
< 50 -
0 | : . . : : Agriculture
1950196019701980199020002010
Others

Year

Figure 1. (A) Worldwide annual production of plastic resins from 1950 to 2015, (B) Plastics production
by sectors in 2020 (data from Geyer et al. (2017) and PlasticsEurope (2021)).

Oceans constitute the final recipients of mismanaged plastic waste (which include discarded, disposed
of, abandoned or lost waste). Yearly, it is estimated that 9 — 14 Mt of plastics are emitted to oceans by
different ways (e.g. direct discharges, wastewater discharges, atmospheric transports, run-offs from
land) (Lau et al., 2020; Figure 2). Through a business-as-usual scenario, this estimation will increase to
23 —37 Mt in 2040 (Lau et al., 2020). Due to their intrinsic properties, plastic litter is relatively resistant
to environmental stressors (e.g. biodegradation, physical damages), therefore, mismanaged plastic
litter tends to persist and accumulate in environments. Today, plastic litter is ubiquitous across the
Earth. In oceans, plastic litter is found everywhere (surface, sediments, biota), including in remote
areas (polar regions, deep-seas, desert islands) (Paul-Pont et al., 2018). Furthermore, plastics are the
most abundant anthropogenic litter in oceans (>70% of harvested litter are plastics; Hardesty et al.,
2017; Lusher et al., 2017).

./ Interreg

rea

poan Reg opment Fund  EUROPEAN UNION

15



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Rivers, canals and other watercourses Wastewater outfall discharges
i+ | through run-off from land Untreated or insufficiently
' treated water discharged
directly into the environment

Coastal Direct discharge
plastic waste
At the coastline
At sea during
sea-based activities
Mismanaged » A\,
plastic waste ~ . -
EE » Aiad,
o o a'ly
i ' T K “T %
n A -
-'m 1 " o
i . “ y L \ &
. -l - * - ,A:-4"r,n . k - -'
Rk Plasticwaste’ | .1 |8 Mdy - LI ‘ :
z . entering the marthe - ly : -
environment T :
7 | = - i =
' 9 - Lite e h
% Yoo SN A2/ i Coostal 3 =
M ERELl AR 4 ; 5 1wl
"1 N ol circulation ; i
: -
Regional and RSN
global circulation e 4.
s Floating debris
- Across margin
| movemer?l Sinking and
\ : ~ mid-water floating
debris
Sea floor debris

Source: Jambeck, J.. R., et al., Plastic waste inputs from land into the ocean, Science, 2015; GRID-Arendal

Figure 2. Pathways of plastic litter to the marine environment (Grid-Arendal & UNEP, 2016).

2. The case of expanded and extruded polystyrenes (EPS
and XPS)

There are two main categories of polymers, differing by their chemical structures allowing specific
features: the thermoplastics and the thermosets (UNEP, 2015). Under temperatures higher than their
melting point, thermoplastics can be melted into liquids. Conversely, thermosets are cross-linked,
preventing any remolding. Thermoplastics constitute 90% of the production and include the most
frequently used polymers such as polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC) or
polystyrene (PS).

Commercialization of PS began in 1930. Today, PS constitutes 6.1% of the global plastic production
(PlasticsEurope, 2021). This polymer is created by styrene polymerization with the addition of additives
to have specific features (e.g. color, resistance). These additives are highly diversified, including flame
retardants, blowing agents, nucleating agents, antioxidants, surfactants, plasticizers, and pigments,
depending on the final use of the material. There are four types of PS: (1) Crystal PS, the most common;
(2) high impact polystyrene (HIPS); (3) expanded polystyrene (EPS) and (4) Extruded polystyrene (XPS).
EPS and XPS are both foamed PS with the same composition but produced by different industrial
processes leading to distinct physical properties. For instance, XPS has smaller air pockets than EPS,
leading to a higher resistance, explaining its use for construction. Overall, EPS/XPS exhibit several
qualities (e.g. high mechanical compressive strength, highly insulating, fireproof, easily shaped and
processed, waterproof) explaining their common use by different sectors such as packaging (e.g. fish
box, drink cups), leisure (e.g. surfboard production), aquaculture/fishing (e.g. buoys) or construction
(e.g. plate use for insulation) (OceanWise WP5.2, Godet et al., 2018; Figure 3). As there are foamed,
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EPS/XPS are particularly lightweight. In mass, foamed PS represent only 3.2% of the plastic production
in Europe (PlasticsEurope, 2021). However, in terms of volume, they constitute 60% of the production
in Europe yearly while volumes of polyethylene and polypropylene represent 7% and 12%, respectively
(OceanWise WP5.2, Godet et al., 2018).

Source: polystyrene.fr

Source: toutembal.fr Source: chronochef.com

Y Y.
Alal

e I | ,
Source: knauf-industries.com

E

Source: amazon.fr

Figure 3. Examples of expanded (A, B, C, E, F) or extruded (D) polystyrene products.

Associated with this wide use, a part of EPS/XPS waste is mismanaged — notably because they are
seldom recycled — leading to releases in aquatic environments. Hence, EPS/XPS litter is commonly
found in the marine environment (Figure 4). Between 2018 and 2020, in OSPAR countries monitoring
foamed polystyrenes (Denmark, the Netherlands, Germany, France, Ireland and Portugal), EPS/XPS
pollution was representing 15% of total plastics and 13% of total litter found on beaches (OceanWise
WP5.4, André et al, 2022). This fact calls for risk assessments and improvements of
industrial/individual practices to reduce this major issue considering the potential hazards of PS for
humans/wildlife (Chae et al., 2020; Kedzierski et al., 2020; Thaysen et al., 2018).
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Figure 4. Foamed polystyrene median abundances (number of items/100m) on OSPAR beach litter
monitoring sites in Norway, Denmark, the Netherlands, Germany, France, Ireland and Portugal,
between 2018 and 2020 (OceanWise WP5.4, André et al., 2022).

3. The OceanWise project

I Objectives
OceanWise is a European project (Interreg Atlantic Area) that aims to reduce presence and impacts of
foamed PS in the North-East Atlantic. It is an interdisciplinary project gathering 13 partners from 5
countries (Ireland, United Kingdom, France, Spain and Portugal) to develop concrete actions in the
context of a circular economy (CE). Thus, OceanWise has 4 main objectives:

(1) Identify EPS/XPS products and their sources that are more likely to reach the marine
environment and impact on its ecosystems;

(2) Propose and test plausible options (reduce, reuse, recycle, recover) to achieve better
environmental outcomes within different sectors;

(3) Engage producer and designer communities on the sustainability of specific applications
and to explore more circular models;

(4) Develop circular economy-oriented methodologies to assess new opportunities, barriers
and policy options.

OceanWise is driven by the EU-Marine Strategy Framework Directive (MSFD) and the OSPAR
Convention’s Regional Action Plan on Marine Litter (RAP-ML). There is a strong impetus to devolve
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ideas and commitments to national, regional & local political levels. In particular, in alignment with the
OSPAR RAP-ML, the project supports RAP action no.49, consisting in “assessing the prevalence and
impact of EPS in the marine environment, and engaging with industry to make proposals for alternative
materials and/or how to reduce its impacts”.

Il. Workpackage 7.2

Among the different project tasks, the purpose of the work package (WP) 7 is to evaluate the promising
solutions to replace the use of EPS/XPS materials, through analyses and real-life living-labs of eco-
innovation on potential harm issues and usability pilots with target industries. Cedre (France), with the
support of Cefas (United Kingdom), is particularly involved in Action 2 that aims to assess and compare
potential impacts on the marine environment of EPS/XPS and newly developed biobased alternatives.

Nowadays, most impact assessments on plastics rely only on a limited number of assays. However, as
plastic materials can exhibit different types of impacts, it appears necessary to combine different
assays to obtain a more realistic impact assessment and thus provide more accurate data to help
stakeholders in decision-making regarding the mitigation of plastic pollution impact on the marine
environment.

In this context, the present study proposed an innovative, but preliminary, approach to assess the
potential global impact on the marine environment of EPS/XPS and alternative materials. To reach its
objective, the study and the present report are divided in two parts.

1) Part 1: Proposal of a toolkit of assays and an associated approach to assess EPS/XPS potential
global impact on the marine environment

Firstly, a literature review was conducted in order to identify potential environmental impacts that
EPS/XPS could induce in aquatic environments. Secondly, existing assays allowing an assessment of
these impacts were reviewed based on the literature and available normalized methods from OECD,
ISO and ASTM International Guidelines. Based on this review, a “toolkit” of assays allowing an
assessment of the different risks associated with plastic materials, was elaborated. Among this
“toolkit”, a minimum selection of assays was proposed along with a calculation method to combine
obtained results under an “impact score” traducing the potential global impact of each tested material.

To our knowledge, this study is the first to propose an approach aiming at assessing the global impact
on the marine environment of plastic materials.

However, it must be noted that this approach and associated results must be considered with caution
since it is only a first attempt in conducting a global impact assessment for plastic in the marine
environment. The proposed approach has, at this stage, a number of limitations due to existing
knowledge and methodological gaps. It will need further developments to increase its robustness and
accuracy.

2) Part 2: Application of the approach to assess the potential global impact on the marine
environment of three EPS/XPS materials and three biobased alternatives
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In this part, three conventional EPS/XPS materials used respectively as a fish box (EPS), a food box (XPS)
and an insulating plate (EPS) were selected along with three biodegradable and biobased alternatives
newly developed to make fish boxes.

The potential global impact on the marine environment of these six materials was assessed by applying
the approach proposed in Part 1. To do so, the six materials were submitted to 15 assays, conducted
either in a laboratory or in the field, providing data on different impact indicators (weathering, transfer
of hazardous chemicals, toxicity on marine organisms). Results were combined by calculating an
“impact score” for each material, which provides a ranking from the less to the more potentially
impacting for the marine environment. As said above, these results must be considered with caution
as they are only a first attempt to provide a global impact assessment for plastic materials with known
knowledge and methodological limitations. Further works will be needed to improve results accuracy
and robustness.

The different steps of the study are synthesized in Figure 5.

Litterature review. Key-words: (“Impacts” OR “Effects” OR “Toxicity” OR “Consequences” AND (“Marine
Debris” OR “Plastic*” OR “Polystyrene”). Number of papers: 9,890 and 55 highly cited papers

Identification of potential impacts induce by EPS/XPS

Part 1
Identification of the available methods to assess potential environmental impacts induced by
EPS/XPS (Toolkit)
Approach proposal
Part 2 Case study: Impacts of conventional EPS/XPS vs. biodegradable and biobased alternatives

Figure 5. Presentation of the study.
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PART 1: PROPOSAL OF A TOOLKIT OF ASSAYS

AND AN ASSOCIATED APPROACH TO ASSESS

EPS/XPS POTENTIAL GLOBAL IMPACT ON THE
MARINE ENVIRONMENT

1) Review of impacts of plastic litter in the marine

environment

The literature analysis was performed using the Web of Science database using several key-words:
(“Impacts” OR “Effects” OR “Toxicity” OR “Consequences”) AND (“Marine Debris” OR “Plastic*”). A
total of 9,890 papers were proposed but we used the 55 highly cited papers to identify the main
environmental impacts. These impacts can be classified in three main categories: (I) Weathering
(colonization and degradation); (Il) Transfer of hazardous chemicals; (1) Toxicity for marine organisms
(see below for details).

I Weathering of plastic litter
During its journey as litter, the potential impacts induce by a piece of plastic evolve with its weathering
in the natural environment. This weathering implies two main processes.

On one hand, the weathering implies short and mid-term phenomena modifying the surface of the
debris. Different substances can rapidly adhere on plastic debris — such as proteins, nutrients, organic
matter, or hydrophobic contaminants — forming an eco-corona as well as bacteria, microalgae forming
a biofilm (Figure 6). In addition, large debris can be colonized by a large diversity of organisms such as
algae, bivalves, tunicates, barnacles, bryozoans. These phenomena affect the behavior of plastic debris
and the potential interactions with aquatic life as the corona and biofilms defined the biological
identity of plastic debris and can facilitate ingestion (Procter et al., 2019; Savoca et al., 2016).
Therefore, plastic litter can be quickly incorporated into food webs.

On the other hand, the weathering implies processes of degradation, generally on a longer-term,
leading to erosion and fragmentation of plastic litter in smaller pieces (microplastics (MP) and
nanoplastics (NP); Figure 6) (MaclLeod et al., 2021). Ultimately, the degradation processes could lead
to a complete mineralization but this timeframe is currently unknown (Napper and Thompson, 2020).
The rate of degradation depends on the location of the plastics litter. For instance, oxidation by UV-
light is more important for plastic debris accumulating on beaches in comparison to the seafloor due
to the low levels of oxygen and the reduced amount of solar radiation. Degradation is almost inexistent
below the euphotic zone (Andrady, 2015, 2011). In addition to the production of MP and NP, the
weathering can induce the release of chemicals added intentionally (additives) or non-intentionally
added substances (NIAS; e.g. transformation products) in environment or organisms (during the gut
transit) (e.g. Hermabessiere et al., 2017).
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Figure 6. Weathering processes of plastic litter in aquatic environments (MaclLeod et al., 2021).

Plastic debris can harbor communities of organisms on their surface (e.g. micro-organisms, algae,
invertebrates, reptiles; Kiessling et al., 2015; Paul-Pont et al., 2018). They can carry non-indigenous
species potentially invasive in ecosystems. Invasive species represent a high risk for ecosystems as they
can disrupt their functioning and lead to the decrease/removal of native species at the origin of
ecosystem services (especially cultural or economic). Overall, it is estimated that anthropogenic litter
double the opportunities for invasion, especially in high latitudes (Barnes, 2002). In addition, special
events can induce a massive transport of new species. For instance, 289 Japanese species were
introduced on the west coast of United States following the Tsunami that affected the Japanese coast
in 2011 (Carlton et al., 2017). The diversity of microorganisms on plastic litter constitutes the
“Plastisphere” (Zettler et al., 2013; Figure 7).

Figure 7. Scanning electron microscopy observations on plastic debris found in oceans (Zettler et al.,
2013).
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This Plastisphere can include toxic species such as harmful algal blooms (Maso et al., 2003) or toxic
bacterial species for life of human health (Zettler et al., 2013). Therefore, plastic debris can act as
vectors of pathogens affecting the functioning of marine ecosystems. For instance, the presence of
plastic litter increases by 85% the probability of coral diseases in South-East Asia (Lamb et al., 2018).
In addition, the worldwide dissemination of microorganisms by plastic litter could contribute to the
increase in antibiotic resistance (Lagana et al., 2019). Interestingly, studies demonstrated that the
diversity of microorganisms on plastic debris depends on the polymer type (e.g. Frére et al., 2018).

Il. Transfer of hazardous chemicals

During the plastic production, chemicals (i.e. additives) are added to provide specific properties to the
material (e.g. color, flame retardants, resistance, flexibility; Hermabessiere et al., 2017). On average,
additives constitute 7% of the plastic mass although this value can be extremely high for some products
(e.g. additives represent 50% of the mass of tires; Geyer et al., 2017; Wagner et al., 2018). Plastic
additives can reach the aquatic environments and constitute a risk for living organisms as many
additives are considered hazardous (e.g. bisphenol A). A recent study identified more than 10,000
substances used in plastics, some of which (> 2,400) considered as substances of potential concern
(Wiesinger et al., 2021). On the one hand, additives can be released during the use of plastic items and
reach oceans by industrial/municipal wastewaters, urban runoffs, atmospheric deposition, and inland
waterway transports. On the other hand, plastic litter can release their additives during their
weathering in the environment and contaminate organisms. For instance, it is estimated that
approximately 190 tonnes (t) of 20 chemical additives entered the oceans in 2015 as constituents of 7
common plastic debris items (bottles, bottle caps, expanded polystyrene (EPS) containers, cutlery,
grocery bags, food wrappers, and straws or stirrers; Frond et al., 2019).

In addition to the intentionally added additives, many non-intentionally added substances (NIAS) can
also be present in plastics and released in aquatic environments (Tian et al., 2020; Wiesinger et al.,
2021). For instance, annual mortality events of coho salmons in western North America are related to
a highly toxic quinone transformation product of a tire rubber antioxidant (6PPD-quinone) released by
road traffic (Tian et al., 2020).

