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Handling Editor: Michael Bank Plastics contain various types and amounts of additives that can leach into the water column when entering
aquatic ecosystems. Some leached plastic additives are hazardous to marine biota at environmentally relevant

Keywords: concentrations. Disparate methodological approaches have been adopted for toxicity testing of plastic leachates,

Pliastic leac-hates making comparison difficult. Here we propose a protocol to standardize the methodology to obtain leachates
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Micronization Acute exposure to leachates from the studied plastics caused negative effects on the early life stages of sea ur-

Lixiviation chins and marine bacteria. We provide recommendations of key factors influencing lixiviation of MPs , such as
particle size (<250 pm), solid-to-liquid ratio (1-10 g/L), mixing conditions (1-60 rpm), and lixiviation time (72
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R. Almeda et al.
1. Introduction

At least eight million tons of plastic litter enter the ocean every year
(Jambeck et al., 2015) and the amount of plastic in the aquatic eco-
systems is projected to triple by 2040 (UNEP, 2021). Microplastics (MPs)
have been found in all aquatic systems and, globally, ocean waters are
polluted with tens of thousands of tons of microplastics (Cozar et al.,
2014, 1SO, 2021). Understanding the consequences of plastic pollution
in aquatic ecosystems is, therefore, a major societal and scientific
concern. The overall assessment of the environmental impacts of plastic
pollution is still under study. Current knowledge generally points to a
lack of strong acute toxicity at the organism level from MPs derived from
pure synthetic polymers, called “virgin MPs” (Beiras et al., 2018;
Gambardella et al., 2019; Cormier et al., 2021; Rodriguez-Torres et al.,
2020; JPI Oceans, 2020). However industrial and commercial plastic
items also contain chemical additives (e.g., plasticizers, antioxidants,
flame-retardants, antimicrobial coatings, and dyes) added to the poly-
mer matrix during the manufacturing process. Plastic additives are
generally not intrinsically bound to the synthetic polymers, and certain
additives or their degradation products readily leach into liquid matrices
(e.g. Brede et al., 2003; Kim et al., 2006; Fernandes et al., 2008; Lithner
et al., 2012). Plastic debris can continue leaching chemicals for months
in the marine environment (Paluselli et al., 2019). Fragmentation of
marine plastic debris into MPs increases particle surface area and may
accelerate leaching into the ocean. Some of these industrial plastic ad-
ditives (e.g., polybrominated flame-retardants, ortho-phthalates,
bisphenol A, nonylphenol, biocides) or their transformation products (e.
g., 6 PPD-quinone) are hazardous to marine biota (Gunaalan et al., 2020;
Tian et al., 2021; Page et al., 2022) as well as human health (Erni--
Cassola et al., 2019). Knowledge of the impacts of plastic leachates and
specific additives on marine organisms is therefore essential to evaluate
the consequences of plastic pollution in marine ecosystems and to pro-
vide information to the plastic industry to encourage both the reduction
of harmful additives and their replacement with environmentally safer
additives.

There is solid evidence that leachates from plastics can have toxic
effects on aquatic organisms (as summarized in S.I. Table S1) but
disparate methodological approaches have been adopted (S-I., Table S1;
Bridson et al., 2021). The lack of a standard methodology for MP
lixiviation prevents comparison amongst studies, already hampered by
the complexity of weathering processes in field conditions and the wide
heterogeneity of plastic particles in terms of size, degradation phase, and
levels of contained/adsorbed chemicals. Additionally, more studies on
the toxicity of leachates from small plastic particles are needed since up
to 80-90% of the microplastics in marine surface waters are smaller 300
pm (e.g., Rist et al., 2020; Gunaalan et al., 2023).

Sorption/desorption kinetics of plastic chemicals depend on the
characteristics of both the polymeric matrix (polymer type, particle size,
volume, crystallinity) and the associated chemicals (hydrophobicity,
diffusion coefficient, molecular volume), as well as the specific leaching
conditions (e.g., S/L ratio, temperature, extraction solvent, time of
extraction, and mixing speed) (Town and van Leeuwen, 2020; Suhrhoff
and Scholz-Bottcher, 2016). Multiple environmental factors can affect
the leaching of plastic additives, including temperature, salinity, and UV
radiation (Suhrhoff and Scholz-Bottcher, 2016;Dhavamani et al., 2022).
Temperature and UV radiation can increase the leaching of plastic ad-
ditives whereas salinity causes a minor effect with positive or negative
effects depending on the additives (Suhrhoff and Scholz-Bottcher, 2016;
Dhavamani et al., 2022). To keep the environmental relevance of eco-
toxicity tests, these factors need to be adapted to the test species and
local environmental conditions, particularly for species from different
latitudes. This makes it difficult to standardize certain environmental
parameters for the lixiviation of MPs for aquatic ecotoxicity. However,
some key factors related to the intrinsic particle properties (size) or
methodological aspects (solid-to-liquid ratio, mixing conditions, and
lixiviation time) allow some degree of standardization for obtaining
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leachates for toxicity testing.

