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Abstract

Global production of synthetic polymers, led by polyethylene (PE), rose steadily in the
last decades, and marine ecosystems are considered as a global sink. Although PE is not
biodegradable, in coastal areas it fragments into microplastics (MP) readily taken up by
biota, and have been postulated as vectors of hydrophobic chemicals to marine
organisms. We have tested this hypothesis using two organisms representative of the
marine plankton, the holoplanktonic copepod Acartia clausi, and the meroplanktonic

larva of the Paracentrotus lividus sea-urchin, and two model chemicals with similar



hydrophobic properties, the 4-n-Nonylphenol and the 4-Methylbenzylidene-camphor
used as plastic additive and UV filter in cosmetics. Both test species actively ingested
the MP particles. However, the presence of MP never increased the bioaccumulation of
neither model chemicals, nor their toxicity to the exposed organisms. Bioaccumulation
was a linear function of waterborne chemical disregarding the level of MP. Toxicity,
assessed by the threshold (ECio) and median (ECso) effect levels, was either
independent of the level of MP or even in some instances significantly decreased in the
presence of MPs. These consistent results challenge the assumption that MP act as

vectors of hydrophobic chemicals to planktonic marine organisms.

Keywords: plastics, bioaccumulation, nonylphenol, 4-MBC, toxicity bioassays.

1. Introduction

Due to the multiple advantages of plastics for house-hold and industrial applications, the
global production of synthetic polymers such as polyethylene (PE), polypropylene (PP)
polystyrene (PS), and polyvinylchloride (PVC), rose steadily from the middle of the last
century up to the current 380 Mt per year (Geyer et al., 2017). More than a half of the
total plastic production is intended to packaging, bags and non-durable objects (Barnes
et al.,, 2009). However, none of these polymers are biodegradable, and marine
ecosystems are considered as the global sink for plastic litter, where it shows a tendency
towards fragmentation, sinking and ingestion by biota (Cozar et al., 2014; Eriksen et al.,
2014). The average size of plastic particles in the sea seems to be decreasing, and the
abundance and global distribution of microplastic (MP) fragments have increased over

the last few decades (Barnes et al., 2009). Since the first observations of plastic particles



in the sea, the ingestion of those particles by marine fauna was documented, and they
were proposed as potential vectors of sorbed hydrophobic organic pollutants into the
marine food webs (Carpenter et al., 1972). Laboratory experiments confirmed the
trophic transfer of MP across planktonic food webs (Setéla et al., 2014), and also the
egestion of the ingested MP (Mazurais et al., 2015). However, evidence remains scant
that during gut passage MP-sorbed hydrophobic organic compounds (HOC) detach
from the polymer, and thus that MP are important transfer vectors of HOC to biological
tissues of marine organisms (Lohmann, 2017; Ziccardi et al., 2016). Therefore, there is
currently limited scientific evidence to suggest that MP are increasing the uptake of

HOC by aquatic organisms (Burns and Boxall, 2018).

This work is aimed to test the hypothesis that the ingestion of polyethylene MP
(hereafter PE-MP) increases the bioavailability of HOC to marine zooplanktonic
organisms, acting as vectors of those chemicals from the water column into the
organisms. The experiments were conducted with the meroplanktonic larvae of the
Paracentrotus lividus sea-urchin , and with the holoplanktonic larvae of the copepod
Acartia clausi. Both are common biological models used in standard methods adopted
by international institutions such as ISO and ICES (Beiras et al., 2012; 1SO146609,
1999), and adaptations for toxicity testing with plastic microparticles are available
(Beiras et al., 2018), PE was used as model polymer since it is the most frequent
component of marine microplastics (Burns and Boxall, 2018), and the polymer with the
highest sorption capacity for HOC according to the polymer-water partition coefficients

(O'Connor et al., 2016).