Environmental contaminants (i.e. hydrophobic organic chemicals : polycyclic aromatic hydrocarbons —
PAH; polychlorinated biphenyls - PCBs) can sorb on plastic litter which then acts as a vector of
dissemination in the environment because the continuation of the weathering processes can allow a
desorption of these contaminants to another place or in living organism (Koelmans et al., 2016;
Rochman et al., 2013b). For instance, 190 tons of PCBs entered annually in oceans when considering
only 7 common plastic debris (bottles, bottle caps, EPS containers, cutlery, grocery bags, food
wrappers, and straws or stirrers; Frond et al., 2019). However, to date, the risk associated to this
hazardous process is potentially negligible in comparison to other vectors available in aquatic
environments (e.g. colloids, bacteria, detritus, phytoplankton; Koelmans et al., 2016). Nevertheless, in
the context of the “Plastic Toxicity Debt Concept” proposed by Rillig and al. (2021), i.e. the risk
associated to plastic debris will increase inevitably in the future decades due to the increase use of
plastic items and the continuous fragmentation in oceans leading to higher and higher concentrations
of small debris, it is therefore important to understand the adsorption/desorption mechanism of
environmental contaminants and the differences among plastic materials.
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lll.  Toxicity of plastic litter on marine life

Marine animals can ingest accidentally plastic litter by mistaking them for their natural preys. All
trophic levels can ingest plastic litter, including zooplankton (Desforges et al., 2015; Sun et al., 2018),
mollusks (Davidson & Dudas, 2016; Li et al., 2015; Van Cauwenberghe & Janssen, 2014), annelids (Van
Cauwenberghe et al., 2015), fish (Foekema et al., 2013; Lusher et al., 2013), mammals (Fossi et al.,
2012, 2014; Nelms et al., 2019), birds (Van Franeker et al., 2011), reptiles (Duncan et al., 2018). In 2021,
literature reported 1,288 marine species ingesting plastic litter (Santos et al., 2021; Figure 8). Ingestion
is reported all environments (temperate, tropical, polar, deep-sea; Santos et al., 2021). To date, at least
one plastic is found in 66% of marine mammals, 50% of marine birds and 100% of marine turtles
(Duncan et al., 2019; Rochman et al., 2016).

Fishes
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Invertebrates . ;errzstrifl
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Species
Figure 8. Number and type of species ingesting plastic litter (Santos et al., 2021).

The risk of ingestion depends on several features such as the size of plastic litter, the size of the mouth,
the feeding mode (e.g. filter-feeding organisms, carnivorous organisms, deposit-feeding organisms),
the shape of plastics litter (e.g. beads, fragments, fibers, film, foam) as well as the presence of biofilm
on the debris (Cole and Galloway, 2015; Gray and Weinstein, 2017; Procter et al., 2019; Savoca et al.,
2016; Scherer et al., 2017; Sussarellu et al., 2016). Transfer of non-excreted plastics can occur along
the trophic chain as suggested by laboratory experiments (Farrell and Nelson, 2013; Setala et al., 2014).

Ingested plastics or their associated chemicals can induce a wide range of detrimental effects, from
subcellular disruptions to the death in the worst case implying potential consequences at higher
biological organizations (populations/ecosystems; Galloway et al., 2017; Wright et al., 2013; Figure 9).
On the one hand, ingested plastics can induce injuries in the digestive tract (e.g. dysbiosis, tissue
damages) (Jin et al., 2018; Paul-Pont et al., 2018; Peda et al., 2016; von Moos et al., 2012; Wright et
al., 2013). In the case of small plastics debris, such as the nanoplastics, translocation can occur, i.e. the
passage of particles through the epithelia and membranes, allowing colonization of various organs and
favoring bioaccumulation (Paul-Pont et al., 2018). For instance, nanopolystyrene beads are found in
various organs (e.g. gut, gonad, muscle) in the Great scallop (Pecten maximus) after a 6h exposure (Al-
Sid-Cheikh et al., 2018). These authors estimate an annual bioaccumulation of 123 ng NP g%, 12 ug NP
g and 1.8 mg NP g? for constant concentrations of 1 pg L, 100 ng L™ and 15 ug L%, respectively.
Translocation probabilities depend on the surface properties (e.g. corona composition; Canesi and
Corsi, 2016; Galloway et al., 2017; Paul-Pont et al., 2018). One the other hand, ingestion of plastics can
obstruct digestive organs affecting the feeding that can lead to deleterious consequences on the
energy balance regulating the growth, the reproduction and the maintenance of animals (Cole et al.,
2015; Gardon et al., 2018; Ogonowski et al., 2016; Sussarellu et al., 2016). For instance, ingestion of
polystyrene beads disrupted the energy balance of zooplankton or oysters under lab exposures,
leading to reprotoxic effects (e.g. decreases in hatching success, gametes and larvae qualities; Cole et
al., 2015; Sussarellu et al., 2016) that may induce deleterious consequences at the population level
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(e.g. recruitment). In addition to ingestion, physical interactions between plastic litter and external
organs can induce damages to organisms such as entanglements/smothering (Gregory, 2009) or
disruption of essential mechanisms (e.g. respiration, Watts et al., 2015).
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Figure 9. Potential impacts induced by plastic litter and associated chemicals (Galloway et al., 2017)

IV. Synthesis of impacts identified
The different impacts associated with the three main categories identified are synthesized in the table
below.

Table 3. Summary of the potential environmental impacts induced by plastic litter

Environmental Impacts Sub-categories of impacts

e Colonization by macro- and microorganisms, transport
of pathogens and non-indigenous species
e Fragmentation and release of micro/nanoparticles

Weathering (colonization and
degradation)

e Adsorption of contaminants on the surface and release in
new environment or marine biota;
e Release of harmful additives or NIAS

Transfer of hazardous
chemicals

e Ingestion and associated physical effects and toxicity
(Modification of feeding behavior; Disruption of cell
defenses; Reprotoxicity; Alteration of the population
growth affecting the community structure)

e Toxicity associated with leaching of contaminants
(Modification of feeding behavior; Disruption of cell
defenses; Reprotoxicity; Alteration of the population
growth affecting the community structure)

Toxicity on marine organisms
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2) Proposal of approach to assess the potential global
impact of plastic litter

l. Context

Since a decade, the scientific community investigates the different impacts of plastic litter, notably the
difference of risks among polymers. To date, it is known that weathering, transfer of hazardous
chemicals or toxic effects on marine organisms are potential impacts of plastic materials that can vary
among polymers or plastic items (Frére et al.,, 2018; Lozano et al., 2021; Tallec et al., 2022).
Nonetheless, scientific papers are generally focused only on one impact category whereas it is not
enough to assess the global impact footprint of a material and support decision-makers. Indeed, it
appears essential to combine different analyses to have a global view of the potential impacts induce
by a material or a substance considered as problematic for the environment or by a new material put
on the market and susceptible to reach the environment.

To date, no policies or regulations target directly the production and marketing of plastic products
(new, recycled, or alternatives) except for the chemicals added in the product (e.g. the European Union
REACH regulation EC 1907/2006, REACH standing for “Registration, Evaluation, Authorization and
restriction of Chemicals”). Thus, unlike chemicals, there is no harmonized risk assessment procedure
for marketed polymers. In addition, there is no regulation or tool available for plastic litter likely to end
up in the marine environment or for plastic items directly used at sea (e.g. aquaculture gears), as it
exists for chemicals transported by ship (GESAMP, 2019) or for chemicals intended for use and
discharge in the exploration, exploitation and associated offshore processing of petroleum in the UK
and Netherlands (Offshore Chemical Notification Scheme (OCNS)). For instance, the goal of the OCNS
is to register chemicals by performing a risk assessment notably based on the OSPAR Harmonised
Mandatory Control Scheme (HMCS). The purpose of the HMCS is to obtain a ranking by calculating
hazard scores using when possible a mathematical model (CHARM - Chemical Hazard Assessment and
Risk Management) that uses data provided by a set of assays performed to assess the main potential
impacts of the tested substances (toxicity, biodegradation and bioaccumulation (see details here: ). A
similar approach could be interesting for plastic litter likely to end up in the marine environment, for
plastic items directly used at sea or to pragmatically validate alternatives to replace a product likely to
end up at sea. Data obtained with such an approach would help stakeholders in decision-making
regarding the mitigation of plastic pollution impact on the marine environment. These data would be
also interesting to feed life-cycle analysis and circularity assessment tools as developed in OceanWise
WP6.

In this context, the objective of this section is to propose a first approach to assess the potential global
impact on the marine environment of plastic litter

Il. Presentation of the approach
Based on approaches used for chemicals intended to be used by the offshore petroleum industry in
the UK and Netherlands (OCNS) or transported by ship (GESAMP, 2019) (see Annex 1 for an illustration
of the OCNS approach), a first approach for plastic materials is proposed and shown in Figure 10. The
approach is divided in three main parts: (i) the risk assessment, (ii) the impact assessment, (iii)
recommendations. The first part allows assessing if the material presents a risk for the marine
environment i.e. plastic items used directly at sea environments or plastic items found as a major
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category of marine litter. The second part relies on a harmonized impact assessment combining
different assays covering the three main categories of impacts associated with plastic litter
(weathering, transfer of chemicals, and toxicity on marine organisms). Results of the different assays
are then combined under an “Impact Score” (IS) that can be used to rank different materials. In
absence of standardized thresholds or standardized mathematical models (as the CHARM), it is
currently not possible to assess the impact for only one material, only relative impact can be obtained
by comparing different materials. This gap should be viewed as a priority for future years. Finally,
results of comparative analyses allow the elaboration of recommendations, i.e. a recommendation of
substitution if the alternative material has a better ranking than the original material, or the need of
new developments (e.g. new alternatives, new recycling methods) or regulations by stakeholders.

Items used in
Major Debris H Plastics l—b aquatic
l environments
Yes | Marine Biodegradable Plastics | Yes

Y

| Harmonized Risk Assessment ‘

i v l
Weathering Transfer of Toxicity

chemicals

1onpoud padojenep AjmenN

h 4 N ¥

| Impact Score - Ranking* |

A

‘ Good Ranking }7—5 No

l

Is substitute

\ 4

available?
Yes Yes

No

! v
. Substitution if Development of new
Permission . A
alternative has a alternatives or
good ranking specific regulations

I

Figure 10. Approach proposal to study environmental impacts of plastic items used directly in aquatic
environments or plastic debris and their alternatives. * = in absence of adopted threshold to assess
the level of impact, only comparative analyses can be conducted.
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lll.  Toolkit of assays for the impact assessment

For the harmonized impact assessment, a literature review allowed to make an inventory of tools and
methods available to assess environmental impacts of plastic litter. In total, 48 assays were identified
and selected to make a “toolkit” of assays to assess the impact on the marine environmental of plastic
materials (Table 4). Only 11 normalized methods (from I1SO, OECD or ATSM International Guidelines)
were found. These latter were not all designed originally for plastic materials as several are for
chemicals testing, though they could be adapted for plastic materials. This highlights the lack of
normalized methods to conduct a harmonized impact assessment of plastic materials. It must be noted
that the list of assays proposed in Table 4 is a first proposal; this “toolkit” of assays must be completed
and improved in future years to obtain a better coverage of existing impacts.
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Table 4. Toolkit of assays to assess potential impacts on the marine environment of plastic materials. When the methodology referred to ASTM,

ISO or OCDE protocols, this means that standardized protocol are available.

Identified risks
associated
with plastic

debris

Indicators

Measured Parameters

Methodology
references

Scores

0

Weathering
(Colonization
&
Degradation)

Material colonization by
macrofauna

Material surface coverage
(%)

ASTM-D3623; Fazey
and Ryan, 2016

0-33%

Mass of macroorganisms
attached on materials

ASTM-D3623; Fazey
and Ryan 2016

Low Mass

Material colonization by
microfauna

Toxic/Invasive organisms
attached on materials

Zettler et al., 2013;
Frere et al., 2018

No

Abundance of bacteria on
materials

Carson et al., 2013;
Hossain et al., 2019

Low
Abundance

Bacterial communities
attached on materials

Frére et al., 2018;
Kirstein et al., 2019

Low Diversity

Material persistence on a beach

Chemical properties, Mass
Loss, Appearance

Corcoran et al., 2009;
Fotopoulou and
Karapanagioti, 2012

No change

Material persistence in seawater

Chemical properties, Mass
Loss, Appearance

SO 15314:2018

No change

Material persistence in aging
chamber

Chemical properties, Mass
Loss, Appearance

Julienne et al., 2019

No change

Material biodegradation on a
beach

Carbon dioxide production

ASTM D7991-15

No degradation

Material biodegradation in
seawater

Carbon dioxide production

OCDE Test 306 / ASTM
D6691-17 / ISO/TR
15462:2006

No degradation
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Transfer of hazardous
chemicals

Characterization of

Gardon et al., 2020;
Sussarellu et al., 2016;
Volker et al., 2022;

Intrinsic contamination . . .. . Low Level
chemicals in plastic items Zimmermann et al.,
2021, 2020, 2019
Characterization of Velegatal, 2072
. . Gardon et al., 2020 ;
chemicals leached in . Low Level
seawater/sediment ARSI EEEl,
2021
Release of chemicals
Characterization of
chemicals leached in Tallec et al., 2022; Low Level
seawater/sediment from Gardon et al., 2020
weathered materials
Characterization of Mato et al., 2001;
chemicals/metals adsorbed | Rochman et al., 2014, Low Level
. ) i on new materials 2013a
Adsorption of chemicals in
seawater/sediments
Characterization of Mato et al., 2001;
chemicals adsorbed on Rochman et al., 2014, Low Level

weathered materials

2013a
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Toxicity
(particles/debris or
extracts/leachates)

Endocrine disruption Kedzierski et al., 2018; Zimmermann et | No or Low
P al., 2021 Toxicity
Oxidative stress Tallec et al., 2022; Zimmermann et al., | No or Low
2021 Toxicity
Cellular effects Genotoxicity Jiang et al., 2020; Pannetier et al., 2020 No or I_.ow
Toxicity
ISO 11348-3:2007
Viabilit Fringer et al., 2020; Jiang et al., 2020; No or Low
y Kedzierski et al., 2018; Tallec et al., Toxicity
2020
Fertilization success Martinez-Gémez et al., 2017; Tallecet | No or Low
al., 2022; Yaripour et al., 2021 Toxicity
Reprotoxic effects Embrvogenesis and Cormier et al., 2021; Della Torre et al., NG oF Low
Iarvalydegvelo ment 2014; Tallec et al., 2021; OECD TG 236 ; Toxicit
i ISO 17244:2015 y
. Cole et al., 2013; Cole and Galloway, No or Low
Feeding . .
2015; Sussarellu et al., 2016 Toxicity
Respiration Pousse et al., 2020; Tallec et al., 2021 No o'r I'.ow
E llocation Toxlcity
nergy a Absorbtion efficienc Tallec et al., 2021; Sussarellu et al., No or Low
P ¥ 2016 ; Pousse et al., 2020 Toxicity
Energy modeling Sussarellu et al., 2016; Cole et al., 2015 No o.r I:ow
Toxicity
ATSM E 1440-91; ISO No or Low
Mobility 14669:1999 ; Mattsson et al., 2017; Toxicit
. Tallec et al., 2020 ¥
Behavior -
Cormier et al., 2021; Tallec et al., 2020 ;
. . No or Low
Velocity Mattsson et al., 2017 ; Pannetier et al., Toxicit
2020 ¥
Survival Survival Yield ATSM E 1440-91; 1SO 14669:1999; No or Low
OECD 221; OECD 203 Toxicity
Pooulation Pooulation erowth OECD 221; OECD 201; Martins and No or Low
P P & Guilhermino, 2018; Schiir et al.,, 2021 | Toxicity
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IV. Proposal of an impact assessment approach for plastics
For the impact assessment, as said above, only relative impact can be assessed so it is necessary to
have a least two materials to test (e.g. a conventional plastic versus a biobased alternative).

To compare the potential global impact of two plastic materials, it is proposed to select several
methodologies to apply on materials to be tested. The minimum number of assays to conduct for a
robust impact assessment is still to be determined. For instance, in the OCNS guidelines, 6 assays are
recommended within three categories (1 assay of biodegradation, 2 assays of bioaccumulation and 3
assays of toxicity) but these guidelines can be adapted according to the context (e.g. when compounds
are sinkers, an additional toxicity assay are require to test toxicity on a sediment reworker). Based on
this international guideline, in the present approach, as a first attempt, it is proposed to select a
minimum of 8 assays as follows: 2 assays for the weathering, 3 assays for the transfer of chemicals and
3 assays of toxicity, among assays in the toolkit (Table 4). However, conducting more assays is expected
to increase the robustness of results obtained.

Below is presented an example of a combination of assays that could be selected to perform an
assessment of the potential global impact for two plastic materials (see Table 4 for details and
references):

e |Impact category 1: Weathering

o Assay 1: Mass of organisms and/or surface coverage after deployment in seawater to
investigate the possibility of the item/debris to act as substrate of biodiversity with
potential transport of species across oceans.

o Assay 2: Assessment of the material persistence (i.e. degradation) to determine the
resistance and the durability of the material in environment. The assay depends on
the study site (beach, seawater or sediment).

e Impact category 2: Transfer of hazardous chemicals

o Assay 1: Assessment of the intrinsic contamination to determine the amount of
chemical compounds in the material, especially PAHs and additives. It is currently
difficult and highly expensive to characterize all chemicals inside plastics with high-
throughput non targeted chemical analyses (Tallec et al., 2022), a list of compounds
could be proposed according to the available data in order to target major compounds
added in plastics.

o Assay 2: Assessment of the amounts of chemicals leached in seawater. The same
compounds are targeted in the assay 1 and 2 to quantify the percent of leached
compounds.

o Assay 3: Assessment of the amounts of chemicals adsorbed on the plastic items/debris
after a deployment in the marine environment.

o Additional assay: Assessment of the amounts of chemicals leached in sediment if
plastic items/debris are sinkers.

e Impact category 3: Toxic Effects. Regarding this impact, the use of several assays with different
biological model is particularly appropriate to take into account possible biological variability
as recommended by the OCNS. In addition, the use of several assays allows the study of various
endpoints (e.g. survival, growth, reprotoxicity).

o Assay 1: Effects on bacteria bioluminescence.

o Assay 2: Effects on microalgae population growth.
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o Assay 3: Effects on bivalve or fish development.
o Additional assay: Effects on arenicola or amphipods survival/feeding if the plastic litter
is a sinker (with a density higher than seawater).