The general aim of this study is to propose a protocol to standardize
certain key methodological factors to obtain leachates from MPs for
aquatic ecotoxicity testing. This study does not intend to resolve all the
complexity on the topic of plastic leaching such as the interactions be-
tween parameters, the chemical composition of leachates, or their ef-
fects on biota but it aims to provide some relevant methodological
recommendations for obtaining leachates for toxicity testing, allowing
better comparability among studies. Although it is not the main scope of
this study, we also provide some suggestions for acute toxicity testing
with leachates and chemical analyses. We first reviewed the current
literature to evaluate whether key methodological aspects of plastic
leaching can be standardized. Second, we conducted experimental
research using different types of plastics and biological models to assess
some of the recommendations indicated in the protocol to balance
feasibility and environmental relevance.

2. Methodology
2.1. General approach

We considered previous research/literature (S.I. Table S1) and con-
ducted new laboratory studies to define the protocol. The proposed
protocol takes into consideration previous methodological efforts
intended to test the potential toxicity of lixiviates from several solid
matrices such as residues (U.S. EPA, 1992; CEN, 2002) and medical
devices (ISO, 2021).

The proposed protocol is divided into 5 main steps: micronization,
size fractionation and particle size characterization, lixiviation, leachate
filtration, and toxicity testing (Fig. 1). These general steps were used in
our bioassays to investigate the following critical aspects of the lixivia-
tion protocol: Solid-to-Liquid (S/L) ratio, particle size, contact/lixivia-
tion time and mixing conditions.

We used a variety of plastic materials including conventional
petroleum-based plastics and bioplastics. Beach-collected plastics were
selected due to environmental relevance, polyvinyl chloride (PVC)
because it is well-known for its high concentration of additives, and a
biodegradable bag because bioplastics are expected to largely replace
conventional plastics in the future and therefore, their potential toxicity
on the marine environment need to be evaluated.

To test the influence of particle size and lixiviation time on leachate
toxicity (S/L ratio = 10 g/L), we used two types of plastic (a commercial
compostable carrier bag made of Mater-Bi® biopolymer and beach-
collected plastics), and two types of standard toxicity tests, the sea ur-
chin embryo test (“SET”) (Beiras et al., 2012; Alonso-Lopez et al., 2021)
and the bacterial bioluminescence toxicity assay (Microtox®, Modern
Water, Acute toxicity 100% Test) (S-I Table S2). To investigate the effect
of mixing conditions, we used a toy made of soft polyvinyl chloride
(PVC) material to assess the influence of rotation speed (1 and 60 rpm)
on leachate toxicity (S/L ratio = 1 and 10 g/L) (S-I., Table S2).

In the next subsections, we present key aspects of the proposed
methodology based on previous studies and the description of the spe-
cific methods used in the bioassays conducted here to support the pro-
tocol guidelines. In the Results and Discussion section, we present the
results of the bioassays, the general guidelines of the protocol, and the
rationale that justifies the main recommendations for critical aspects of
the protocol.

2.2. Micronization

Micronization of plastic allows for obtaining micro-size particles of
irregular shapes that can mimic microplastics for aquatic toxicity testing
(Oliviero et al., 2019; Beiras et al., 2019). Cut plastic and large MPs (1-5
mm) can be ground in ultracentrifuge mills or other types of
laboratory-grinding mills after embrittlement using liquid nitrogen (LN)
(Fig. 1A-C). Adding dry ice (or LN) in the grinding chamber retards
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Fig. 1. Scheme of the proposed methodology for lixiviation of microplastics for toxicity testing and chemical analysis of leachates. A: cutting, B: freezing; C: grinding,
D: dry sieving, E: suspension of subsample, F: particle sizing, G: loading (1 g L-1), H:mixing, I: lixiviation, J: filtration; K: leachate obtained, L: leachate preservation

(if needed), M: chemical characterization of leachates, N: toxicity testing.

plastic melting and aids in the grinding process. For soft materials (e.g.,
tire rubber), a stainless-steel milling cutter can be used for micronization
(Page et al. 2022). Smaller particle sizes can be obtained by using
cryo-mills, although the overall mass that can be ground is lower.

The plastics used in the bioassays were first embrittled using LN and
second ground using an ultracentrifuge mill (ZM200, Retsch) using dry
ice during the process. Field macroplastics (mainly bottles, caps, hard
containers, bags, and ropes.) were collected from three different beaches
of the French Atlantic coast: Tarnos (43.540°N, 1.510°W), Le Porge
(44.900°N, 1.217°W) and Les Sables d’Olonne (43.567°N, 1.483°W) in
March and April 2021. Field plastics were stored at 4 °C in dark before
being used. Each plastic item was processed separately. The polymer
composition was identified by ATR- FT-IR. Then macroplastics were cut
into 5 cm squares and ground separately using an ultracentrifuge mill
with a ring sieve of 1 mm aperture size (ZM200, Retsch) with dry ice.
Based on previous field data (e.g., Erni-Cassola et al., 2019), an envi-
ronmentally realistic mixture of MPs was prepared by mixing <1 mm
particles from the different polymers. The final composition of the MPs
mixture (in dry weight) was polyethylene (PE) = 46%, polystyrene (PS)
= 40%, polypropylene (PP) = 12%, and polyethylene terephthalate
(PET) = 2%.