4-Nonylphenol (4-n-NP, log K,y 5.76 (ECHA, 2012)) and 4-Methylbenzylidene-
camphor (4-MBC, log Koy 5.1 (ECHA, 2018)) were used as model HOC. Nonylphenols

(NP) are released in the environment by degradation of the most common non-ionic



surfactants used in detergents and cleaning products. Moreover, NP is used as pesticide,
as a monomer in phenol/formaldehyde resins and mainly as plasticizer for high-density
PE, polyethyleneterephthalate, and PVC (Loyo-Rosales et al., 2004). 4-n-NP was
detected in estuaries at levels ranging between 0.005 pg L™ (MQL) and 0.337 pg L™
(Salgueiro-Gonzalez et al., 2015b), and found in aquatic organisms (Corbicula fluminea
and Mytilus galloprovincialis) at concentrations ranging from 9 to 24.5 ng g ‘dw and
6.7 to 175 ng g ‘dw, respectively, indicating potential bioaccumulation ability
(Salgueiro-Gonzalez et al., 2015a; Salgueiro-Gonzalez et al., 2016). NP stands out as an
endocrine disruptor compound (EDC) because it mimics the female hormone 17-4-
estradiol and inhibits the aromatase enzyme essential for the synthesis of testosterone,
according with a variety of both in vitro and in vivo assays (David et al., 2009), and
because of its toxicity on sensitive aquatic organisms it poses a remarkable

environmental risk in coastal ecosystems (Tato et al., 2018).

4-MBC is an aromatic compound used as UV filter in sunscreens and other common
personal care products because it adsorbs UV radiation. The use of 4-MBC is not
allowed as a sunscreen component in USA because it is considered an EDC, but
cosmetic products in Europe can contain up to 4% (Regulation (EC) No 1223/2009). 4-
MBC has been found in coastal ecosystems at concentrations up to 0.8 pg L™ in Oslo
Fjord (Langford and Thomas, 2008), and up to 1.04 pug L™ in beach water of the Canary
Islands (Spain) (Sanchez Rodriguez et al., 2015), and it bioaccumulates in bivalves
(Vidal-Lifian et al., 2018) and fish (Balmer et al., 2005). Reported toxicity thresholds
for marine organisms (5.4 pg L™ for microalgae, 71.6 pg L™ for invertebrates (Paredes
et al., 2014)) are only one order of magnitude above maximum concentrations in coastal

ecosystems, which translates into concerning levels of environmental risk.

2. Materials and Methods



2.1. Exposure media

4-n-NP (CAS number 104-40-5) and 4-MBC (CAS number 36861-47-9) analytical
grade standards were obtained from Sigma-Aldrich. Stock solutions were prepared in
dimethyl sulfoxide (DMSO), >99.9% purity, stored in darkness and discarded after a
maximum of 48 h. PE-MP with a nominal size range of 4-6 um and a density of 0.96 g
cm®  were obtained from Micropowders Inc. (NY-USA). Actual particle size
distribution was recorded by using a Multisizer 3 Coulter Counter (Beckman), resulting
a median of 5.5 um and a distribution with 10" and 90™ percentiles of 3.4 and 9.9 um
respectively.

Exposure media were made up in 500 mL glass bottles with Teflon-lined caps by
diluting the 4-n-NP and 4-MBC stocks in organic matter free artificial sea-water
(Lorenzo et al., 2002). Two levels of MP, 1. mg L™ and 10 mg L™, plus a control with

no MP, were tested. After 48 h of rotatory mixing (1 rpm) at 20+1°C in the dark,

exposure media were transferred into glass vials for the bioassays.