Once assays have been conducted, a score is attributed to each material for each assay. As a first
attempt, the scoring is as follows: 0 for a low impact, 1 for a medium impact and 2 for a high impact.
In absence of thresholds for the different assays, it is proposed to attribute scores based on statistical
differences between the different materials tested and the control. For instance, if two materials A
and B are tested, the score would be deduced as follows:

- Ifresults obtained are not statistically different from the control, the score of the two materials
AandBisO,

- If results obtained are not statistically different from the control for material A but different
for material B, scores are respectively, O for A and 1 for B,

- If for both materials A and B, results obtained are statistically different from the control but
the difference is not significant between A and B, the score of the two materialsis 1,

- If for both materials A and B, results obtained are statistically different from the control and
that A has a significantly higher impact than B, scores are respectively, 2 for A and 1 for B.

Then, in order to weight the three main impact categories defined above (i.e. Weathering, Transfer of
hazardous chemicals and Toxicity on marine organisms), it is proposed to calculate the average score
for each of the three categories. This is done to ensure each impact category contributes equally to
the Impact Score.

Then, it is proposed to calculate the Impact Score, which traduces the relative potential global impact
of each material tested by summing the three averaged score obtained for categories “Weathering”,
“Transfer of hazardous chemicals” and “Toxicity on marine organisms”.

The global impact assessment approach proposed in the present study could be synthesized as follows:

1) Selection of a miminum of 8 assays in the toolkit: 2 assays in the category “Weathering”, 3 in the
category “Transfer of chemicals” and 3 in the category “Toxicity on marine organism”,

2) Selection of a minimum of two materials to be tested,

3) Conduction of the 8 assays on the two materials and statistical comparison of results obtained for
each assays,

4) Attribution of scores to each material for each assay,

5) For each impact category (“Weathering”, “Transfer of chemicals” and “Toxicity on marine
organisms”), calculation of the average of scores obtained for the different assays,

6) Calculation of the resulting Impact Score for each material by summing the 3 average scores
obtained for the three impact categories,

7) Interpretation of the results and ranking of the potential global impact of the two materials knowing
that the lower the score, the lower the potential global impact on the marine environment.

This work must be viewed as a first attempt to propose an approach to assess the potential global
impact of plastic material on the marine environment. It should be considered with caution since it has
numerous limitations due to knowledge and methodological gaps. It will need further developments
to increase its robustness and accuracy.
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PART 2: ASSESSMENT OF THE POTENTIAL
GLOBAL IMPACT ON THE MARINE
ENVIRONMENT OF 3 EPS/XPS MATERIALS AND
3 BIOBASED ALTERNATIVES

1) Selection of tested materials

A total of six materials were tested in the study: three types of foamed polystyrene (EPS or XPS) and
three foamed alternatives, which are biobased and biodegradable (Figure 11, Table 5).
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Table 5. Materials tested in the study

End Food
Material Biobased Biodegradable Code contact
product .
materials
Expanded Polystyrene No No EPS-F Fish box Yes
Expanded Polystyrene No No EPS-I Insulating No
plate
Extruded Polystyrene No No XPS-O Food box Yes
Yes
. . In industrial .
Polylactic Acid Yes . PLA-F Fish box Yes
composting
facilities?
Yes
Polylactic Acid + . .
| | PLA+PBAT
Polybutylene Adipate Yes " mdust'rla A Fish box Yes
Terephthalate composting F
facilities®
Yes
Poly3-h -
oly3-hydroxybutyrate Yes In the marine  PHBH-F Fish box Yes

co-3-hydroxyhexanoate . N
environment

! certified by the NF EN 13432, 2 certified “OK Biodegradable MARINE", certificate from Green Planet™

The three conventional foamed PS were purchased in stores while the three alternatives were kindly
provided by three different producers.

The six materials were tested using 13 assays, combining both field and laboratory experimentations,
selected in the toolkit described in Part 1. Theses assays are:

(1) For the “Weathering” category (3 assays):

o Level of colonization in seawater,
o Degradation of the materials in an aging chamber,
o Degradation of the materials on a beach.

(1) For the “Transfer of hazardous chemicals” category (3 assays):

o Level of intrinsic contaminants,
o Capacity to leach intrinsic contaminants in seawater,
o Capacity to adsorb environmental contaminants during a deployment in the field.

(1) For the “Toxicity on marine organisms” category (7 assays):

o Cytotoxicity of solvent extracts on bacteria,

o Cytotoxicity of solvent extracts on fish cell lines,

o Estrogenic potential (i.e. endrocrine disruption) of solvent extracts,
o Reprotoxicity of solvent extracts on zebrafish early life stages,

o Cytotoxicity of seawater leachates on bacteria,

o Cytotoxicity of seawater leachates on microalgae,

o Reprotoxicity of seawter leachates on oyster early life stages.
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The different assays were conducted either by Cedre in its premices (Brest, France) and in Brest Marina
or in collaboration with French partners laboratories, namely the EPOC lab (UMR 5805, Talence), the
LEMAR lab (UMR 6935, Plouzané) and the LUBEM lab (UR 3882, Plouzané).

Materials and methods used and results obtained for the different assays are presented below. All
results obtained are expressed as mean + standard deviation (SD). Statistical analyses and graphical
representations were conducted with the R Software (R Core Team, 2016). Differences are considered
significant when p-values < 0.05.

2) Weathering of EPS/XPS and alternatives

I Colonization
a. Materials and methods

i. Field experiment
A field experiment of 9 weeks was conducted in the Marina du Chateau in Brest (June — July 2021;
48°22'49.6"N 4°29'21.6"W) to compare the colonization potential between the six selected materials.
This assay was conducted in collaboration with the LUBEM lab. All materials were cut to have similar
dimensions in term of sizes (4-4.5 x 3 cm) and thickness (0.5-0.8 cm). Materials were immersed inside
stainless steel cages (Figure 12).

©Cedre

©Cedre

Figure 12. (A) Marina of Brest, (B & C) Stainless steel cages immersed in seawater to assess colonization
and environmental contaminants adsorption (see section 3.1l for details).
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ii. Macrocolonization
Every 3 weeks, 3 pieces per material were sampled to monitor the colonization trend. All samples were
wrapped in aluminum foil and stored at -20°C. Once frozen, samples were scraped to collect the
attached macroorganisms which were then placed at 50°C for 4 days to measure a dry mass (mg).

b. Results and discussion

Plastic litter or plastic products used directly and lost at sea (e.g. aquaculture gears) can be colonized
by macro- and microorganisms with potential impacts for marine ecosystems due to the transport of
non-indigenous/invasive species and diseases (e.g. Carlton et al., 2018; Frére et al., 2019; Lamb et al.,
2018). In our experiment, a rapid colonization, notably by algae, was observed for all materials from
the first sampling (Figure 13). The mass of colonizing organisms has a trend to increase over time but
no statistical difference (p-value > 0.05) was detected between materials, which can be explained by a
high variability among replicates (Figure 14). Over the whole experiment, no statistical difference in
macrocolonization (p-value > 0.05) was observed among materials. Overall, these results suggest
that all tested materials can act as substrate of biodiversity and can transport species.

Based on these results, the score attributed to each material for this assay is 1.

9-Weeks

AR

EPS-F
EPS-I

XPS-0

PLA+PBAT

PHBH &

Figure 13. Photos of the six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O; three
alternatives: PHBH-F, PLA-F, PLA+PBAT-F) after 3, 6 and 9 weeks of deployment in the Marina of Brest.
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10007 [ ]3-weeks

[ 6-weeks

750 Il 9-weeks
500 -

EPS-F  EPS-l  XPS-O PHBH-F PLA-F  PLA+
A PBAT-F
Materials

Mass of colonizing organisms (mg)

Figure 14. Mass (mg) of colonizing macro-organisms on the six foamed materials (three conventional
PS: EPS-F, EPS-I, XPS-O; three alternatives: PHBH-F, PLA-F, PLA+PBAT-F) after 3, 6 and 9 weeks of
deployment in the Marina of Brest. ANOVA was used to compare treatments at the 5% level (n=3).

Furthermore, the absence of difference in the mass of colonizing organisms suggests that all materials
have the same capacity of colonization. Nevertheless, a high variability was observed between
replicates. Thus, we recommend for future similar experiments the use of a larger number of replicates
(>15 replicates) to consider the variability and conduct more efficient statistical analyses. In addition,
our analysis did not consider the potential taxonomic variability among materials. Therefore we cannot
exclude that the diversity varies significantly among conventional PS and their alternatives, with a
potential increase of the risk if non-indigenous/invasive species colonize preferentially certain
polymers. In the same way, we recommend a novel analysis for future studies with the characterization
of the microcolonization (abundance and diversity) as it is well know that the diversity of
microorganisms varies among polymers and can include pathogens (Frére et al., 2018; Pinto et al.,
2019). This approach could allow identification of differences in the adhesion probability of harmful

species.
Il. Degradation in an aging chamber

a. Materials and methods
This assay was conducted in Cedre premices. The six materials were placed for three months in an
aging chamber (Atlas Suntest XLS+) with constant and controlled temperature (45°C) and lighting (55
W m2). Dimensions of the materials placed in the chamber are described in Table 6. In addition, small
pieces of each materials were sampled after 3 months in the aging chamber to perform a Microtox®
assay in order to check an evolution in the toxicity potential after photodegradation (see section 4.1).

Table 6. Size of material pieces used in the aging chamber experiment.

Materials Weight (g) Size (cm) Thickness (mm)
EPS-F 1.2 27.7x4.3 5
EPS-I 1.2 28x4.3 5
XPS-0O 1.8 17.9x8.2 3
PLA-F 3.6 27.8x4 5
PLA+PBAT-F 1.7 25.9x3.6 5
PHBH-F 3.5 27.9x4.3 5
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b. Results and discussion

Observations at the end of the material weathering revealed visual alterations with higher yellowing
of the surface of conventional foamed PS compared to alternatives, as well as a higher release of
powder (Figure 15 and 16). These qualitative results support the hypothesis that conventional foamed
PS could degrade more rapidly. This could pose a threat to the marine environment through a more
rapid and significant release of micro/nanoplastics and toxic chemical compounds initially added
during material production (i.e. additives). Nonetheless, further studies are necessary to obtain
guantitative data and validate this hypothesis.

Based on these results, scores attributed to foamed PS and alternatives, are respectively 1 and 0.

PHBH-F EPS-1 EPS-F

8 g
"

D ‘ |
Ty

Figure 15. Visual observations of the materials at the beginning of the experiment (A) and after 3
months in the aging chamber (B).

Figure 16. Release of the weathering powder from the six foamed materials (three conventional PS:
(A) EPS-F, (B) EPS-I, (C) XPS-O; three alternatives: (D) PLA-F, (E) PLA+PBAT-F, (F) PHBH-F) after 3 months
of weathering in the aging chamber.
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lll. Degradation on a beach

a. Materials and methods

This assay was conducted in Cedre premices. The six materials (Size: 1 x 1 cm; Thickness: 3 mm; n=23-
34 pieces per material) were deployed for eight months on Cedre’s artificial beach (Figure 17). All
pieces were numbered and weighted before deployment. Three pieces per materials were sampled
after 1 week, 2 weeks, 1 month, 3 months, 6 months and 8 months to monitor the mass loss. During
the exposure, the oxidation state was monitored by infrared spectroscopy (Nicolet Summit FTIR
Spectrometer equipped with an ATR Everest Diamant). In total, six samplings were performed
throughout the experiment, after 7, 14, 28, 92, 183 and 259 days. Microtox® assays were performed
on samples collected after 3 and 8 months of deployment (see section 4.11).

Figure 17. Experimental area on Cedre artificial beach

b. Results and discussion

Mass analyses showed no significant differences (p-values > 0.05) over the monitoring on Cedre’s
beach for either conventional foamed PS or alternatives (Figure 18). For conventional foamed PS,
EPS-F, EPS-l and XPS-O had a mass of 43.2 + 4.6 mg, 49.8 £ 6.7 mg, 54.0 + 6.4 mg before the deployment
and 46.8 £ 3.1 mg, 58.2 + 10.4 mg, 56.2 + 3.2 mg after 8 months of deployment, respectively. Regarding
alternatives, PLA-F, PLA+PBAT-F and PHBH-F had a mass of 84.2 + 10.4 mg, 58.1 £ 8.9 mg, 83.1 £ 11.3
before the deployment and 84.3 + 7.8, 65.9 + 3.8, 104.3 + 14.1 after 8 months of deployment,
respectively.

1004
PHBH

PLA

751 PLA+PBAT

Mass (mg)

EPS-F

thttd

EPS-I
50

XPS-0

]
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01/02/21
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18/10/214
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Figure 19A. Evolution of the mass of the six foamed materials (three conventional PS: EPS-F — dark
blue, EPS-I — light blue, XPS-O — yellow; three alternatives: PLA-F — grey, PLA+PBAT-F — green, PHBH-F
— red) over 8 months of deployment on Cedre’s beach. ANOVAs were conducted to check significant
differences over time (p-values > 0.05).
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Analysis of spectral data showed three clusters: (1) the three conventional foamed PS, (2) PLA and
PLA+PBAT, (3) PHBH (Figure 19A), in line with the different polymers composition of materials. No
significant evolutions (p-values < 0.05) were detected for all materials regarding their spectral
signatures over the 8 month of deployment on Cedre beach (Figure 19B). These results suggest that
the duration of deployment on the Cedre beach was too short to observe degradation patterns,
future studies will require higher deployment duration.

Based on these results, the score attributed to each material for this assay is 0.
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Figure 19B. Principal component analysis (PCA; A) and evolution (B) of the spectral data obtained from
six foamed materials (three conventional PS: EPS-F — light blue, EPS-I — pink, XPS-O — yellow; three
alternatives: PLA-F — green, PLA+PBAT-F — blue, PHBH-F — red) over 8 months of deployment on Cedre’s
beach.
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IV. Impact Score obtained for the “Weathering” category
Based on results obtained in the different assays assessing the weathering of the six foamed materials,
the calculated impact score (IS) for this impact category is presented in Table 7. The data compilation
gave a higher IS for the three conventional materials owing to the results obtained in the aging
chamber where they displayed a yellowing associated to a release of powder suggesting a higher
degradation rate for these materials while alternatives did not exhibit these effects.

Table 7. Scores obtained after assays performed to assess the "Weathering".

PLA+PBAT-

Assays EPS-F EPS-1 XPS-O PHBH-F PLA-F F Observations
Colonization All materials were
in _the 1 1 1 1 1 r.apldly c_oIonlzed
marina of without differences
Brest among them
Higher yellowing
and release of
Assay in cpoonv\\;:rf;isof:a:'l
. a8ing 1 1 1 0 0 0 EPS/XPS while no
Degradation chamber )
effect was visually
detected for
alternatives
Assay on 0 0 0 0 0 0 No dlfferenc.e
beach among materials
Average 0,7 0,7 0,7 0,3 0,3 0,3
Score

3) Transfer of hazardous chemicals for EPS/XPS and
alternatives

I Intrinsic contamination and leaching in seawater

Though they are presented in the same section, it must be noted that the assessment of intrinsic
contamination and leaching in seawater are considered as two different assays.

These assays were conducted in Cedre premices. Intrinsic contamination was performed by analyzing
materials powder extracted with a solvent whereas leaching in seawater was done by analyzing
seawater leachates of the materials. For these assays, it was chosen to conduct targeted analyses on
contaminants known to present in certain plastic materials. These contaminants include a selection of
PAHs and additives, which are listed in Tables 8 and 9.
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Table 8. List of PAHs targeted by the chemical analyses.

PAHs

Abbreviations

naphthalene

1-methylnaphthalene
2-methylnaphthalene
benzothiophene

biphenyl

acenaphtylene
acenaphtene

fluorene

Dibenzothiophene

Phenanthrene

anthracene

fluoranthene

pyrene

2-methylfluoranthene
Benz[a]anthracene

chrysene

benzobfluoranthene
benzokfluoranthene

benzoepyrene
benzoapyrene

perylene

indeno123cdpyrene
dibenzoahanthracene
benzo(ghi)perylene

N
1-MN
2-MN
BTBPE

B

ANY
ANA
F
DBT

P

A

FL

PY
2-MFL
BaA

C
B(b)FL
B(k)FL
B(e)PY
B(a)PY

PE
IN
DBA
BPE
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Table 9. List of additives targeted by the chemical analyses.