2.3. Size fractionation and particle size characterization

Ground plastics can be dry sieved through metallic/steel meshes to
obtain homogeneous size fractions (Fig. 1D), a key aspect for stan-
dardization. The size of plastics used for toxicity testing of leachates
varies notably among studies (S.I. Table 1). After reviewing the litera-
ture on plastic leachate toxicity tests and the size of microplastics
commonly found in seawater in the environment, we found two relevant
size fractions to be tested: (1) MPs <250 pm since it is a size fraction that
has been used in several bioassays and up to 80% of marine micro-
plastics are smaller than 250 pm (Rist et al., 2020; Gunaalan et al., 2023)
and (2) MPs <1 mm, since this fraction covers a major variety of particle
sizes and it is more feasible to obtain in the laboratory since obtaining

this size fraction is less time-consuming than for small-size fractions that
can have a low yield depending on the plastic material.

In the bioassays, each type of ground plastic was dry-sieved through
ISO-certified stainless-steel sieves to obtain homogeneous size fractions
to be tested: <250 pm and <1000 pm. The size distribution of the par-
ticles between 0.4 and 2000 pm in each MP fraction was measured using
a laser diffraction particle analyzer (LS I3 320, Beckman Coulter) after
dispersion with the aid of a surfactant (Tween 80) and 60" sonication
(Fig. 1E-F).

2.4. Lixiviation

2.4.1. Solid to liquid (S/L) ratio

The plastic particles chosen for lixiviation must be mixed with
seawater at a given S/L ratio. European standards intended to test for
leaching of landfilled waste materials with particle size below 4 mm
(CEN, 2002) use an S/L ratio of 1:10 (i.e., 100 g/L), whereas American
standards (U.S. EPA, 1992) use 1:20 (i.e., 50 g/L), and Dutch standards
(NEN, 1995) proposed 1:100 (i.e. 10 g/L). The CEN (2002) terrestrial
protocol was likewise adopted for aquatic toxicity testing of plastic
leachates (Bejgarn et al., 2015; Lithner et al., 2012). The effect of plastic
load on lixiviate toxicity assessment in a marine context was previously
investigated by Beiras et al. (2019), who used the sea-urchin embryo and
Acartia nauplius tests to compare the toxicity of leachates obtained from
micronized (<250 pm) PVC resin and a commercial product made of soft
PVC using S/L ratios ranging from 1:10 (100 g/L) down to 1:100,000
(0.01 g/L). In that study, PVC resin used as reference material showed no
toxicity (TU < 1) (Beiras et al., 2019). The soft PVC leachates obtained at
0.01 and 0.1 g/L did not cause larval growth inhibition even undiluted,
and thus these S/L ratios were considered too low for detecting any
effect. In contrast, 1, 10, and 100 g/L leachates did produce
dose-response data suitable for the calculation of EC50s and toxic units
(TU) (Beiras et al., 2019). Based on these previous results, a S/L ratio of
1 and 10 g/L was used in our toxicity tests (Fig. 1G).
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Table 1

Toxicity of lixiviates obtained from MPs <250 pm and <1 mm from the biode-
gradable and beached plastic materials on sea urchin embryo at different
lixiviation times. No observed effect concentration (NOEC) and the lowest
observed effect concentration (LOEC) are indicated as the dilutions of the
leachates obtained using an S/L ratio of 10 g/L. EC50: leachate dilution that
produced a 50% decrease in larval growth with respect to the control C.I. con-
fidence interval. EC50 x expressed in g L™ based on the S/L ratio used to
produce the leachates. n.c.: not calculable.

Type Size Time NOEC LOEC EC50 EC50*
(95% C-1)  (g/L)

Biodegradable <250 24 1/30 1/10 1/5.8 (1/ 1.73
Plastic pm Hours 4.7-1/
7.1)
72 1/10 1/3 1/5.8 (1/ 1.72
Hours 3.6-1/
14.2)
7 Days 1/10 1/3 1/4.4 1/ 2.28
3.0-1/
8.4)
<1 24 1/30 1/10 1/49 1/ 2.04
mm Hours 3.2-1/
10.9)
72 1/10 1/3 1/5.5 1/ 1.82
Hours 3.5-1/
14.5)
7 Days  1/10 1/3 1/4.0 1/ 2.51
3.0-1/
5.4)
Beached Plastic <250 24 1/10 1/3 1/1.2 1/ 8.3
pm Hours 1.0-1/
1.3)
72 1/10 1/3 n.c. n.c.
Hours
7 Days 1/30 1/10 1/1.3 (1/ 7.86
0.8-1/
2.0)
<1 24 1/3 1 1/2.1 (1/ 4.66
mm Hours 1.5-1/
2.6)
72 1/3 1 n.c. n.c.
Hours
7 Days  1/30 1/10 1/1.6 (1/ 6.27
1.3-1/
2.0)

2.4.2. Lixiviation medium

Artificial seawater (ASW) and natural seawater (NSW) are ecologi-
cally relevant media for ecotoxicity tests with marine organisms (U.S.
EPA, 1998 ;2002; Volpi Ghirardini et al., 2009) Lorenzo et al. (2002)
provided a common formulation of ASW. Filtered (0.2 pm), autoclaved,
and/or UV-sterilized natural seawater can also be used as media, and in
this case, we advise using seawater of oceanic characteristics collected in
non-polluted areas. The salinity of the seawater used for leaching can be
adjusted to specific test species and local environmental conditions. For
freshwater toxicity tests, standard synthetic water (e.g., [SO, 1999; US U.
S. EPA, 2002) prepared with ultrapure water (e.g. MilliQ®) is recom-
mended as a lixiviation medium.