Additives

Abbreviations

Families

Tripropyl phosphate

Tributyl phosphate
Butylated hydroxy toluene

4-tert-octylphenol
Mix nonylphenols
4-nonylphenol
Nonylphenol mono-ethoxylate
Nonylphenol diethoxylate
Tributyl Acetyl Citrate

Tris(1,3-Dichloro-2-propyl)phosphate

Dibutyl phtalate
Di-allyl phtalate
Dimethyl phtalate
Di-n-hexylphtalate
Benzyl butyl phtalate
Dioctyl phtalate
Diisoheptyl phtalate
Di-nonyl phtalate
Dicyclohexyl phtalate
Di-n-octyl phtalate
Trinuvin 326
Trinuvin 328
Trinuvin 327
2,4,4'-tribromodiphenyl ether
Tricresyl phosphate
Tricresyl phosphate
Tri-o-tolyl phosphate
2,2',4,4' 6-pentabromodiphenyl ether
2,2',4,4'-tetrabromodiphenyl ether
2,2',4,4' 5-pentabromodiphenyl ether
2,2',4,4'5,6'-hexabromodiphenyl ether
2,2',4,4'5,5'-hexabromodiphenyl ether
2,2',3,4',5,6'-heptabromodiphenyl ether
1,2-Bis(2,4,6 tribromophenoxy)ethane

TPrP

TBP
BHT
4-tOP

NPs mix

4-NP

NP1OE

NP20OE

ATBC

TDCPP

DBP
DAIP
DMP
DHP
BBP
DOA
DIHP
DNP
DCHP
DIOP
UV 326
UV 328
uv 327
BDE 28
TCP
TCrP
TToP
BDE 100
BDE 47
BDE 99
BDE 154
BDE 153
BDE 183
BTBPE

Flame retardant
+ plasticizers
Flame retardant
+ plasticizers
Antioxydant
Plasticizer +
antioxydant
Plasticizer +
antioxidant
Plasticizer +
antioxidant
Plasticizer +
antioxidant
Plasticizer +
antioxidant
Flame retardant
+ plasticizer
Flame retardant
+ plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
Plasticizer
UV Stabilizer
UV Stabilizer
UV Stabilizer
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
Flame retardant
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a. Materials and methods

i. Powder preparation and extraction
The six materials were grinded for 5 minutes with a frequency of 30 Hz (Restsch MM 400). Chemicals
were extracted using 200 mg of powder per materials. Firstly, 5 mL of methanol was added and
solutions were sonicated for 15 minutes. This step was repeated two times. Secondly, solutions were
filtered on wool filters using Buchi flasks. Finally, 200 pL of dimethylsuifoxide (DMSQO) was added
before an evaporation step.

ii. Leachate preparation
Prior to the experiments, all glassware was rinsed with acetone and, whenever feasible, burnt in a
muffle furnace for 6 h at 450°C. The six materials were grinded for 5 minutes (Restsch MM 400). The
obtained powders were placed in amber glass bottles filled with 0.2 um filtered seawater at a
concentration of 10 g.L™Y. Mixtures were continuously stirred using an orbital shaker at 300 rpm and
room temperature (20°C) for 24h. At the end of the leaching period, mixtures were filtered on glass-
fiber filters (GF/A Whatman, porosity 1.6 um). Leachates were kept at -20°C until use.

jii. Chemical analyses

A stir bar sorptive extraction (SBSE) of both powder extracts and leachates was performed before TD-
GC-MS/MS analysis as described by Lacroix et al. (2014). At first, a polydimethylsiloxane stir bar
(Twister 20 mm x 0.5 mm, Gerstel) was placed in the 100 mL leachate or diluted extract (= 1 mL extract
+ 99 mL seawater) then placed on a magnetic agitator (MIX15) for 16 h of extraction at 750 rpm in the
dark at room temperature. After the extraction step, stir-bars were retrieved, rinsed with distilled
water and placed on a gas chromatography system Agilent 7890 A coupled with an Agilent 7000 triple
quadrupole mass spectrometer (Agilent Technologies) and equipped with a Thermal Desorption Unit
(TDU) combined with a Cooled Injection System (CIS) (Gerstel). Thermodesorption was performed at
280 °C for 6 min and samples were then cryofocused in the CIS at -10 °C. Injection in the GC-MS/MS
system was carried out in splitless mode and the CIS was heated to 300°C at 12°C sec. The GC
temperature program was set as follows: 70°C for 0.5 min, then increase to 150°C at 20°C min* and
finally increase to 300°C at 7°C min’t, maintained for 5 min. An Rxi-5MS (Restek) capillary column was
used. Helium was used as a carrier gas with a constant flow rate of 1 mL min. The quantitative analysis
of PAHs (Table 8) and additives (Table 9) was carried out by internal calibration in multiple reaction
monitoring (MRM) mode with two transitions for each compound, one (Quantify) for quantification,
the other (Qualify) to confirm the molecular nature by calculating the ratio Qualify/Quantify and by
comparison with reference values of pure compounds. The acquisition frequency for each fragment
was 2 cycles s,

b. Results and discussion
In the materials (Figure 20A), chemicals analyses revealed higher amounts of PAHs in conventional
foamed PS (average value = 45,154.0 + 18,573.6 ng g'!) compared to alternatives (average value =
2,379.2 £483.1 ng g'*; p-value < 0.01). The EPS-I (66,144.9 + 1,223.9 ng g!) had the highest amount of
PAHs compared to EPS-F and XPS-O (34,658.5 * 5,387.8 ng g; p-value < 0.05) while no statistical
difference was detected among the three alternatives. Regarding the amount of additives, statistical
differences (p-values < 0.05) were detected among the six materials with higher amounts for EPS-I
(12,344.3 +1,395.3 ng g) and XPS-0 (16,350.6 + 1,255.4 ng g'!) compared to other materials (average
value = 5,078.1 + 789.5 ng g!). Overall, chemical analyses of the six materials suggest that fewer or
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different chemicals are present in the three alternatives compared to conventional materials. It can’t
be excluded that different additives, not analyzed in the present study, are used in alternatives.
However, these results should be further confirmed as only targeted chemical analyses were
performed in the present study. These types of analyses do not traduce the chemical diversity found
in materials. Indeed, high-throughput non-targeted chemical analyses performed on bioplastics and
plant-based materials found more than 1,000 chemical features in most samples (Zimmermann et al.,
2020). Therefore, to confirm a lower number of chemicals in the alternative used in the present study,
new analyses should be conducted to deeply characterize the diversity of chemicals in conventional
foamed PS or alternatives. It must be noted that recent studies showed similar intrinsic chemical
effects between conventional petroleum plastics, bioplastics and plant-based materials (Zimmermann
et al., 2020, 2019). This fact could be related to less common compounds such as new additives, NIAs
or transformation products that can display high toxic potential (Tian et al., 2020). The percentage of
additive types in each material is described in the Table 10. Significant differences (p-values < 0.05)
were found among all materials for each type of additives but no clear difference between
conventional or alternative foamed materials was detected except for the additives used as flame
retardants only with higher amounts (p-value < 0.05) in conventional materials (average value = 30.1
+ 17.4%) compared to alternatives (average value = 1.9 + 2.4%).

Chemical analyses detected more chemicals in the powder of conventional foamed PS (33 for EPS-F,
43 for EPS-I, 41 for XPS-0) than alternatives (26 for PHBH-F, 27 for PLA-F, 23 for PLA+PBAT-F; Figures
20A&C). No major difference was recorded in the number of leached compounds (19 for EPS-F, 12 for
EPS-1, 13 for XPS-0, 11 for PHBH-F, 12 for PLA-F, 15 for PLA+PBAT-F; Figures 20B&D). Five PAHs were
only found in the three conventional foamed PS: benzo[a]anthracene (11.2 + 8.2 ng g?), 2-
methylfluoranthene (2.2 + 2.4 ng g?), anthracene (441.9 + 395.0 ng g?), acenaphtene (21.2+6.2ng g
1), benzothiophene (31.7 + 18.1 ng g?!). Six PAHs displayed higher concentrations in conventional
foamed PS compared to alternatives: naphatalene (1,368 + 1,150 ng g'vs. 159 + 12.7 ng g?), 1-
methylnaphtalene (337.5 + 255.5 ng gvs. 39.3 + 22.1 ng g}), 2-methylnaphtalene (453.6 + 361.4ng g
lys. 5.4 £1.9 ng g?), biphenyl (729.8 +272.5 ng gtvs. 3.8 £ 0.8 ng g), fluorene (160.8 + 50.4 ng gt vs.
8.8 +10.0 ng g!) and phenanthrene (868.8 + 108.3 ng g vs. 56.6 *+ 42.7 ng g!). The presence of PAH
in conventional foamed polysytyrene could be related to their probable petoleum origin. No PAHs
were found only in alternative materials as well as no higher concentrations of PAHs compared to
conventional materials. Two additives were only detected in conventional materials: Di-n-
hexylphtalate (13.0 = 0.6 ng g%; this compound was found in EPS-I and XPS-O but not in EPS-F) and
Butylated hydroxy toluene (24.5 + 8.7 ng g?). Four additives displayed higher concentrations in
conventional foamed PS compared to alternatives: Tricresyl phosphate (TCrP; 1,785 + 1,729 ng gt vs.
144 ng g'X; not found in PHBH-F and PLA+PBAT-F), Tricresyl phosphate (TCP; 1,309 + 1,510 ng gl vs.
21.2 +5.1 ng g’}; not found in PLA+PBAT-F), Benzyl butyl phtalate (1,854 + 1,410 ng g'vs. 470.4 + 236.2
ng g1), Tributyl Acetyl Citrate (2,650 + 774.2 ng gtvs. 1,364 + 353 ng g!). One additive was found only
in alternatives (PHBH-F and PLA+PBAT-F), the Tri-o-tolyl phosphate (28.2 * 3.2 ng g?) while one
additive (Mix nonylphenols) was detected in higher concentration (1,015 + 536 ng g) compared to
conventional materials (80.5 + 89.1 ng g%; not detected in EPS-F). Therefore, the analyses suggest
more hazardous chemicals in conventional EPS/XPS.
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Based on these results, one score was attributed per contaminant family (PAH and additives) for the
intrinsic contamination. Attributed score are detailed below:

Table 12. Scores obtained for the intrinsic contamination

Assays EPS-F EPS-I XPS-0 PHBH-F PLA-F PLA+PBAT-F
Chemicals -
detected Additives 0 1 2 0 0 0
in the
. PAHs 1 2 1 0 0 0
materials

In seawater leachates (Figure 20B), chemicals analyses revealed no statistical difference (p-values >
0.05) among the six materials, for either PAHs (average value = 356.7 + 527.6 ng L) or additives
(average value =172.4 £ 112.9 ng L'?). By compiling the data set, the amount of leached PAHs is lower
than 8% and lower than 1% for additives regardless of the material (Figure 19C). These results show
therefore a low ability of all tested materials to leach their chemicals over 24h in seawater. To confirm
the same capacity of leaching among the tested materials, it would be interesting to repeat the
experiment using longer leaching durations (weeks, months). Nonetheless, when looking at individual
chemicals, the leaching pattern can be different among materials when comparing chemical
guantifications in materials and in leachates. For instance, acetyl tributyl citrate (ATBC) was found at
higher concentrations in conventional materials than alternatives but alternatives leached more ATBC
than conventional PS materials (123.9 + 95.2 ng g'vs. 22.5 + 2.8 ng g; Figure 20D). ATBC is a
biodegradable plasticizer approved for food contact materials and recommended for children’s items
explaining its global use. ATBC can induce toxic effects on aquatic organisms but ECso (>1 mg L'%; U.S
EPA, 2015) largely exceed the amount of ATBC found in all leachates (<500 ng L?). Nevertheless, it
cannot be excluded that accumulation of low and no toxic doses of chemicals lead to a “cocktail effect”
causing detrimental effects on organisms (Escher et al.,, 2020). Furthermore, the individual
visualization highlights that the leaching pattern is not consistent between the type of material
(conventional or alternative), each material had an individual pattern (Figures 20B&D). Therefore, it is
important to look at chemicals individually even if the global results suggest the same results among
materials.
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Figure 20. (A and B) Amounts of PAHs and additives quantified in the powder or leachates of six foamed
materials (three conventional PS: EPS-F, EPS-I, XPS-O; three alternatives: PLA-F, PLA+PBAT-F, PHBH-F)
or in their leachates (10 g L?). (C) Proportion of leached chemicals compared to their amounts in the
powder. ANOVAs were used to compare treatments with Tukey HSD for pairwise comparisons at the
5% level; homogeneous groups are indicated by the same letter.

Table 10. Mean percentage (%) of additive types in each material. ANOVAs were used to compare
treatments with Tukey HSD for pairwise comparisons at the 5% level; homogeneous groups are

indicated by the same letter. Analyses were performed for each additive type individually.

B -
Type of Additive EPS-F EPS-I XPS-0  PHBH-F PLA-F PLA+FP AT
+
Flameretardants o) o, /o0 290126® 190% 554410 284+6.4% 33.9:08°
+ plasticizers 1.8¢
Antioxydants 07+00° 01+01° 01+04° 00£00° 00£00° 0.1#0.1°
Plasticizers + 34+06% 239+2.8 234029 563£59° 424+54° 257+4.7°
antioxydants
(] c ab 339 * ac b b
Plasticizers 13.4+0.6° 333+54 Cn  19.8:55% 240:75° 39.7:56
UV Stabilisers ~ 2.2+04>  02+01° 02+00° 11+03® 06+07° 0.0+0.0°
; . 4804 . . .
Flame retardants 29.0+1.1 13.3+3.8 4.9 0.5+0.2 4.7+0.6 0.5+0.0
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Figure 20. Heatmaps of PAHs (A&B) and additives (C&D) detected in powder (A&C; chemicals in ng g
1) or leachates (B&D; chemicals in ng L) of six foamed materials (three conventional PS: EPS-F, EPS-I,
XPS-0O; three alternatives: PLA-F, PLA+PBAT-F, PHBH-F). Gray boxes indicate compounds not detected.
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Based on these results, one score was attributed per contaminant family (PAH and additives) for the
leaching of contaminants in seawater. Attributed score are all 0, as shown below:

Table 12. Scores obtained for the leaching of intrinsic contaminants in seawater

Assays EPS-F EPS-I XPS-0O PHBH-F PLA-F PLA+PBAT-F
Rel f
clease ol rdditives 0 0 0 0 0 0
chemicals
after 24h
of leaching
in PAHs 0 0 0 0 0 0
seawater

Il. Adsorption of environmental contaminants using an in situ

approach
For this assay, it was chosen to conduct targeted analyses on contaminants known to be present in the
marine environment and adsorb on plastic materials. These contaminants include a selection of PAHs

and additives, which are listed in Tables 8 and 11.

Table 11. List of PCBs targeted by the chemical analyses.

PCBs
PCB-7
PCB 28
PCB-52
PCB-35
PCB 101
PCB 77
PCB 135
PCB 118
PCB 153
PCB 105
PCB 138
PCB 156
PCB 180
PCB 169

a. Materials and methods

i. Field deployment
A field experiment of 3 weeks was conducted in the Marina of Brest in June 2021 to compare the
adsorption of contaminants between conventional foamed PS and their alternatives. All materials were
cut to display similar dimensions in term of sizes (4-4.5 x 3 cm) and thickness (0.5-0.8 cm). Materials
were immerged inside stainless steel cages as detailed in section 2.l. Analyses were performed in
triplicate on new and immersed (3-weeks in the field) materials.
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ii. Chemical analyses
Material pieces (200 mg) were put in 10 mL of DMSO for 16h using an orbital shaker (230 rpm). Then,
1 mL were sampled from each samples and added in 125 mL glass vials filled with 99 mL of seawater.
Finally, all samples were analyzed using the SBSE method described in the section 3.l.a.iii.

b. Results and discussion

Plastics can adsorb organic contaminants due to their hydrophobic surface (Rochman et al., 2013a).
Overall, the two expanded PS (EPS-F and EPS-1) displayed similar amount of PAHs (average value= 1,338
+ 677 ng g'1; p-value > 0.05) but significantly higher than other materials (average value= 135.4 + 82.6
ng g; p-value < 0.05; Figure 21A). The amount of PAHs adsorbed on EPS-F and XPS-O increased
significantly (p-value < 0.05) between new and weathered pieces with values of 483 + 146 ng g vs.
1,641 + 464 ng g' and 1,170 + 357 ng g vs. 2,060 * 591 ng g, respectively (Figure 21A). A similar
trend was observed for the other conventional PS (EPS-I) with values of 127 + 18 ng g vs. 271 + 88 ng
g without significant difference (p-value > 0.05). For all alternatives, the amount of PAHs did not
evolve significantly (p-values > 0.05) between new and immersed pieces, with average values of 97 +
28 nggtl, 48 + 11 ng g}, and 198 + 46 ng g for PHBH-F, PLA-F and PLA+PBAT-F, respectively (Figure
21A). This suggests that EPS/XPS materials display specific surface properties enhancing the
adsorption of contaminants. Regarding the amount of PCBs, no significant differences (p-values >
0.05) were detected among all materials and between new and immersed pieces (average value= 5.2
+ 4.2 ng g1). In sediments of the marina of Brest, the level of PCBs exceeds the sediment quality
guidelines (Gauff et al., 2022). Nevertheless, sediments accumulate contaminants while in seawater
the continuous renewal can allow low doses of PCBs. In addition, the level of contaminants varies
inside the Marina of Brest (Gauff et al., 2022). Therefore, it could be interesting to deploy the materials
in different locations of the Marina to confirm the low accumulation of PCBs in all conventional foamed
PS and alternatives.

All materials are able to absorb new chemicals during their deployment, for instance the
fluoranthene and pyrene are only found on EPS-F after the deployment in the marina of Brest (Figure
22).Intotal, 2, 5,1, 9, 6, and 2 PAHs are detected only after the deployment on EPS-F, EPS-1, XPS-O,
PHBH-F, PLA-F, and PLA+PBAT-F, respectively (see details in Figure 22). Conversely, 2, 1, 3, and 3
chemicals are not detected after the deployment on EPS-F, EPS-1, PLA-F, and PLA+PBAT-F, respectively
(see details in Figure 22).
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Figure 21. Amount of PAHs (A) and PCBs (B) quantified on six foamed materials (three conventional
PS: EPS-F, EPS-I, XPS-O; three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) before a deployment in the
field (white) and after 3 weeks of deployment in the Marina of Brest (grey). Student’s tests were
performed to compare the two samplings (* = p-value < 0.05). ANOVAs were used to compare
treatments for each type of chemicals with Tukey HSD for pairwise comparisons at the 5% level;
homogeneous groups are indicated by the same letter.
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Based on these results, one score was attributed per contaminant family (PAH and additives).
Attributed score are described below:

Table 12. Scores obtained for the adsorption of environmental contaminants

Assays EPS-F EPS-I XPS-O PHBH-F PLA-F PLA+PBAT-F
Adsorption of - o\ 1 0 1 0 0 0
environmental
contaminants PCBs 0 0 0 0 0 0

lll.  Impact Score for the “Transfer of hazardous chemicals” category
Based on results obtained in the different assays assessing the transfer of hazardous chemicals of the
six foamed materials, the calculated impact score (IS) for this part is available in Table 12. The data
compilation gave a higher IS for the three conventional materials (XPS-O > EPS-I > EPS-F) notably
because chemical analyses detected more chemicals in extracts in terms of numbers and
concentrations. However, it must be noted that it can’t be excluded that producers use different
chemicals (e.g. additives) for alternative production which were not targeted in the present study.
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Table 12. Scores obtained after the assays performed to assess the "Transfer of hazardous chemicals".

Assays EPS-F EPS-I XPS-0 PHBH-F PLA-F PLA+PBAT-F Observations

The concentrations of

chemicals were
Additives 0 1 2 0 0 0 significantly higher in
the three conventional

hemical
¢ emlc.a > foamed PS compared to
detected in the .
materials alternatives except for
the level of additives in
EPS-F which was not
PAHS 1 5 1 0 0 0 different gf the
alternatives
Release of Additives 0 0 0 0 0 0 No .dlfference detected
. in the amount of
chemicals after . .
. chemicals released in
24h of leaching in S ——
seawater PAHs 0 0 0 0 0 0 among
materials
, PAHSs 1 0 1 0 0 0 Only EPS-F and XPS-O
Adsorption of displayed a significant
chemicals in the increase in the level of
field PAHs after the
PCBs 0 0 0 0 0 0
deployment
Average Score 0,3 0,5 0,7 0 0 0
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4) Toxicity on marine organisms of EPS/XPS and
alternatives

l. Assessment of intrinsic toxicity
The intrinsic toxicity was assessed by testing the toxicity of solvent extracts of material powder. It relies
on 4 assays which are all detailed in the present section.

a. Materials and methods

i. Extracts

The method described in the section 3.1 was used to prepare extracts using a mix of methanol and
DMSO for the effects on bacteria bioluminescence. For the estrogenic potential, genotoxicity, cellular
effects and embryo-larval toxicity, plastics were extracted only in DMSO. Extracts were obtained from
new materials or materials weathered for 3 months in an aging chamber (see section 2.ll). A extract of
unsmoked cigarette filter was also prepared to be used as a positive control as unsmoked cigarette
filters are plastic materials known to exhibit some toxic effects on aquatic organisms (Micevska et al.,
2006).

ii. Effects on bacteria bioluminescence (Assay 1)

This assay was conducted in Cedre premices. A standardized assay (ISO 11348-3: 2009) was used to
assess effects of foamed materials extracts on bacteria (Aliivibrio fischeri) using the B-Tox method of
the Microtox® FX kit (ModernWater, UK). Briefly, the Aliivibrio fischeri reagent was mixed in 300 L of
Microtox diluent, forming the reconstituted reagent. In each vials, 100 puL of the reconstituted reagent
was added. After 15 minutes, the bacteria bioluminescence was measured using a portable toxicity
analyser Microtox® FX (ModernWater, UK). Then, 900 L of all extracts were added in each vials. After
a 30 minute-exposure, the bacteria bioluminescence was measured to obtain the percent of inhibition
(%). This assay was performed in triplicate with extracts from new and aged materials.

iii. Estrogenic potential (Assay 2)

This assay was conducted by the EPOC lab in their premices. The T47D-KbLUC assay determines the
estrogenic potential of plastic extracts by the detection of estrogen-like compounds. A modified
human breast cancer cell line (T-47d hERa+B) was exposed for 24h to extracts of the six materials
(concentration: 0.3% v/v). Estrogenic-like compounds stimulate the luciferase production allowing the
estimation of the estrogenic potential. Results are expressed as estradiol equivalent per gram of plastic
extracted (pg equivalent 17B-estradiol/g of plastic extracted) and compared to a calibration curve after
exposures to 17B-estradiol determining a limit of quantification (LOQ). When the estradiol equivalent
per gram of plastic extracted exceeds the LOQ, the plastic item is considered with a significant
estrogenic potential.

iv. Cellular effects on raimbow trout cell lines (Assay 3)
This assay was conducted by the EPOC lab in their premices. The assay was performed using a rainbow
trout (Oncorhynchus mykiss) liver cell line (RTL-W1; Lee et al., 1993).

The cell viability was measured by fluorimetry using the Alamar Blue assay (Le Bihanic et al., 2016).
Cells were exposed to plastic extracts (from 0.01% to 1% extracts v/v) for 24h. Then cells were
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incubated for 2h with Alamar Blue 10%. The fluorescence rate of resorufin is proportional to the
metabolic activity of the cells. This rate is measured with the Fluostar Optima spectrofluorometer
(BMG Labtech), at excitation/emission wavelengths of 540/590 nm. The results are expressed as
percentage of cell viability compared to the control (cell culture medium).

The reactive oxygen species (ROS) production was measured using the chloromethyl-2,7-
dichlorodihydrofluorescein diacetate (CM-H,DCFDA, Molecular Probes TM, Life Technologies)
(Pannetier et al., 2018). RTL-W1 were seeded 48 h prior to chemical exposure then rinsed with HBSS
and incubated at 20°C for 20 min with 125 uL of CM-H,DCFDA (20 uM). Cells were exposed for 4h to
0.3% (v/v) extracts of the six materials or 5 mM of H,0, used as positive control. The fluorescence was
measured at 485 nm/520 nm (excitation/emission). Results are expressed as percent of ROS induction
over 240 min relatively to the control treatment.

The level of DNA damage (i.e. genotoxicity) was assessed using the formamidopyrimidine glycosylase
Fpg-modified comet assay (Pannetier et al., 2019). Cells were exposed to plastic extracts (0.3% extracts
v/v) for 24h. Then, slides were prepared according to Kienzler et al. (2012). Slides were incubed for 35
min at 37 °C with Fpg enzyme. Electrophoresis was performed at 25 V and 300 mA for 20 min before a
staining with 20 pL of ethidium bromide (BET; 20 pg/mlL). Slides were analyzed using an
epifluorescence microscope (x200; Olympus BX51) coupled with the Comet assay IV software
(Instrument Perspective LtD; analysis of 100 randomly selected nucleoids were analyzed). DNA
damages were expressed as percentage tail DNA, i.e. the percentage of DNA which has migrated from
the head (Pannetier et al., 2019).

v. Embryo-toxicity assay: Case of zebrafish (Danio rerio) (Assay 4)

This assay was conducted by the EPOC lab in their premices. Embryos of zebrafish (Danio rerio) were
exposed to the six extracts (0.1% v/v), DMSO (0.1%) and 3,4-dichloroaniline (4 mM; positive control
CTL+) according to OECD (2013). Exposures were conducted on 20 embryos in glass petri dishes (n=3
replicates per treatment) filled with 20 mL of E3 medium supplemented by the treatment under semi-
static conditions with a daily renewal. The experiment lasted for 4 days using a thermoregulated
enclosure (Snijders Scientific, the Netherlands) with a temperature of 26 + 1°C and a photoperiod of
14 h light: 10 h dark. Embryos survival and hatched larvae were checked every day at a fixed time and
dead embryos/larvae were removed to avoid a contamination. The hatching rate was calculated as:
(number of hatched larvae + number of embryos) x 100. At the end of the exposure, larvae were
euthanized with 200 mg L™ of benzocaine to evaluate the percentage of malformed larvae as: (number
of malformed larvae + number of larvae) x 100. The malformations and lesions analyzed are the
following: axial skeletal anomalies (lordosis, scoliosis or kyphosis), head anomalies (atrophy or
hypertrophy of the jaws, skull, eyes), malformation of the heart or blood circulation defect, and lesions
such as edemas (heart, yolk sac) or hemorrhages (Cormier et al., 2019).

b. Results and discussion

i. Effects on bacteria bioluminescence
Extracts from conventional foamed PS induced an inhibition of Aliivibrio fischeri bioluminescence 3-
fold higher than alternatives (p-value < 0.05; Figure 23). Unsmoked cigarette filters (used as a positive
control) induced similar effects than conventional foamed PS (p-values > 0.05) except for the extract
from aged EPS-I that caused a significant higher toxicity (+27.5%; p-value < 0.05). Regarding the
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expanded PS (EPS-F and EPS-I), extracts from aged materials displayed higher effects than the new
ones (+19% for EPS-F and +27% for EPS-I; p-values < 0.05). For other materials, the weathering in the
aging chamber had no effects on the intrinsic toxicity.
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Figure 23. Effects of extracts from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O;
three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months of
artificial weathering in an aging chamber on the bioluminescence of the bacteria A. fischeri. CF =
Extract from unsmoked cigarette filters used as a positive control. ANOVAs were used to compare
treatments, with Tukey HSD for pairwise comparisons at the 5% level (n=3).

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed for the cytotoxicity assay on bacteria.

Assays EPS-F EPS-I XPS-O PHBH-F PLA-F PLA+PBAT-F

Toxicity of ~ Cytotoxicity
extracts on bacteria

ii. Estrogenic potential
All extracts from conventional foamed PS had a significant estrogenic potential while the extracts
from the unsmoked cigarette filters or foamed material alternatives displayed no estrogenic
potential (Figure 24). No difference (p-value > 0.05) between new and aged materials was detected
except for the EPS-I with a higher (p-value < 0.05) estrogenic potential for new material (x1.8).
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Figure 24. Estrogenic potential of six foamed materials (three conventional PS: EPS-F, EPS-1, XPS-O;
three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months of
artificial weathering in an aging chamber. CF = Extract from unsmoked cigarette filters. T-test were
used to compare new and aged materials (n=3).

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed for the estrogenic potential.

Assays EPS-F EPS-I XPS-O PHBH-F PLA-F PLA+PBAT-F

Toxicity of Estrogenic
extracts potential

iii. Cellular effects on rainbow trout cell lines
Overall, exposures to all materials had no effect on the viability of rainbow trout cell lines, whatever
the tested concentrations (p-values > 0.05; average value= 97 + 3%; Figure 25). Similar results (no
effect) were obtained regarding the ROS production (p-values > 0.05; average value = 1.01 + 0.03
A.U.; Figure 26) except for the extract from aged EPS-I that caused a significant increase compared
to the control (+9%; p-value < 0.05).

Regarding the Comet assay, two extracts induced slight but significant increases (p-values < 0.05) in
the percentage of tail DNA, traducing DNA damage, compared to the control treatment: aged EPS-I
(+6.0%) and aged PLA (+4.5%). Other treatments induced no effects on the percentage of tail DNA (p-
values > 0.05; Figure 27).

58



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

|:| New . Aged

A EPS-F B EPS-
120
T 90 S
£ 60 £ 60
=) 8
S 30 £ 30
> >
0 = 01=
DMSO 0.01% 0.03% 0.1% 0.3% 1.0% Cti  DMSO 0.01% 0.03% 0.1% 0.3% 1.0%
C XPS-0 D PLA-F
;.3 100 ;.3 a0
z 75 Z &0
% % é 30
5 25 S
0 0
Ctl DMSO 0.01% 0.03% 0.1% 03% 1.0% Ct DMSO 0.01% 003% 0.1% 0.3% 1.0%
E PLA+PBAT-F F PHBH-F
120 120
£ 9 £ 9
."? 60 "? 60
3 2
S 30 S 30
0 0
t DMSO 001% OOS% 0. 1% 3% 1. 0% t DMSO 001% 003% 0. 1% 3% 1 0%
Concentrations Concentrations

Figure 25. Effects of extracts from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O;
three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months of
artificial weathering in an aging chamber on the viability of rainbow trout cell lines. ANOVAs were used
to compare treatments at the 5% level (n=3).
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Figure 26. Effects of extracts from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O;
three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months of
artificial weathering in an aging chamber on the ROS (reactive oxygen species) production of rainbow
trout cell lines. ANOVAs were used to compare treatments, with Tukey HSD for pairwise comparisons
at the 5% level (n=3); * = p-value < 0.05.
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Figure 27. DNA damage (percentage of Tail DNA) on RTL-W1 cells after exposure to organic extract
exposures to organic extracts (0.3%) from six foamed materials (three conventional PS: EPS-F, EPS-I,
XPS-0O; three alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months
of artificial weathering in an aging chamber. T-tests were used to compare treatments with the control

(n=3); * = p-value < 0.05.

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed for the cytotoxicity assay on fish cell lines.

Assays EPS-F  EPS-l XPS-O PHBH-F  PLA-F  PLA+PBAT-F
. Cytotoxicity
Toxicityof | echcell 0 1 0 0 0 0
extracts .
lines

iv. Embryo-toxicity assay: Case of zebrafish embryos
Extract from new PLA+PBAT reduced significantly the hatching rate of D. rerio compared to the control
treatment (-18%; p-value < 0.05; Figure 28A). By contrast, the extract from aged PLA+PBAT had no
effect (p-value > 0.05). The other materials (new or aged) had no effects (p-values > 0.05; average value

=92.1+5.8%,; Figure 28A).

The EPS-I and XPS-O (new or aged) reduced significantly (p-values < 0.05) the percentage of normal
larvae compared to the control treatment (-25%, -9%, -16% and -30% for new EPS-I, aged EPS-I, new
XPS-0 and aged XPS-O, respectively; Figure 28B). The other materials (new or aged) had no effects (p-

value > 0.05; average value = 93.1 + 3.3%; Figure 28B).
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Figure 28. Hatching rate (%; A) and malformation rate (%; B) of D. rerio embryos/larvae after exposures
to organic extracts (0.1%) from six foamed materials (three conventional PS: EPS-F, EPS-1, XPS-O; three
alternatives: PLA-F, PLA+PBAT-F, PHBH-F) obtained from new materials or after 3 months of artificial
weathering in an aging chamber. Dunnett tests were used to compare treatments with the control
(n=3); * = p-value < 0.05.

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed for the reprotoxicity assay on zebrafish.

Assays EPS-F EPS-1 XPS-O  PHBH-F PLA-F PLA+PBAT-F
Reprotoxicity
Toxicity of  on zebra.n‘lsh 1 1 0 0 1
extracts early life
stages

v. Discussion

Cytotoxicity covers all actions impairing the cell functioning including oxidative stress, lipid
peroxidation, membrane breakages, DNA damages (i.e. genotoxicity) that could lead to cell death (i.e.
apoptosis). In the present study, extracts from conventional foamed PS have high cytotoxicity on the
bacteria A. fischeri but no effects on the viability and ROS production (proxy of impairment of the
antioxidant defenses) on rainbow trout line cells (except a slight but significant increase of the ROS
production with the aged EPS-1). This result signifies that the cytotoxic potential of conventional
foamed PS depends on the biological model. In addition, it is not surprising to have stronger effects
on the bioluminescence of A. fischeri as this assay is considered as particularly sensitive to
contaminants in comparisons to other cytotoxic assays (e.g. Zimmerman et al., 2019).
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General conclusions cannot be drawn solely based on cytotoxicity tests, it is important to perform
additional assays to obtain information about the toxicity potential on other biological organization.
For instance, it appears important to determine estrogenic potential of materials as chemicals
impairing normal estrogen signaling can act as endocrine disrupting chemicals and lead to the
appearance of cancers, developmental defects, growth, metabolisms, inter/transgenerational effects
(e.g. Adeel et al., 2017). Here, only the three conventional foamed PS (new and aged) displayed high
estrogenic potential. This suggests that they have the potential to induce stronger and long-term
effects on living organisms in comparison to alternatives. In this way, extracts of EPS-l and XPS-O are
reprotoxic for D. rerio by reducing the percentage of normal larvae; this effect could be linked to the
chemicals responsible of observed estrogenic potential as it is well known that these chemicals induce
deformities in D. rerio (e.g. Moreman et al., 2017).

The EPS-I displayed the highest toxicity potential in comparison to the other tested materials. EPS-I
is the only tested material that is not certified for use as food contact material (FCM) and it is
therefore submitted to less regulations regarding chemicals content and release (Zimmerman et al.,
2019). This could explain the higher toxicity observed for this material.

Overall, the weathering (on the beach or in aging chamber) leads to a slight increase in intrinsic
toxicity of materials. However effects remain limited over the study period, especially for
alternatives. Regarding the conventional foamed PS, the weathering increased the effects of the EPS-I
and EPS-F extracts on the bioluminescence of A. fischeri while the same extracts of EPS-I increase
significantly the ROS production of rainbow trout cell lines. This evolution in the toxicity potential could
be linked to apparition of transformation products during the weathering increasing the intrinsic
toxicity of the two materials as recently highlighted between new and used tires (Tian et al., 2020).