In the bioassays, chemically defined ASW was used as the lixiviation
medium for all sea urchin embryo tests (salinity = 35.1 ppt &+ 0.3).
Previous research showed that the size (length) of P. lividus pluteus
larvae was higher in the controls with ASW than with 0.22 pm filtered
NSW (details about the composition and preparation of ASW can be
found in Saco-Alvarez et al., 2010). 0.22 pm-filtered NSW (32 PSU, pH
8.25) collected in a reference non-polluted site outside Arcachon Bay
(Gamain et al., 2016) was used as the lixiviation medium for the bac-
terial bioluminescent toxicity test. Previous tests indicated that toxicity
in this test with ASW and NSW is similar (Volpi Ghirardini et al., 2009).

2.4.3. Mixing conditions
Mixing of the solid and liquid phases is recommended for the
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lixiviation of microplastics since the aquatic systems are turbulent.
Agitation of the solid and liquid phases can be provided by rotatory
mixing (U.S. EPA, 1992). Overhead rotators, laboratory rollers, or
plankton wheels of different dimensions can be used for rotatory mixing
to obtain plastic leachates. Glass bottles with screw caps with poly-
tetrafluoroethylene (PTFE) protected seal should be used; this seal is
chemically inert and allows the bottles to be closed without air/head-
space. The volume of the bottles can vary according to the amount of
leachate needed. In our bioassays, an experiment was conducted to
evaluate the influence of mixing conditions (1 and 60 rpm) on the
toxicity of the leachates at two S/L ratios (1 and 10 g/L). Based on these
results (see section 2.6), lixiviation for the SET was conducted at 1 rpm
by placing the glass bottles in a rotatory wheel at 20 °C in the dark
(Fig. 1H-).

2.4.4. Lixiviation/contact time

Standard procedures for medical devices recommend 24 or 72 h (ISO
10993-12), whereas those for residues use 18 & 2 h (U.S. EPA, 1992)
and 24 + 0.5 h (CEN, 2002) as contact time. According to the literature,
toxic leachates have been obtained from microplastics after 1 to 336-h
mixing, although the most frequent contact times range from 24 to 72
h (S-I., Table S1).

In our bioassay to evaluate the influence of contact time on the
toxicity of leachates, we compared the toxicity of leachates obtained
after 24 h, 72 h, and 1 week of mixing using both the SET and the
Microtox® tests. We used micronized (<250 pm) MaterBi biopolymer
bags and beach-collected plastics both at S/L ratio of 10 g/L.

2.5. Leachate filtration

After mixing, microplastics can be removed from the leachate by
filtration (Fig. 1J), using glass-fiber filters to minimize the retention of
organic molecules leaching from the polymer matrix, for example by
using Whatman GF/F filters (nominal pore size = 0.7 pm) (U.S. EPA,
1992). Glass or metal funnel in individual vacuum filtration unit is
recommend (Fig. 1J). This filtration system does not remove nano-
plastics (<1 pm), which can be present in the obtained leachates
(Fig. 2K). For ecotoxicological bioassays, filtered leachates should be
tested immediately after preparation, or frozen (—20 °C) to allow
time-deferred studies and prevent changes in composition. SO (2021)
prescribes stability verification when leachates are stored refrigerated
(2 °C to 8 °C) for longer than 24 h.

In our bioassays, leachates were filtered through pre-combusted
(450 °C, 2 h) Whatman GF/F filters before toxicity testing. Tempera-
ture, salinity, pH, and dissolved oxygen were measured in the obtained
leachates to ensure these values complied with test requirements, i.e., 20
+1 °C, salinity >30 PSU, pH between 7.5 and 8,5, and dissolved oxygen
>5 mg/L (Beiras et al., 2012). The test requirements for the Microtox®
assay are 15 + 0.5 °C, salinity = 20 PSU, and pH between 6.0 and 8.5
(Canada Environment, 1992). In our experiments, the pH in the leach-
ates was around 8-8.2, and the leachates were tested immediately after
filtration.

2.6. Toxicity testing

The Paracentrotus lividus sea urchin embryo test was carried out as
described by Beiras et al. (2012) using 4 mL glass vials and four repli-
cates per treatment. Serial dilutions of the leachates in control ASW, 1
(undiluted), 1/3, 1/10, and 1/30 were tested (S.I. Fig. S2). Briefly,
fertilized eggs were exposed for 48 h to the different dilutions at 20 °C in
the dark. The maximum length of 35 larvae (n = 35) per vial was
measured under an inverted microscope (Leica DMI 4000 B) using Leica
Application Suite LAS image analysis software version 4.12.0 (Leica
Microsystems, Germany). The acceptability criteria for this test were the
percentage of fertilized eggs >98% and size increase in controls >218
pm after 48 h incubation at 20 °C (Saco-Alvarez et al., 2010).
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The influence of particle size and lixiviation on the toxicity of
leachates from the beached plastics and the biopolymer was also
investigated using the Microtox® assay. The Microtox® is a standard-
ized acute toxicity assay using the marine bacteria Vibrio fisheri (ISO,
1999). The bottles were incubated in an orbital shaker (KS 501 digital
IKA WERKE) at 175 rpm and 20 °C in the dark. The bioassay was carried
out on four serial dilutions of lixiviates from 1/1.6 to 1/48. Each assay
was run in triplicate. Bioluminescence was measured after 30 min of
exposure and compared with a blank (FSW, 20 PSU) and a positive
control (200 mg/L Potassium dichromate) using a Microtox 500
analyzer (Azur environmental).