Il. Toxicity of seawater leachates
This assessment relies on 3 assays which are all detailed in the present section.

a. Materials and methods

i. Leachates preparation
The leachates were prepared and stored as described in the section 3.1.

ii. Effects on bacteria bioluminescence (Assay 1)
This assay was conducted in Cedre premices. The standardized assay (ISO 11348-3: 2009) using the
Microtox® FX kit described in the section 4.1 was used to assess the toxicity of leachates obtained from
the six materials. Microtox® assays were performed with leachates from new materials and leachates
obtained from materials artificially aged during 1 month in the aging chamber or aged for 3 and 8
months on the Cedre artificial beach.

iii. Effects on microalgae (Assay 2)
This assay was conducted in Cedre premices. A standardized assay (ISO 10253: 2016) was used to
assess effects of foamed material leachates on microalgae using the AlgalToxKit® (R-Biopharm?®;
Germany) based on the use of microalgae inoculum of the marine diatom Phaeodactylum tricornutum.
Briefly, a culturing medium was produced using synthetic seawater (NaCl 26.4 g L, KCl 840 mg L7,
CaCl; 1670 mg L*, MgCl, 4600 mg L*, MgS0,4 5580 mg L%, NaHCO3 170 mg L't and H3BOs; 30 mg L?)
enriched with nutrient solutions provided by the kit. Then, P. tricornutum were cultured in culturing
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medium containing the different treatments (control or leachates) at 20°C. During a 3-days exposure,
the optical density (OD) was measured using a spectrophotometer for measurements at 670 nm in
order to assess the algal growth inhibition (%) at the beginning of the exposure (To), after 24h, 48h and
72h. In addition to the leachates, a solution of potassium dichromate (1 g L) was used as a toxicant
reference.

iv. Effects on oyster early-life stages (Assay 3)
Effects on oyster fertilization

This assay was conducted in collaboration with the LEMAR lab in their premices. Mature oysters
(Crassostrea gigas; 18 months-old) were collected in July 2021 (Localization: 48°34’30"’N, 4°36’18"'W).
Gametes were collected by stripping as described in Tallec et al. (2018). Spermatozoa and oocytes
were diluted in 100 mL and 1 L of SW (20°C), respectively, and left for 1 h prior to use to ensure gamete
quality (spermatozoon mobility and round shape of oocyte). Spermatozoa and oocyte concentrations
were assessed by flow cytometry (EasyCyte Plus cytometer; Guava Merck Millipore). Spermatozoa and
oocytes from three males and three females were placed in glass tube at a spermatozoa-to-oocyte
ratio of 100:1 and a concentration of 1,000 oocytes mL™* (final volume: 5 mL). This step was repeated
in four replicate. After 1.5h, all samples were fixed with a formaldehyde-seawater solution (0.1% final)
to estimate the fertilization yield (FY) under a microscope (Zeiss Axio Observer Z1; x4-10 maghnification;
100 oocytes observed per treatment). The FY (%) is calculated as: number of fertilized oocytes +
(number of fertilized + unfertilized oocytes) x 100. An oocyte is considered as fertilized when polar
bodies and cell divisions are observed (Tallec et al., 2018).

Effects on oyster embryo-larval development

This assay was conducted in collaboration with the LEMAR lab in their premices. A standardized assay
(ISO 17244:2015) was used to assess embryotoxicity of foamed materials leachates. We collected
spermatozoa and oocytes from 12 males and 12 females using the same batch of oysters and methods
described in section 4.1l.iv. Gametes from 3 males and 3 females were placed in glass beaker filled with
0.2 filtered-seawater (FSW) at a spermatozoa-to-oocyte ratio of 100:1 and a final concentration of
1,000 oocytes mL2. This step was repeated four times. Once fertilization was achieved (FY > 90%), 2-
cells embryos were transferred in glass vials filled with the different treatments at a concentration of
60 embryos mL? (final volume: 25 mL). After 36 h in dark conditions, all samples were fixed with a
formaldehyde-seawater solution (0.1% final) to estimate the normal D-larval yield under a microscope
(Zeiss Axio Observer Z1; x4-10 maghnification; 100 larvae observed per treatment). The normal D-larval
yield (%) is estimated as: normal D-larvae + (normal + abnormal D-larvae) x 100. Abnormal D-larvae
referred to larvae exhibiting morphological deformations (e.g. mantle, shell, hinge) as well as
development arrest during embryogenesis (Tallec et al., 2018).

b. Results and discussion

i.  Effects on bacteria bioluminescence
After 1 month of weathering in the aging chamber, no statistical differences were detected regarding
the leachate toxicity on A. fischeri among all materials (p-value > 0.05; average value = 29 + 5%; Figure
29). Nonetheless, for the PLA, a significant increase (p-value < 0.05) in the toxicity was observed over
time (x13.5).
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Figure 29. Inhibition of bioluminescence (%) of the bacteria A. fischeri after 30 min exposures to
leachates from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O; three alternatives:
PLA-F, PLA+PBAT-F, PHBH-F) obtained after 0 or 1 month in an aging chamber. ANOVAs were used to
compare treatments, with Tukey HSD for pairwise comparisons at the 5% level (n=3); t-tests were
performed to compare the time of weathering (* = p-value < 0.05).

After 3 and 8 months of weathering on the Cedre artificial beach, no statistical differences were
detected regarding the leachate toxicity on A. fischeri among all materials (p-values > 0.05; average
value = 34 + 21%; Figure 30). Nonetheless, for two materials, a significant increase (p-values < 0.05) in
the toxicity was observed over time (+410% for PHBH-F and +395% for PLA+PBAT-F).
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Figure 30. Inhibition of bioluminescence (%) of the bacteria A. fischeri after 30 min exposures to
leachates from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O; three alternatives:
PLA-F, PLA+PBAT-F, PHBH-F) obtained after 0, 3 and 8 months of deployment on the Cedre artificial
beach. ANOVAs were used to compare treatments, with Tukey HSD for pairwise comparisons at the
5% level (n=3); homogeneous groups are indicated by the same letter.

Based on obtained results, scores detailed below were attributed.
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Table 13. Score attributed for bacteria cytotoxicity assay

Assays EPS-F EPS-I XPS-0 PHBH-F PLA-F PLA+PBAT-F

Toxicity of ~ Cytotoxicity
extracts on bacteria

ii.  Effects on microalgae
Compared with the control treatment, all tested materials did not alter the growth of P. tricornutum
(average value= 100.8 + 5.3%; Figure 31). No difference was suggested between leachates from
unsmoked cigarette filters and PS materials or alternatives (Figure 31). As expected, the potassium
dichromate (KrCrO4; 1 g L) used as the reference toxicant reduced the microalgal growth (-68%).

——
— —=— T
32 90 1
N -
e
3
& 601
5 [
o
Eaf |
b
0 -
F © O 4 o Y L& 4
© S 28 g3 3 45
Z x T oo
Conditions

Figure 31. Growth (%) of P. tricornutum after 72h exposure to leachates from six foamed materials
(three conventional PS: EPS-F, EPS-I, XPS-O; three alternatives: PLA-F, PLA+PBAT-F, PHBH-F). KrCrO,4=
Potassium dichromate. CF = Leachate from unsmoked cigarette filters.

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed for the microalgae cytotoxicity assay

Assays EPS-F EPS-1 XPS-O PHBH-F PLA-F  PLA+PBAT-F
. Cytotoxicity
Toxicity of on 0 0 0 0 0 0
extracts .
microalgae

iii.  Effects on oyster early life stages
Compared with the control treatment, all tested materials did not alter the fertilization success of C.
gigas (average value= 72.6 + 10.7%; p-values > 0.05; Figure 32A). Regarding the embryo-larval
development success, the PLA-F reduced significantly the normal D-larval yield (-99%,; p-value < 0.001)
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compared to the control treatment (average value= 87.6 + 6.7%) while other materials had no effects
(average value= 78.4 + 6.3%; p-value > 0.05; Figure 32B).
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Figure 32. (A) Fertilization yield (%) and (B) Normal D-Larval Yield (%) of oyster C. gigas after 1.5h
exposure to leachates from six foamed materials (three conventional PS: EPS-F, EPS-I, XPS-O; three
alternatives: PLA-F, PLA+PBAT-F, PHBH-F). ANOVAs were used to compare treatments, with Tukey HSD
for pairwise comparisons at the 5% level (n=4); ***= p-value < 0.001.

The experiments conducted with leachates suggested low effects without differences among
materials even if remarkable effects can be observed on specific biological model (e.g. PLA leachate
with oyster embryos). This suggests that the six materials leached small amount of toxic compounds,
which is in agreement with the results of the chemical analyses described above. It could be
interesting to repeat the experiments witch leachates obtained from a wide range of leaching duration
(from 24h to several weeks/months) to monitor the kinetics of potential effects associated with the
release of toxic compounds in the leachate of the six materials.

Based on obtained results, scores detailed below were attributed.

Table 13. Scores attributed to the oyster reprotoxicity assay

Assays EPS-F EPS-I XPS-O  PHBH-F PLA-F PLA+PBAT-F

Reprotoxicity
Toxicity of on oyster
extracts early life
stages

o
o
o
o
[N
o

lll.  Impact Score
Based on the results obtained in the different assays assessing the toxicity of the six foamed materials,
the calculated impact score (IS) for this part is available in the Table 13. The data compilation gave a
higher IS for the three conventional materials (EPS-I > XPS-O > EPS-F) with a IS at least three times
higher than the alternative’s IS.
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Table 13. Impact score obtained after the assays performed to assess the "Toxicity".

+ -
Assays EPS-F EPS-I XPS-0 PHBH-F PLA-F PLA ::BAT Observations
Cytotoxicity on )
bacteria 1 1 1 0 0 0 The 3 conventional
foamed materials
- displayed higher
Cytotoxmjcy on 0 1 0 0 0 0 cytotoxic potential
fish cell lines .
than alternatives.
- The 3 conventional
Toxicity of .
extracts Estrogenic foamed materials, but
oteitial 1 1 1 0 0 0 not alternatives,
e exhibited an estrogenic
potential
- Significant decreases
Reprotoxicity on observed only with
ze:)i;zf;iz Ze;rly 0 1 1 0 0 1 EPS-1, XPS-O and
e PLA+PBAT-F
Cytotoxmljcy on 0 0 0 0 0 0 No dlfferenc.e among
bacteria materials
. Cytotoxicity on No difference among
1I'OX|ch|ty of microalgae 0 0 0 0 0 0 materials
eachates - Only the PLA leachates
Reprotoxicity on reduced significantl
oyster early life 0 0 0 0 1 0 g y
the oyster
stages .
embryogenesis
Average Score 0,3 0,6 0,4 0,0 0,1 0,1
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5) Study overview and conclusion

Through the 13 assays performed for the three environmental impacts categories identified in the Part
1 of these report, the IS proposed in the preliminary approach for harmonized impact assessment of
plastic materials allowed to obtain a ranking available in the Table 14. Based on the IS calculations, we
obtained higher IS for the three conventional foamed materials (average 1S= 1.5 + 0.3) compared to
the alternatives (average 1S= 0.4 + 0.1). These results suggest replacement of foamed PS by selected
alternatives is a relevant option from a marine environment point of view.

Furthermore, all results demonstrate the importance to perform a large screening of toxicity assays to
compare the risk of different polymers/materials. The use of a limited number of assays can lead to a
misinterpretation and incorrect recommendations. For instance, if conclusions are based only on the
oyster embryo-larval development assay, the conclusion is a higher risk for the PLA compared to other
materials whereas the PLA extract and leachate had no effect in the other toxicity experiments.

Table 14. Impact Score (IS) of the six materials regarding the four categories of impacts.

Environmental

EPS-F EPS-I XPS-0O PHBH-F PLA-F PLA+PBAT-F
Impacts
Weathering 0.7 0.7 0.7 0.3 0.3 0.3
Transfer of
hazardous 0.3 0.5 0.7 0 0 0
chemicals
Toxicity on
marine 0.3 0.6 0.4 0 0.1 0.1
organisms

This work is, to our knowledge, the first attempt to provide an approach with guidelines to characterize
potential environmental impacts of plastics likely to reach the marine environment. This case study
confirms the added-value of this type of approach as it provides (i) a harmonized framework allowing
comparisons among studies and materials and (ii) data to help decision-makers in the mitigation of the
impact of plastic pollution on the marine environment.

However, the proposed approach has limitations due existing methodological and knowledge gaps
indicating that further developments are needed to make the approach and associated results more
robust and accurate. For instance, it appears necessary to (i) develop more standardized assays to
assess the different impacts of plastic materials, (ii) elaborate thresholds allowing to assess the level
of impacts for each assay, (iii) further develop the impact score assessment method by specifying the
number and types of assays to conduct, the weighting of each test, the calculation method to use...).

./ Interreg

und

68



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

REFERENCES

Adeel, M., Song, X., Wang, Y., Francis, D., Yang, Y., 2017. Environmental impact of estrogens on human, animal
and plant life: A critical review. Environment International 99, 107-119.
https://doi.org/10.1016/j.envint.2016.12.010

Al-Sid-Cheikh, M., Rowland, S.J., Stevenson, K., Rouleau, C., Henry, T.B., Thompson, R.C., 2018. Uptake, Whole-
Body Distribution, and Depuration of Nanoplastics by the Scallop Pecten maximus at Environmentally
Realistic Concentrations. Environ. Sci. Technol. 52, 14480-14486.
https://doi.org/10.1021/acs.est.8b05266

Andrady, A.L., 2015. Persistence of Plastic Litter in the Oceans, in: Bergmann, M., Gutow, L., Klages, M. (Eds.),
Marine  Anthropogenic  Litter. Springer International Publishing, Cham, pp. 57-72.
https://doi.org/10.1007/978-3-319-16510-3_3

Andrady, A.L, 2011. Microplastics in the marine environment. Marine Pollution Bulletin 62, 1596—-1605.
https://doi.org/10.1016/j.marpolbul.2011.05.030

André, S., Delpy, A., Lacroix, C., 2022. Assessment of expanded and extruded polystyrene pollution on the north
east atlantic coastline: abundance, distribution, composition, pathways and sources. OceanWise Report
WP 5.4.

Antonelis, K., Huppert, D., Velasquez, D., June, J., 2011. Dungeness Crab Mortality Due to Lost Traps and a Cost—
Benefit Analysis of Trap Removal in Washington State Waters of the Salish Sea. North American Journal
of Fisheries Management 31, 880—-893. https://doi.org/10.1080/02755947.2011.590113

ASTM Standard D3623. (2004). Standard test method for testing antifouling panels in shallow submergence.
ASTM International, West Conshohocken, PA.

ASTM Standard D7991. (2016). Standard Test Method for Determining Aerobic Biodegradation of Plastics Buried
in Sandy Marine Sediment under Controlled Laboratory Conditions. ASTM International, West
Conshohocken, PA.

ASTM Standard E1440-91. (2014). Standard guide for acute toxicity with the rotifer Brachionus. ASTM
International, West Conshohocken, PA.

ASTM D6691-17. (2001). Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials in
the Marine Environment by a Defined Microbial Consortium or Natural Sea Water Inoculum. ASTM
International, West Conshohocken, PA.