The statistical analyses were performed with IBM SPSS (v. 24).
ANOVA was executed to test significant differences (p < 0.05) between
each treatment and the control in the sea urchin embryo bioassays, using
Dunnett’s post hoc test or Dunnets T3 when variances were not homo-
geneous. The lowest observed adverse effect concentration (LOEC) and
the highest no observed adverse effects concentration (NOEC) were
obtained. A probit dose-response model was conducted to calculate the
leachate dilution that produced a 50% decrease in larval growth
compared to the control (EC50) and their 95% confidence intervals
(CIs). EC50 was also expressed in g L™! by multiplying the dilution
corresponding to a 50% effect times the S/L ratio used to produce the
leachates. In the Microtox test, we used ANOVA or Kruskal-Wallis test
and Tukey posthoc test to determine statistically significant differences
among treatments (p < 0.05).

3. Results and discussion
3.1. Micronization, size fractionation, and particle size characterization
The proposed methodology for plastic micronization and size frac-

tionating was successful to obtain microplastics from the three types of
plastic materials. Size distribution of the plastic fractions used in our

experiments are shown in Fig. 2; S-I.: Table S2 and Fig. 52). Sieving with
a 250 pm-sieve provided more uniform particle size distributions for
both plastic types than sieving with a 1000 pm sieve (Fig. 2). Therefore,
using small size fractions (MPs <250 pm) ensures better comparability
among different types of micronized plastics.

Large plastic items or plastic litter (macro and mesoplastics) must be
initially cut down manually by using stainless steel scissors or other tools
to a maximum dimension not larger than 1 cm to facilitate subsequent
grinding. Characteristics of the collected plastics, such as type of item/
product, shape, size, colors, and polymer composition by Fourier-
transform infrared spectroscopy (FTIR) should be determined in
advance if lixiviates results have to be precisely related to the different
typologies of investigated plastics. For field-collected plastics, it is rec-
ommended to store the samples in dark and at 4 °C to avoid the
degradation of additives and the growth of microorganism on the plastic
surfaces. There should be no washing of plastic before fragmentation to
avoid leaching before bioassays. Once airdried, the surface of the plas-
tics can be cleaned with a natural paintbrush before the micronization.

Standard sieves with certified mesh size must be used, and sieving
may be conducted by hand with the help of a natural (no plastic)
paintbrush or automatically by using a sieve shaker (Fig. 1D). The effi-
ciency of sieving depends on shaking intensity, time, and properties of
the material such as static electricity charge capacity. Therefore, it is
advisable to check actual particle size distribution by using a particle
size analyzer (e.g., laser diffraction particle analyzer, Multisizer coulter
counter, Flow Imaging Microscopy “FlowCam”) (1 E, 1 F) or at least, by
microscopy and image analyses. For micronized MPs (irregular frag-
ments), we recommend using the equivalent spherical diameter (ESD,
pm) to define the MP size and ensure comparability among studies. To
measure the size (ESD) and concentration of MPs using a coulter
counter, a subsample of the MPs <250 pm (1 mg) should be suspended in
100 mL of 0.2 pm-filtered autoclaved seawater with a non-ionic sur-
factant (e.g., Tween-80, 0.1% solution) (1 E), and sonicated. For the
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preparation of the surfactant solution, it is recommended to boil the 0.2
pm-filtered seawater (FSW) to sterilize the solution and to facilitate the
dispersion of the surfactant uniformly (Cospheric, 2018).

3.2. Effects of particle size on the toxicity of plastic leachates

Particle size has a strong influence on the uptake and release kinetics
of chemicals associated with plastic (Town and van Leeuwen, 2020).
Since surface to volume ratio increases with decreasing size, it is ex-
pected that the desorption rate of chemicals increases as particle size
decreases. In a previous study, the toxicity of lixiviates from
ground-stranded fishing nets on sea-urchin embryos increased signifi-
cantly as particle size decreased (Beiras et al., 2019). However, we did
not find statistically significant differences in toxicity between the <250
pm and <1 mm size fractions in the sea urchin embryo toxicity tests for
the tested material (Figs. 3 and 4). Similarly, we did not observe
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Fig. 3. Effect of plastic particle size (<250 pm and <1 mm) and lixiviation time
(A: 24 h, B: 72 h, C: 1 week) on leachate toxicity of a micronized commercial
biopolymer (“bioplastic™) at different dilutions (1/3, 1/10; 1/30) of a leachate
prepared at a S/L ratio = 10 g/L. Size increase from sea urchin embryo to
pluteus larvae was used as the endpoint in the toxicity test. Values are
expressed in mean + SD, n = 10. Asterisk indicates statistically significant
difference compared to the control (p < 0.05).
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Fig. 4. Effect of particle size (<250 pm and <1 mm) and lixiviation time (A: 24
h, B: 72 h, C: 1 week) on leachate toxicity of a micronized beach-collected
plastics. (S/L ratio = 10 g/L). Size increase from sea urchin embryos to plu-
teus larvae was used as endpoint in the toxicity test. Note that in A and B, we
did not used the dilution 1/30. Asterisk indicates statistically significant dif-
ference compared to the control (p < 0.05).

significant differences in toxicity between MP sizes in the Microtox®
test, except at a lixiviation/contact time of 72 h where the smaller
fraction (<250 pm) was more toxic than the larger fraction (<1 mm)
(Fig. 5). Therefore, the correlation of plastic particle size on leachate
toxicity can vary depending on the plastic item and organisms.
Although MPs <1 mm can have similar toxicity than MPs <250 pm,
we recommend using the MP size fraction <250 pm for toxicity testing of
leachates from micronized plastics since most of the MPs found in the
aquatic environments are in that size fraction (Rist et al., 2020; Kooi
etal., 2021; Gunaalan et al., 2023). Also, tire wear particles, a dominant
source of MPs in aquatic systems (Boucher and Friot, 2017;Kole et al.,
2017; Baensch-Baltruschat et al., 2020) with toxic plastic leached
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Fig. 5. Effect of particle size (<250 pm and <1 mm) and lixiviation time (A: 24
h, B: 72 h, C: 1 week) on leachate toxicity of a micronized beach-collected
plastics and commercial biopolymer (S/L ratio = 10 g/L) using the Micro-
tox® test. % of bacterial bioluminescence inhibition compared to the control
was used as endpoint. Bioluminescence was measured after 30 min of exposure.
Values are expressed in mean + SD, n = 3. Letters indicate statistically signif-
icant differences among treatments (p < 0.05, Anova (B and C), Kruskal-Wallis
(A) and Tukey post-hoc test).
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additives (Tian et al., 2021) are typically smaller than 250 pm.

If the micronization step is skipped, then remarkably longer lixivi-
ation times may be needed for leached plastic additives to reach equi-
librium (up to 60 days (Suhrhoff and Scholz-Bottcher, 2016; Do et al.,
2022). On the other hand, the increase in sensitivity and robustness
obtained by using the micronization step may result in high time con-
sumption, increased costs for relevant equipment, and limitations in the
number of samples that can be tested. If those requirements cannot be
met, an alternative time cost-effective approach can be carried out to
obtain lixiviates from particles fragmented by other mechanical
methods and/or sieved to a maximum standard size of 1 mm (small
microplastics) or 5 mm (all microplastics).

3.3. Solid-to-liquid ratio

Leachates (PVC, <250 pm) from a S/L ratio of 10 g/L were more
toxic than those from a S/L ratio = 1 g/L to the sea urchin embryo
(Fig. 6, Table 1). However, an increase of ten times in the S/L ratio of
micronized PVC (<250 pm) resulted in only a 3-fold increase in toxicity
(EC50, Table 1). This indicates the increase in toxicity is not of the same
magnitude that the increase in plastic load. Similar results were found
by Beiras et al. (2019), where a 10-fold increase in the load of particles
used to make up the leachate from 1 to 10 g/L produced a 3.4-fold in-
crease in TUs only.

Very high plastic loads lack environmental relevance in aquatic
ecosystems. Based on data from Manta net samplings, plastic concen-
trations in surface open sea waters frequently range within the pg L™!
level and never exceed the mg L1 (Beiras and Schonemann, 2020).
However, although mass estimates from field studies are lacking, con-
centrations of MPs can be higher in estuaries (Hu et al., 2018) and
coastal areas when accumulations of floating plastics are formed as
“marine litter windrows” (Cozar et al., 2021) or after runoff events (e.g.,
predicted concentrations of tire wear particles in surface waters can be
in the mg L ™! level, particularly in coastal waters, Wik and Dave, 2009).
However, very high S/L ratios allow for maximizing the sensitivity in
detecting any potential toxicant released from the plastic. Therefore, a
solid-to-liquid ratio of a maximum of 1-10 g/L is recommended. The
dilutions from the leachates obtained at these solid-to-liquid ratios
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Fig. 6. Effect of rotation speed (rpm) and solid to liquid ratio (S/L) on the
toxicity of leachates from micronized PVC. Size increase ratio compared to the
control treatment (ALc) of Paracentrotus lividus larvae exposed to different
leachate dilutions from soft PVC MPs (<250 pm). Asterisk indicates statistically
significant difference compared to the control (p < 0.05).
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should cover concentrations equivalent to mg L ™! in the for the exposure
test to increase the environmental relevance.

3.4. Lixiviation medium

For ecologically relevant studies, water is recommended as the
extraction vehicle (U.S. EPA, 1998; 2002; Volpi Ghirardini et al., 2009).
When the focus is placed on a priori hazard assessments with industrial
products, or identification of chemicals in field-collected samples, we
may be interested in maximizing desorption and increasing the sensi-
tivity of the method by increasing plastic load, temperature, extraction
time, decreasing particle size, or even using non-toxic organic solvents
such as dimethyl sulfoxide (DMSO) (Pannetier et al., 2019b, 2019a). The
different protocol steps can be followed with a certain level of flexibility
depending on the investigation: in environmental studies, the intrinsic
variability will always prevent full comparability of data, while for
regulatory and industry-related studies, standardization of all the below
phases would be strongly recommended.