Barnes, D.K.A.,, 2002. Invasions by marine life on plastic debris. Nature 416, 808-809.
https://doi.org/10.1038/416808a

Beaumont, N.J., Aanesen, M., Austen, M.C., Borger, T., Clark, J.R., Cole, M., Hooper, T., Lindeque, P.K., Pascoe,
C., Wyles, K.J., 2019. Global ecological, social and economic impacts of marine plastic. Marine Pollution
Bulletin 142, 189-195. https://doi.org/10.1016/j.marpolbul.2019.03.022

Canesi, L., Corsi, I., 2016. Effects of nanomaterials on marine invertebrates. Science of The Total Environment
565, 933-940. https://doi.org/10.1016/j.scitotenv.2016.01.085

Carlton, J.T., Chapman, J.W., Geller, J.B., Miller, J.A., Carlton, D.A., McCuller, M.Il., Treneman, N.C., Steves, B.P.,
Ruiz, G.M., 2017. Tsunami-driven rafting: Transoceanic species dispersal and implications for marine
biogeography. Science 357, 1402—-1406. https://doi.org/10.1126/science.aa01498

Carson, H.S., Nerheim, M.S., Carroll, K.A., Eriksen, M., 2013. The plastic-associated microorganisms of the North
Pacific Gyre. Marine Pollution Bulletin 75, 126—132. https://doi.org/10.1016/j.marpolbul.2013.07.054

Chae, Y., Hong, S.H., An, Y.-J., 2020. Photosynthesis enhancement in four marine microalgal species exposed to
expanded polystyrene leachate. Ecotoxicology and Environmental Safety 189, 109936.
https://doi.org/10.1016/j.ecoenv.2019.109936

Cole, M., Galloway, T.S., 2015. Ingestion of Nanoplastics and Microplastics by Pacific Oyster Larvae. Environ. Sci.
Technol. 49, 14625-14632. https://doi.org/10.1021/acs.est.5b04099

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Galloway, T.S., 2015. The Impact of Polystyrene Microplastics
on Feeding, Function and Fecundity in the Marine Copepod Calanus helgolandicus. Environ. Sci. Technol.
49, 1130-1137. https://doi.org/10.1021/es504525u

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., Galloway, T.S., 2013. Microplastic
Ingestion by Zooplankton. Environ. Sci. Technol. 47, 6646—6655. https://doi.org/10.1021/es400663f

Corcoran, P.L., Biesinger, M.C., Grifi, M., 2009. Plastics and beaches: A degrading relationship. Marine Pollution
Bulletin 58, 80—84. https://doi.org/10.1016/j.marpolbul.2008.08.022

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

69



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Cormier, B., Batel, A., Cachot, J., Bégout, M.-L., Braunbeck, T., Cousin, X., Keiter, S.H., 2019. Multi-Laboratory
Hazard Assessment of Contaminated Microplastic Particles by Means of Enhanced Fish Embryo Test
With the Zebrafish (Danio rerio). Front. Environ. Sci. 7, 135. https://doi.org/10.3389/fenvs.2019.00135

Cormier, B., Gambardella, C., Tato, T., Perdriat, Q., Costa, E., Veclin, C., Le Bihanic, F., Grassl, B., Dubocq, F.,
Karrman, A., Van Arkel, K., Lemoine, S., Lagarde, F., Morin, B., Garaventa, F., Faimali, M., Cousin, X.,
Bégout, M.-L., Beiras, R., Cachot, J., 2021. Chemicals sorbed to environmental microplastics are toxic to
early life stages of aquatic organisms. Ecotoxicology and Environmental Safety 208, 111665.
https://doi.org/10.1016/j.ecoenv.2020.111665

Davidson, K., and Dudas, S. E. (2016). Microplastic Ingestion by Wild and Cultured Manila Clams (Venerupis
philippinarum) from Baynes Sound, British Columbia. Arch. Environ. Contam. Toxicol. 71, 147-156.
doi:10.1007/s00244-016-0286-4.

Della Torre, C., Bergami, E., Salvati, A., Faleri, C., Cirino, P., Dawson, K.A., Corsi, I., 2014. Accumulation and
Embryotoxicity of Polystyrene Nanoparticles at Early Stage of Development of Sea Urchin Embryos
Paracentrotus lividus. Environ. Sci. Technol. 48, 12302-12311.

Deloitte, 2019. The price tag of plastic pollution.https://doi.org/10.1021/es502569w

Desforges, J. P. W., Galbraith, M., and Ross, P. S. (2015). Ingestion of Microplastics by Zooplankton in the
Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol. 69, 320-330. doi:10.1007/s00244- 015-0172-
5.

Duncan, E.M., Broderick, A.C., Fuller, W.J., Galloway, T.S., Godfrey, M.H., Hamann, M., Limpus, C.J., Lindeque,
P.K., Mayes, A.G., Omeyer, L.C.M., Santillo, D., Snape, R.T.E., Godley, B.J., 2019. Microplastic ingestion
ubiquitous in marine turtles. Glob Change Biol 25, 744-752. https://doi.org/10.1111/gcb.14519

Escher, B.l., Stapleton, H.M., Schymanski, E.L., 2020. Tracking complex mixtures of chemicals in our changing
environment. Science 367, 388—392. https://doi.org/10.1126/science.aay6636

Farrell, P., Nelson, K., 2013. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.).
Environmental Pollution 177, 1-3. https://doi.org/10.1016/j.envpol.2013.01.046

Fazey, F.M.C., Ryan, P.G., 2016. Biofouling on buoyant marine plastics: An experimental study into the effect of
size on surface longevity. Environmental Pollution 210, 354-360.
https://doi.org/10.1016/j.envpol.2016.01.026

Foekema, E. M., De Gruijter, C., Mergia, M. T., van Franeker, J. A., Murk, A. J., and Koelmans, A. A. (2013). Plastic
in North Sea Fish. Environ. Sci. Technol. 47, 8818-8824. d0i:10.1021/es400931b.

Fossi, M. C., Coppola, D., Baini, M., Giannetti, M., Guerranti, C., Marsili, L., et al. (2014). Large filter feeding marine
organisms as indicators of microplastic in the pelagic environment: The case studies of the
Mediterranean basking shark (Cetorhinus maximus) and fin whale (Balaenoptera physalus). Mar.
Environ. Res. 100, 17-24. doi:10.1016/j.marenvres.2014.02.002.

Fossi, M. C., Panti, C., Guerranti, C., Coppola, D., Giannetti, M., Marsili, L., et al. (2012). Are baleen 235 whales
exposed to the threat of microplastics? A case study of the Mediterranean fin whale (Balaenoptera
physalus). Mar. Pollut. Bull. 64, 2374-2379. doi:10.1016/j.marpolbul.2012.08.013.

Fotopoulou, K.N., Karapanagioti, H.K., 2012. Surface properties of beached plastic pellets. Marine Environmental
Research 81, 70-77. https://doi.org/10.1016/j.marenvres.2012.08.010

Frére, L., Maignien, L., Chalopin, M., Huvet, A,, Rinnert, E., Morrison, H., Kerninon, S., Cassone, A.-L., Lambert, C,,
Reveillaud, J., Paul-Pont, I., 2018. Microplastic bacterial communities in the Bay of Brest: Influence of
polymer type and size. Environmental Pollution 242, 614-625.
https://doi.org/10.1016/j.envpol.2018.07.023

Fringer, V.S., Fawcett, L.P., Mitrano, D.M., Maurer-Jones, M.A., 2020. Impacts of Nanoplastics on the Viability
and Riboflavin Secretion in the Model Bacteria Shewanella oneidensis. Front. Environ. Sci. 8, 97.
https://doi.org/10.3389/fenvs.2020.00097

Frond, H.L., Sebille, E., Parnis, J.M., Diamond, M.L., Mallos, N., Kingsbury, T., Rochman, C.M., 2019. Estimating
the Mass of Chemicals Associated with Ocean Plastic Pollution to Inform Mitigation Efforts. Integr
Environ Assess Manag 15, 596—606. https://doi.org/10.1002/ieam.4147

Galloway, T.S., Cole, M., Lewis, C., 2017. Interactions of microplastic debris throughout the marine ecosystem.
Nature Ecology & Evolution 1, 1-8. https://doi.org/10.1038/s41559-017-0116

Gardon, T., Huvet, A., Paul-Pont, I., Cassone, A.-L., Sham Koua, M., Soyez, C., Jezequel, R., Receveur, J., Le Moullac,
G., 2020. Toxic effects of leachates from plastic pearl-farming gear on embryo-larval development in the
pearl oyster Pinctada margaritifera. Water Research 179, 115890.
https://doi.org/10.1016/j.watres.2020.115890

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

70



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Gardon, T., Reisser, C., Soyez, C., Quillien, V., Le Moullac, G., 2018. Microplastics Affect Energy Balance and
Gametogenesis in the Pearl Oyster Pinctada margaritifera. Environ. Sci. Technol. 52, 5277-5286.
https://doi.org/10.1021/acs.est.8b00168

Gauff, R. P., Lejeusne, C., Arsenieff, L., Bohner, O., Coudret, J., Desbordes, F., ... & Davoult, D. (2022). Alien vs.
predator: influence of environmental variability and predation on the survival of ascidian recruits of a
native and alien species. Biological Invasions, 1-18.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made. Sci. Adv. 3, €1700782.
https://doi.org/10.1126/sciadv.1700782

Godet, R., Mathel, V., Chauvel, M., 2018. Suppliers of EPS. OceanWise Report WP5.2.

Gray, A.D., Weinstein, J.E., 2017. Size- and shape-dependent effects of microplastic particles on adult
daggerblade grass shrimp (Palaemonetes pugio): Uptake and retention of microplastics in grass shrimp.
Environ Toxicol Chem 36, 3074—3080. https://doi.org/10.1002/etc.3881

Gregory, M.R., 2009. Environmental implications of plastic debris in marine settings—entanglement, ingestion,
smothering, hangers-on, hitch-hiking and alien invasions. Phil. Trans. R. Soc. B 364, 2013-2025.
https://doi.org/10.1098/rstb.2008.0265

Hardesty, B.D., Harari, J., Isobe, A., Lebreton, L., Maximenko, N., Potemra, J., van Sebille, E., Vethaak, A.D., Wilcox,
C.,2017. Using Numerical Model Simulations to Improve the Understanding of Micro-plastic Distribution
and Pathways in the Marine Environment. Front. Mar. Sci. 4. https://doi.org/10.3389/fmars.2017.00030

Hartmann, N.B., Hiiffer, T., Thompson, R.C., Hassellov, M., Verschoor, A., Daugaard, A.E., Rist, S., Karlsson, T.,
Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C,, Ivleva, N.P., Lusher, A.L., Wagner, M., 2019. Are We
Speaking the Same Language? Recommendations for a Definition and Categorization Framework for
Plastic Debris. Environ. Sci. Technol. 53, 1039—-1047. https://doi.org/10.1021/acs.est.8005297

Hermabessiere, L., Dehaut, A., Paul-Pont, I., Lacroix, C., Jezequel, R., Soudant, P., Duflos, G., 2017. Occurrence
and effects of plastic additives on marine environments and organisms: A review. Chemosphere 182,
781-793. https://doi.org/10.1016/j.chemosphere.2017.05.096

Hossain, M.R., Jiang, M., Wei, Q., Leff, L.G., 2019. Microplastic surface properties affect bacterial colonization in
freshwater. J Basic Microbiol 59, 54—61. https://doi.org/10.1002/jobm.201800174

ISO Standard 15314. (2018). Plastics — Methods for marine exposure. International Organization for
Standardization.

ISO Standard 15462. (2006). Water quality — Selection of tests for biodegradability. International Organization
for Standardization.

ISO Standard 11348-3. (2007). Water quality — Determination of the inhibitory effect of water samples on the
light emission of Vibrio fischeri (Luminescent bacteria test) — Part 3: Method using freeze-dried
bacteria. International Organization for Standardization.

ISO Standard 17244. (2015). Water quality — Determination of the toxicity of water samples on the embryo-
larval development of Japanese oyster (Crassostrea gigas) and mussel (Mytilus edulis or Mytilus
galloprovincialis). International Organization for Standardization.

ISO Standard 14669. (1993). Water quality — Determination of acute lethal toxicity to marine copepods
(Copepoda, Crustacea). International Organization for Standardization.

Isobe, A., Azuma, T., Cordova, M.R., Cdzar, A., Galgani, F., Hagita, R., Kanhai, L.D., Imai, K., Iwasaki, S., Kako, S.,
Kozlovskii, N., Lusher, A.L., Mason, S.A., Michida, Y., Mituhasi, T., Morii, Y., Mukai, T., Popova, A.,
Shimizu, K., Tokai, T., Uchida, K., Yagi, M., Zhang, W., 2021. A multilevel dataset of microplastic
abundance in the world’s upper ocean and the Laurentian Great Lakes. Micropl.&Nanopl. 1, 16.
https://doi.org/10.1186/s43591-021-00013-z

Jiang, X., Chang, Y., Zhang, T., Qiao, Y., Klobucar, G., Li, M., 2020. Toxicological effects of polystyrene microplastics
on earthworm (Eisenia fetida). Environmental Pollution 259, 113896.
https://doi.org/10.1016/j.envpol.2019.113896

Jin, Y., Xia, J., Pan, Z., Yang, J., Wang, W., Fu, Z., 2018. Polystyrene microplastics induce microbiota dysbiosis and
inflammation in the gut of adult zebrafish. Environmental Pollution 235, 322-329.
https://doi.org/10.1016/j.envpol.2017.12.088

Julienne, F., Delorme, N., Lagarde, F., 2019. From macroplastics to microplastics: Role of water in the
fragmentation of polyethylene. Chemosphere 236, 1244009.
https://doi.org/10.1016/j.chemosphere.2019.124409

Kedzierski, M., D’Almeida, M., Magueresse, A., Le Grand, A., Duval, H., César, G., Sire, O., Bruzaud, S., Le Tilly, V.,
2018. Threat of plastic ageing in marine environment. Adsorption/desorption of micropollutants.
Marine Pollution Bulletin 127, 684-694. https://doi.org/10.1016/j.marpolbul.2017.12.059

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

71



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Kedzierski, M., Lechat, B., Sire, O., Le Maguer, G., Le Tilly, V., Bruzaud, S., 2020. Microplastic contamination of
packaged meat: Occurrence and associated risks. Food Packaging and Shelf Life 24, 100489.
https://doi.org/10.1016/]j.fpsl.2020.100489

Kiessling, T., Gutow, L., Thiel, M., 2015. Marine Litter as Habitat and Dispersal Vector, in: Bergmann, M., Gutow,
L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International Publishing, Cham, pp. 141-181.
https://doi.org/10.1007/978-3-319-16510-3_6

Kirstein, I.V., Wichels, A., Gullans, E., Krohne, G., Gerdts, G., 2019. The Plastisphere — Uncovering tightly attached
plastic “specific” microorganisms. PLoS ONE 14, e0215859.
https://doi.org/10.1371/journal.pone.0215859

Koelmans, A.A., Bakir, A., Burton, G.A., Janssen, C.R., 2016. Microplastic as a Vector for Chemicals in the Aquatic
Environment: Critical Review and Model-Supported Reinterpretation of Empirical Studies. Environ. Sci.
Technol. 50, 3315-3326. https://doi.org/10.1021/acs.est.5b06069

Lagana, P., Caruso, G., Corsi, ., Bergami, E., Venuti, V., Majolino, D., La Ferla, R., Azzaro, M., Cappello, S., 2019.
Do plastics serve as a possible vector for the spread of antibiotic resistance? First insights from bacteria
associated to a polystyrene piece from King George Island (Antarctica). International Journal of Hygiene
and Environmental Health 222, 89—-100. https://doi.org/10.1016/j.ijheh.2018.08.009

Lamb, J.B., Willis, B.L., Fiorenza, E.A., Couch, C.S., Howard, R., Rader, D.N., True, J.D., Kelly, L.A., Ahmad, A.,
Jompa, J., Harvell, C.D., 2018. Plastic waste associated with disease on coral reefs. Science 359, 460—
462. https://doi.org/10.1126/science.aar3320

Lau, W.W.Y., Shiran, Y., Bailey, R.M., Cook, E., Stuchtey, M.R., Koskella, J., Velis, C.A., Godfrey, L., Boucher, J.,
Murphy, M.B., Thompson, R.C., Jankowska, E., Castillo, A.C., Pilditch, T.D., Dixon, B., Koerselman, L.,
Kosior, E., Favoino, E., Gutberlet, J., Baulch, S., Atreya, M.E., Fischer, D., He, K.K., Petit, M.M., Sumaila,
U.R., Neil, E., Bernhofen, M.V., Lawrence, K., Palardy, J.E., 2020. Evaluating scenarios toward zero plastic
pollution. Science. https://doi.org/10.1126/science.aba9475

Le Bihanic, F., Di Bucchianico, S., Karlsson, H.L., Dreij, K., 2016. In vivo micronucleus screening in zebrafish by flow
cytometry. MUTAGE 31, 643-653. https://doi.org/10.1093/mutage/gew032

Lee, L.E.J., Clemons, J.H., Bechtel, D.G., Caldwell, S.J., Han, K.-B., Pasitschniak-Arts, M., Mosser, D.D., Bols, N.C.,
1993. Development and characterization of a rainbow trout liver cell line expressing cytochrome P450-
dependent monooxygenase activity. Cell Biol Toxicol 9, 279—-294. https://doi.org/10.1007/BF00755606

Li, J., Yang, D., Li, L., Jabeen, K., and Shi, H. (2015). Microplastics in commercial bivalves from China. Environ.
Pollut. 207, 190-195. doi:10.1016/j.envpol.2015.09.018.

Lozano, Y.M., Lehnert, T., Linck, L.T., Lehmann, A,, Rillig, M.C., 2021. Microplastic Shape, Polymer Type, and
Concentration Affect Soil Properties and Plant Biomass. Front. Plant Sci. 12, 616645.
https://doi.org/10.3389/fpls.2021.616645

Lusher, A., Hollman, P.C.H.,, Mendoza-Hill, J., 2017. Microplastics in fisheries and aquaculture: status of
knowledge on their occurrence and implications for aquatic organisms and food safety, FAO fisheries
and aquaculture technical paper. Food and Agriculture Organization of the United Nations, Rome.