3.5. Mixing conditions

Leaching of organic plastic additives under agitation/turbulence is
higher than in static conditions (Suhrhoff and Scholz-Bottcher, 2016).
We found that increasing rotatory speed from 1 to 60 rpm did not
significantly change the toxicity parameters of the lixiviate at either 1
g/L or 10 g/L (Fig. 6, Table 2). Therefore, rotation speeds from 1 to 60
rpm can be used as mixing conditions for obtaining leachates from
microplastics (Fig. 1H).

Temperature and light conditions must also be standardized when
possible. Typical standard conditions of T = 20 °C and in dark are highly
advisable. Considering environmental relevance, additional experi-
ments with different temperatures can be conducted to evaluate plastic
leaching and toxicity in aquatic systems with extreme thermal condi-
tions, e.g., polar regions. We advise lixiviation in the dark since organic
compounds may be photosensitive and different light intensities and
photoperiods may affect comparability amongst studies. The influence
of light/UV radiation in leaching and the potential photo-modification
and degradation of plastic additives should be further investigated and
requires a proper experimental setup (e.g., use of quartz bottles).

3.6. Lixiviation time

We found that toxicity did not increase with lixiviation/contact time
in any of the plastic materials and size fractions in the sea urchin embryo
test (Figs. 3 and 4). In the Microtox test, we did not find significant
differences in toxicity among lixiviation times for the beach micro-
plastics. However, the toxicity of leachates from bioplastics increased
from 24 h to 72 h, but not from 72 h to 1-week treatment (Fig. 5). This
indicates that desorption of additives from small MPs fractions occurs
fast. This result agrees with Seidensticker et al. (2017) semi-analytical
model that predicts short partition equilibrium times (1-10 h) under
typical laboratory experimental conditions (limited water volume).

Table 2

Toxicity of lixiviates obtained by mixing the MP fraction <250 pm from a soft
PVC material at different rotatory speeds (1 and 60 rpm) and solid to liquid
ratios (S/L) (1 and 10 g/L) on sea urchin embryo. No observed effect concen-
tration (NOEC) and the lowest observed effect concentration (LOEC) are indi-
cated as the dilutions of the leachates obtained using plastic loads of 1 and 10 g/
L. EC50: leachate dilution that produced a 50% decrease in larval growth with
respect to the control C.I. confidence interval.

Rotatory speed (rpm) S/L (g/L) NOEC LOEC EC50 (95% C-1.)

1 1 1/10 1/3 1/3.9 (1/3.0-1/5.0)
60 1 1/10 1/3 1/2.9 (1/2.3-1/3.6)

1 10 n.c. 1/30 1/11.6 (1/7.7-1/19.9)
60 10 n.c. 1/30 1/9.7 (1/7.3-1/13.2)
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Also, as reviewed by Bridson et al., 2021, several studies indicate that
rapid leaching of plastic additives in water occurs over hours to days
followed by an extended period of slower release of additives over weeks
to months.

An increase in plastic leachate toxicity to invertebrate larvae has
been observed in previous studies when large particles are used. For
instance, Rendell-Bhatti et al., 2021 found that toxicity of leachates from
plastic pellets and granulates to sea urchin larvae increased with lixiv-
iation time from 24 to 72 h. Similarly, Gardon et al., 2020 found the
toxicity of leachates from several millimeter-sized MPs to bivalve larvae
increased from 24 to 48 h in new (unweathered) plastics, but not in aged
MPs. This indicates that the effect of lixiviation time on the toxicity can
also vary depending on the plastic material characteristics (e.g., un-
weathered vs weathered).

The amount of plastic additive leached at any given time will depend
on multiples factors such as the type of polymer, the size of the particles,
the polymer/water partition coefficient, any intrinsic affinity between
the additive and the polymer backbone, and the solid to liquid ratio
(Town and van Leeuwen, 2020). If the lixiviation time is long enough,
leached additives reach a steady state (partition equilibrium between
the plastic phase and the aqueous medium), thus the amounts of addi-
tives extracted will reflect their relative concentrations in the polymers,
weighted by their partition coefficients (Town and van Leeuwen, 2020).
The lixiviation time of a plastic item needed to reach this equilibrium
will depend on the specific polymer and its additives, and the conditions
mentioned above. The smaller the plastic particles, the shorter the time
needed to reach this equilibrium (Koelmans et al., 2013; Town and van
Leeuwen, 2020).

Taking into consideration our results and previous studies, we advise
a lixiviation time of 72 h for both field-collected and non-weathered
micronized plastics since the toxicity of leachates did not increase
when lixiviation time was extended to 1 week in any of the studied
micronized plastics and sizes (<250 pm, < 1 mm) and because in pre-
vious studies with leachates from large plastic particles show an increase
in toxicity from 24 h to 48-72 h.

The leaching kinetics of plastic additives has been commonly
investigated in static batch systems without media exchange to establish
the equilibrium partitioning between the plastics and the aqueous
(Bridson et al., 2021). In dynamic and semi-dynamic approaches, where
plastics are exposed to a water continuous flow or renewed media
(Suhrhoff and Scholz-Bottcher, 2016; Bridson et al., 2021), the leaching
of plastic additives is not constrained by their solubility or the attain-
ment of partition equilibrium, allowing to provide sink conditions.
These conditions represent a situation closer to the open ocean, where
near-infinite dilution occurs (Bridson et al., 2021). Therefore, to in-
crease environmental relevance, dynamic and semi-approaches should
be also considered to better understand the leaching kinetics of plastic
additives in the marine system and the assessment of their environ-
mental risks.

3.7. Acute toxicity testing

In our bioassays, when considering a similar size (<250 pm) and
lixiviation conditions (S/L = 10 g/L, 1 rpm), soft PVC was the most toxic
plastic/polymer type to sea urchin embryos (Tables 1 and 2). Leachates
from a non-weathered commercial biopolymer and soft PVC were more
toxic than leachates from beached/weathered micronized plastics to
marine biota (Tables 1 and 2), suggesting that industrial chemical ad-
ditives are the main drivers of chemical toxicity from plastics as sup-
ported also by previous studies (Gardon et al., 2020; Beiras et al., 2021).
These results emphasize the need for research on chemical analysis and
toxicity of industrial plastic additives on marine biota to better evaluate
the toxicity of conventional plastic and alternative polymers.

Characteristics of the leachates (pH, temperature, salinity, dissolved
oxygen) must be recorded before each toxicity test, and values must be
checked according to the requirements of the test species, and then
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adjusted if needed, to avoid false positives. In the case of the absence of
an oximeter, both the leachates and control seawater can be saturated
with oxygen by air bubbling for 15 min for example by using a glass
pipette as an “air outlet” connected with a silicon tube and a sterile
syringe filter (0.22 pm) to an aquarium pump.

For dose: response toxicity testing, geometric serial dilutions of the
leachate in control seawater should be tested. Dilutions should cover the
range from no effect to >50% effect to allow precise calculation of EC10
and EC50 for each biological endpoint. These two parameters allow a
quantitative comparison of the toxicity among different stocks of
microplastics. The use of negative controls or blanks (seawater not
containing the test material but otherwise exposed to identical vessels
and filters) is required for toxicity testing. A positive control of reference
materials (e.g., commercial, or customized materials from a homoge-
neous stock of previously known composition and toxicity) is strongly
advisable. We recommend a minimum of 5 doses in toxicity testing of
leachates including the control.

As mentioned in the method section, the leachates obtained with the
proposed methodology can also include nanoplastics (NPs, <1 pm).
Micronization is a useful tool to obtain particles that mimic environ-
mental microplastics (fragments) for relevant ecotoxicity tests, but the
process of micronization also produces NPs (Gardon et al., 2022). Likely,
NPs can also be released during the lixiviation time. All the leachates
from the different micronized plastics used in the study are expected to
have NPs but they show contrasting toxicity, which suggests that
leached chemicals/additives are the key players in the observed toxic
effects in our protocol. However, to avoid overestimating the effects of
leachates on biota, future research should include efforts for the quan-
tification of NPs in the obtained leachates and to separate the effects of
leached chemicals from nanoparticles. For instance, the concentration
and sizes of NPs in the leachates could be characterized by laser
diffraction, Dynamic Light Scattering, or Secondary ion mass spec-
trometry after the filtration with a glass fiber filter. Additional bioassays
could also be performed to evaluate the toxicity of leachates after
removing NPs (e.g., centrifugation at 10,000 rpm for 10 min, Murray
and Ormeci, 2020).

Chemical analyses of leachates and the seawater used as the lixivi-
ation medium are recommended. Leachates can be preserved and stored
in glass containers at —20 °C in the dark for analyses of organic and
inorganic compounds or in metal containers for analyses of organic
compounds (Fig. 1L). The chemical analyses of the leachates should
include measurements of metals and organic additives, including those
of emerging concern or/and ecotoxicological relevance such as bromi-
nated flame retardants (BFR) (e.g., polybrominated diphenyl ethers,
PBDE), Organophosphate ester (OPE) flame retardants; Phthalic acid
esters (PAE) used as plasticizers, Nonylphenols (NP), Bisphenols and
Antioxidants (e.g. Irgafos® 168, phenylenediamine (PPD) additives).
For field-collected MPs other organic pollutants are also relevant, e.g.,
PAHSs, PCBs, and pesticides (Camacho et al., 2019). Bridson et al., 2021
provide a summary of the extraction protocols and analytical techniques
used in the identification and quantification of additives in plastic debris
and test materials used in environmental studies. A strategy to identify
toxic chemicals leaching from the polymers combines microscale
toxicity testing and analytical chemistry and consists of testing extracts
obtained with different solvents and effect-directed analysis (EDA)
(Hecker and Hollert, 2009). We recommend using EDA as a useful
approach to identify toxicity-driving compounds in plastic leachates and
their potential mode of action.

4.Conclusions

The proposed methodology was successful to determine the toxicity
of leachates from different micronized plastics on marine biota and it
balances sensitivity, feasibility, and environmental relevance. The main
recommendations for both field-collected and non-weathered micron-
ized plastics are the use of small size fractions (<250 pm-sieved MPs), an
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S/L ratio of 1-10 g/L, a rotatory speed of 1-60 rpm, and a lixiviation/
contact time of 72 h. Following these recommendations would allow
comparability amongst studies to better assess the toxicity of leached
plastic additives and their risk for aquatic environments.
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