Lusher, A. L., McHugh, M., and Thompson, R. C. (2013). Occurrence of microplastics in the gastrointestinal tract
of pelagic and demersal fish from the English Channel. Mar. Pollut. Bull. 67, 94-99.
doi:10.1016/j.marpolbul.2012.11.028

MaclLeod, M., Arp, H.P.H., Tekman, M.B., Jahnke, A., 2021. The global threat from plastic pollution. Science 373,
61-65. https://doi.org/10.1126/science.abg5433

Martinez-Gémez, C., Ledn, V.M., Calles, S., Gomariz-Olcina, M., Vethaak, A.D., 2017. The adverse effects of virgin
microplastics on the fertilization and larval development of sea urchins. Marine Environmental Research
130, 69-76. https://doi.org/10.1016/j.marenvres.2017.06.016

Martins, A., Guilhermino, L., 2018. Transgenerational effects and recovery of microplastics exposure in model
populations of the freshwater cladoceran Daphnia magna Straus. Science of The Total Environment
631-632, 421-428. https://doi.org/10.1016/j.scitotenv.2018.03.054

Masd, M., Garcés, E., Pages, F., Camp, J., 2003. Drifting plastic debris as a potential vector for dispersing Harmful
Algal Bloom (HAB) species. Sci. Mar. 67, 107—111. https://doi.org/10.3989/scimar.2003.67n1107

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C., Kaminuma, T., 2001. Plastic Resin Pellets as a Transport
Medium for Toxic Chemicals in the Marine Environment. Environ. Sci. Technol. 35, 318-324.
https://doi.org/10.1021/es0010498

Mattsson, K., Johnson, E.V., Malmendal, A., Linse, S., Hansson, L.-A., Cedervall, T., 2017. Brain damage and
behavioural disorders in fish induced by plastic nanoparticles delivered through the food chain. Sci Rep
7, 11452, https://doi.org/10.1038/s41598-017-10813-0

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

72



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Micevska, T., Warne, M.S.J., Pablo, F., Patra, R., 2006. Variation in, and Causes of, Toxicity of Cigarette Butts to a
Cladoceran and Microtox. Arch. Environ. Contam. Toxicol. 50, 205-212.
https://doi.org/10.1007/s00244-004-0132-y

Moreman, J., Lee, O., Trznadel, M., David, A., Kudoh, T., Tyler, C.R., 2017. Acute Toxicity, Teratogenic, and
Estrogenic Effects of Bisphenol A and Its Alternative Replacements Bisphenol S, Bisphenol F, and
Bisphenol AF in Zebrafish Embryo-Larvae. Environ. Sci. Technol. 51, 12796-12805.
https://doi.org/10.1021/acs.est.7b03283

Mouat, J., Lopez-Lozano, R., and Bateson, H. 2010. Economic Impacts of Marine Litter. KIMO Int., 1-117.

Napper, L.E., Thompson, R.C., 2020. Plastic Debris in the Marine Environment: History and Future Challenges.
Global Challenges 4, 1900081. https://doi.org/10.1002/gch2.201900081

Nelms, S. E., Barnett, J., Brownlow, A., Davison, N., Deaville, R., Galloway, T., et al. (2019). Microplastics in marine
mammals stranded around the British coast: ubiquitous but transitory? Sci. Rep., 1-8.
doi:10.1038/s41598-018-37428-3.

Newman, S., Watkins, E., Farmer, A., Brink, P. ten, Schweitzer, J.-P., 2015. The Economics of Marine Litter, in:
Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International
Publishing, Cham, pp. 367-394. https://doi.org/10.1007/978-3-319-16510-3_14

OECD Standard 201, 2011. Freshwater Alga and Cyanobacteria, Growth Inhibition Test. OECD Guidelines for the
Testing of Chemicals.

OECD Standard 306, 1992. Biodegradability in Seawater. OECD Guidelines for the Testing of Chemicals.

OECD Standard 236, 2013. Fish Embryo Acute Toxicity (FET) Test. OECD Guidelines for the Testing of Chemicals.

OECD Standard 221, 2006. Lemna sp. Growth Inhibition Test. OECD Guidelines for the Testing of Chemicals.

OECD Standard 203. 2006. Fish, Acute Toxicity Test. OECD Guidelines for the Testing of Chemicals.

Ogonowski, M., Schiir, C., Jarsén, A., Gorokhova, E., 2016. The Effects of Natural and Anthropogenic
Microparticles on Individual Fitness in Daphnia magna. PLoS ONE 11, e0155063.
https://doi.org/10.1371/journal.pone.0155063

Pannetier, P., Fuster, L., Clérandeau, C., Lacroix, C., Gourves, P.-Y., Cachot, J., Morin, B., 2018. Usefulness of RTL-
W1 and OLCAB-e3 fish cell lines and multiple endpoint measurements for toxicity evaluation of
unknown or complex mixture of chemicals. Ecotoxicology and Environmental Safety 150, 40-48.
https://doi.org/10.1016/j.ecoenv.2017.12.027

Pannetier, P., Morin, B., Le Bihanic, F., Dubreil, L., Clérandeau, C., Chouvellon, F., Van Arkel, K., Danion, M.,
Cachot, J., 2020. Environmental samples of microplastics induce significant toxic effects in fish larvae.
Environment International 134, 105047. https://doi.org/10.1016/j.envint.2019.105047

Paul-Pont, I., Tallec, K., Gonzalez-Fernandez, C., Lambert, C., Vincent, D., Mazurais, D., Zambonino-Infante, J.-L.,
Brotons, G., Lagarde, F., Fabioux, C., Soudant, P., Huvet, A., 2018. Constraints and Priorities for
Conducting Experimental Exposures of Marine Organisms to Microplastics. Front. Mar. Sci. 5.
https://doi.org/10.3389/fmars.2018.00252

Peda, C., Caccamo, L., Fossi, M.C., Gai, F., Andaloro, F., Genovese, L., Perdichizzi, A., Romeo, T., Maricchiolo, G.,
2016. Intestinal alterations in European sea bass Dicentrarchus labrax (Linnaeus, 1758) exposed to
microplastics: Preliminary results. Environmental Pollution 212, 251-256.
https://doi.org/10.1016/j.envpol.2016.01.083

Pinto, M., Langer, T.M., Huffer, T., Hofmann, T., Herndl, G.J., 2019. The composition of bacterial communities
associated with plastic biofilms differs between different polymers and stages of biofilm succession.
PLoS ONE 14, e0217165. https://doi.org/10.1371/journal.pone.0217165

PlasticsEurope (2021). Plastics — the Facts 2021.

Pousse, E., Poach, M.E., Redman, D.H., Sennefelder, G., White, L.E., Lindsay, J.M., Munroe, D., Hart, D., Hennen,
D., Dixon, M.S,, Li, Y., Wikfors, G.H., Meseck, S.L., 2020. Energetic response of Atlantic surfclam Spisula
solidissima to ocean acidification. Marine Pollution Bulletin 161, 111740.
https://doi.org/10.1016/j.marpolbul.2020.111740

Procter, J., Hopkins, F.E., Fileman, E.S., Lindeque, P.K., 2019. Smells good enough to eat: Dimethyl sulfide (DMS)
enhances copepod ingestion of microplastics. Marine Pollution Bulletin 138, 1-6.
https://doi.org/10.1016/j.marpolbul.2018.11.014

Rillig, M.C., Kim, S.W., Kim, T.-Y., Waldman, W.R., 2021. The Global Plastic Toxicity Debt. Environ. Sci. Technol.
55, 2717-2719. https://doi.org/10.1021/acs.est.0c07781

Rochman, C.M., Browne, M.A., Underwood, A.J., Franeker, J.A. van, Thompson, R.C., Amaral-Zettler, L.A., 2016.
The ecological impacts of marine debris: unraveling the demonstrated evidence from what is perceived.
Ecology 97, 302—-312. https://doi.org/10.1890/14-2070.1

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

73



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Rochman, C.M., Hentschel, B.T., Teh, S.J., 2014. Long-Term Sorption of Metals Is Similar among Plastic Types:
Implications for Plastic Debris in Aquatic Environments. PLoS ONE 9, e85433.
https://doi.org/10.1371/journal.pone.0085433

Rochman, C.M., Hoh, E., Hentschel, B.T., Kaye, S., 2013a. Long-Term Field Measurement of Sorption of Organic
Contaminants to Five Types of Plastic Pellets: Implications for Plastic Marine Debris. Environ. Sci.
Technol. 130109073312009. https://doi.org/10.1021/es303700s

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013b. Ingested plastic transfers hazardous chemicals to fish and
induces hepatic stress. Sci Rep 3, 3263. https://doi.org/10.1038/srep03263

Santos, R.G., Machovsky-Capuska, G.E., Andrades, R., 2021. Plastic ingestion as an evolutionary trap: Toward a
holistic understanding. Science 373, 56—60. https://doi.org/10.1126/science.abh0945

Savoca, M.S., Wohlfeil, M.E., Ebeler, S.E., Nevitt, G.A., 2016. Marine plastic debris emits a keystone infochemical
for olfactory foraging seabirds. Sci. Adv. 2, e1600395. https://doi.org/10.1126/sciadv.1600395

Scherer, C., Brennholt, N., Reifferscheid, G., Wagner, M., 2017. Feeding type and development drive the ingestion
of microplastics by freshwater invertebrates. Sci Rep 7, 17006. https://doi.org/10.1038/s41598-017-
17191-7

Schiir, C., Weil, C., Baum, M., Wallraff, J., Schreier, M., Oehlmann, J., Wagner, M., 2021. Incubation in Wastewater
Reduces the Multigenerational Effects of Microplastics in Daphnia magna. Environ. Sci. Technol. 55,
2491-2499. https://doi.org/10.1021/acs.est.0c07911

Setdld, O., Fleming-Lehtinen, V., Lehtiniemi, M., 2014. Ingestion and transfer of microplastics in the planktonic
food web. Environmental Pollution 185, 77—-83. https://doi.org/10.1016/j.envpol.2013.10.013

Sun, X., Liang, J., Zhu, M., Zhao, Y., and Zhang, B. (2018). Microplastics in seawater and zooplankton from the
Yellow Sea. Environ. Pollut. 242, 585-595. d0i:10.1016/j.envpol.2018.07.014.

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E.J., Le Goic, N., Quillien, V., Mingant,
C., Epelboin, Y., Corporeau, C., Guyomarch, J., Robbens, J., Paul-Pont, I., Soudant, P., Huvet, A., 2016.
Oyster reproduction is affected by exposure to polystyrene microplastics. Proc Natl Acad Sci USA 113,
2430-2435. https://doi.org/10.1073/pnas.1519019113

Tallec, K., Huvet, A., Di Poi, C., Gonzalez-Fernandez, C., Lambert, C., Petton, B., Le Goic, N., Berchel, M., Soudant,
P., Paul-Pont, 1., 2018. Nanoplastics impaired oyster free living stages, gametes and embryos.
Environmental Pollution 242, 1226-1235. https://doi.org/10.1016/j.envpol.2018.08.020

Tallec, K., Huvet, A,, Yeuc’h, V., Le Goic, N., Paul-Pont, ., 2022. Chemical effects of different types of rubber-
based products on early life stages of Pacific oyster, Crassostrea gigas. Journal of Hazardous Materials
427,127883. https://doi.org/10.1016/j.jhazmat.2021.127883

Tallec, K., Paul-Pont, I., Boulais, M., Goic, N.L., Gonzalez-Fernandez, C., Grand, F.L., Bideau, A., Quéré, C., Cassone,
A.-L., Lambert, C., Soudant, P., Huvet, A., 2020. Nanopolystyrene beads affect motility and reproductive
success of oyster spermatozoa (Crassostrea gigas). Nanotoxicology 0, 1-19.
https://doi.org/10.1080/17435390.2020.1808104

Tallec, K., Paul-Pont, I., Petton, B., Alunno-Bruscia, M., Bourdon, C., Bernardini, |., Boulais, M., Lambert, C., Quéré,
C., Bideau, A,, Le Goic, N., Cassone, A.-L., Le Grand, F., Fabioux, C., Soudant, P., Huvet, A., 2021. Amino-
nanopolystyrene exposures of oyster ( Crassostrea gigas ) embryos induced no apparent
intergenerational effects. Nanotoxicology 1-17. https://doi.org/10.1080/17435390.2021.1879963

Thaysen, C., Stevack, K., Ruffolo, R., Poirier, D., De Frond, H., DeVera, J., Sheng, G., Rochman, C.M., 2018. Leachate
From Expanded Polystyrene Cups Is Toxic to Aquatic Invertebrates (Ceriodaphnia dubia). Front. Mar.
Sci. 5, 71. https://doi.org/10.3389/fmars.2018.00071

Tian, Z., Zhao, H., Peter, K.T., Gonzalez, M., Wetzel, J., Wu, C., Hu, X., Prat, J., Mudrock, E., Hettinger, R., Cortina,
A.E., Biswas, R.G., Kock, F.V.C,, Soong, R., Jenne, A,, Du, B., Hou, F., He, H., Lundeen, R., Gilbreath, A.,
Sutton, R., Scholz, N.L., Davis, J.W., Dodd, M.C., Simpson, A., Mcintyre, J.K., Kolodziej, E.P., 2020. A
ubiquitous tire rubber—derived chemical induces acute mortality in coho salmon. Science eabd6951.
https://doi.org/10.1126/science.abd6951

UNEP (2015). Plastic in Cosmetics.

UNEP, and GRID-Arendal (2016). Marine Litter Vital Graphics. United Nations Environ. Program. GRIDArendal,
60.

U.S EPA. (2015). Screening-level hazard characterization - Acetyl Tributyl Citrate. U.S. Environmental Protection
Agency, Hazard Characterization Document

Van Cauwenberghe, L., and Janssen, C. R. (2014). Microplastics in bivalves cultured for human consumption.
Environ. Pollut. 193, 65-70. doi:10.1016/j.envpol.2014.06.010.

Van Cauwenberghe, L., Vanreusel, A., Mees, J., and Janssen, C. R. (2013). Microplastic pollution in 256 deep-sea
sediments. Environ. Pollut. 182, 495-499. doi:10.1016/j.envpol.2013.08.013.

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

74



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

Van Franeker, J. A., Blaize, C., Danielsen, J., Fairclough, K., Gollan, J., Guse, N., ... & Turner, D. M. (2011).
Monitoring plastic ingestion by the northern fulmar Fulmarus glacialis in the North Sea. Environmental
pollution, 159(10), 2609-2615.

Volker, J., Ashcroft, F., Vedgy, A., Zimmermann, L., Wagner, M., 2022. Adipogenic Activity of Chemicals Used in
Plastic Consumer Products. Environ. Sci. Technol. 56, 2487-2496.
https://doi.org/10.1021/acs.est.1c06316

von Moos, N., Burkhardt-Holm, P., Kohler, A., 2012. Uptake and Effects of Microplastics on Cells and Tissue of
the Blue Mussel Mytilus edulis L. after an Experimental Exposure. Environ. Sci. Technol. 46, 11327—-
11335. https://doi.org/10.1021/es302332w

Wagner, S., Huffer, T., Klockner, P., Wehrhahn, M., Hofmann, T., Reemtsma, T., 2018. Tire wear particles in the
aquatic environment - A review on generation, analysis, occurrence, fate and effects. Water Research
139, 83-100. https://doi.org/10.1016/j.watres.2018.03.051

Wagner, S., Reemtsma, T., 2019. Things we know and don’t know about nanoplastic in the environment. Nature
Nanotechnology 14, 300-301. https://doi.org/10.1038/s41565-019-0424-z

Watts, AJ.R., Urbina, M.A., Corr, S., Lewis, C., Galloway, T.S., 2015. Ingestion of Plastic Microfibers by the Crab
Carcinus maenas and Its Effect on Food Consumption and Energy Balance. Environ. Sci. Technol. 49,
14597-14604. https://doi.org/10.1021/acs.est.5b04026

Wiesinger, H., Wang, Z., Hellweg, S., 2021. Deep Dive into Plastic Monomers, Additives, and Processing Aids.
Environ. Sci. Technol. 55, 9339-9351. https://doi.org/10.1021/acs.est.1c00976

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics on marine organisms: A
review. Environmental Pollution 178, 483-492. https://doi.org/10.1016/j.envpol.2013.02.031

WWEF, 2021. Plastics: The cost to society, the environment and the economy.

Yaripour, S., Huuskonen, H., Rahman, T., Kekalainen, J., Akkanen, J., Magris, M., Kipriianov, P.V., Kortet, R., 2021.
Pre-fertilization exposure of sperm to nano-sized plastic particles decreases offspring size and swimming
performance in the European whitefish (Coregonus lavaretus). Environmental Pollution 291, 118196.
https://doi.org/10.1016/j.envpol.2021.118196

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the “Plastisphere”: Microbial Communities on Plastic
Marine Debris. Environ. Sci. Technol. 47, 7137-7146. https://doi.org/10.1021/es401288x

Zimmermann, L., Bartosova, Z., Braun, K., Oehlmann, J., Volker, C., Wagner, M., 2021. Plastic Products Leach
Chemicals That Induce In Vitro Toxicity under Realistic Use Conditions. Environ. Sci. Technol.
acs.est.1c01103. https://doi.org/10.1021/acs.est.1c01103

Zimmermann, L., Dierkes, G., Ternes, T.A., Vélker, C., Wagner, M., 2019. Benchmarking the in Vitro Toxicity and
Chemical Composition of Plastic Consumer Products. Environ. Sci. Technol. 53, 11467-11477.
https://doi.org/10.1021/acs.est.9b02293

Zimmermann, L., Dombrowski, A., Vélker, C., Wagner, M., 2020. Are bioplastics and plant-based materials safer
than conventional plastics? In vitro toxicity and chemical composition. Environment International
106066. https://doi.org/10.1016/j.envint.2020.106066

./ Interreg -

Atlantic Area

European Regional Development Fund  EUROPEAN UNION

75



Assessment and comparison of potential impacts of EPS/XPS and their alternatives on the marine
environment

APPENDIX

Appendix 1. Exemple of harmonised scheme used for offshore substances (source:
https://www.cefas.co.uk/data-and-publications/ocns/)
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