2.2. Biological material and bioassays

The obtaining of biological materials and general bioassay procedures have been
previously described (Beiras et al., 2012; Beiras and Tato, 2019). Briefly, mature
oocytes obtained by dissection of ripe adults were fertilized with a few pL of sperm in
50 mL measuring cylinders under gentle stirring. For the bioassays, fertilized eggs (40
per mL) were transferred before the first cleavage into glass vials with airtight Teflon-
lined caps containing 27 mL of the exposure media. Four replicates per treatment plus
seawater and solvent controls were carried out. The vials were placed in a rotatory
wheel set at 1 rpm at a temperature of 201 °C in the dark. After 48 h, vials were fixed

with a few drops of concentrated formalin, observed in a Leica DMI 4000B inverted



microscope, and length (maximum linear dimension) was recorded by using Leica LAS
image analysis software (Leica Microsystems, Germany). Controls run in all
experiments were DMSO solutions at the highest concentration used in each test,
always at values < NOEC (no observed effect concentration) previously calculated for
this test species.

Acute lethal toxicity tests with copepods followed standard methods (1SO14669, 1999)
using nauplius larvae. From 48 to 72 h before the start of the test, A. clausi mature
adults obtained from a laboratory stock maintained by ECIMAT (University of Vigo)
were transferred to a 300 um mesh submerged in a 2 L plastic jar with bubbling filtered
air maintained in an isothermal room at 20 ° C, and fed with a Rhodomonas lens cell
suspension. Using a 40 um mesh, < 24 h larvae were collected and placed in a 250 mL
baker. Under binocular stereoscope, 10 larvae were delivered by glass pipette in each of
the 25 mL glass vials filled with the testing solutions. A total of 4 vials per treatment
were used. The vials were placed in a rotatory wheel set at 1 rpm at 201 °C and under
an 18/6 h light/dark photoperiod. Copepod survival was recorded after 48 h.
Photographs reporting ingestion of MP were made using bright light microscopy with
polarized light (Leica DMI 4000B). PE hirefringence properties (Wedgewood and
Seferis, 1984) allow PE-MP to appear green under polarized light.

In order to study ingestion of both MP and microalgae, forty-two hours post-fertilization
sea-urchin larvae were incubated in the presence of 1 mg L™ of PE-MP or Isochrysis
galbana microalgae, in 250 mL glass bottles placed in a rotatory wheel, and particle
density was recorded during 6 h every 2 h by using a Multisizer 3 Coulter Counter
(Beckman). Clearance rates (CR, mL min™*) were calculated following the expression:

. (Ln C-Ln C) X V
t




Where V is the volume of the incubation vessels (mL), t is the incubation time (min),
and Ci and C;are the particle concentrations at the end of the incubation period for the

control and the treatment respectively.

2.3. Chemical analyses

Actual concentrations of both chemicals in the bioassay containers were analytically
checked to assess their stability along the exposure period. Water samples were taken at
the beginning (t=0 h), at 48 h (only for the intermediate concentration), and at the end of
the incubation period (96 h). Larvae were also analyzed at the end of the exposure
period. PE-MP were removed from water samples by centrifugation (2000 rpm/18 °C/5
min), since PE-MP remain afloat and water was collected with a pipette excluding the
surface layer. Larvae were then retained in-an 80 um nylon mesh. All samples were
stored frozen in darkness until chemical analysis.

2.3.1. 4-n-NP

Analysis of 4-n-NP was performed by the Applied Analytical Chemistry Group
(University of A Corufia). Water samples were extracted according to Salgueiro-
Gonzélez et al. (2012). Briefly, water samples (30 mL) were extracted by dispersive
liquid—liquid microextraction (DLLME) with 100 pL of 1-octanol.

Larva samples were extracted by sonication with 25 mL of MeOH at 30°C during 30
min. The extract was concentrated in Syncore® Analyst evaporator at 40°C and rise up
to 1 mL with MeOH.

In both cases determination was performed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) using an Agilent HP-1200 Series LC system coupled to a

mass spectrometer with a triple quadrupole detector (AP 3200, Applied Biosystems,



Carlsbad, CA, USA) with ESI interface operating in negative mode. The
chromatographic separation was carried out with a column Hypersil Gold C18 (150 x
2.1 mm), 3 um Thermo Fisher Scientific Inc. (Waltham, MA), using as mobile phase A
(water) and B (methanol) with 0.05% of ammonia as modifier. According conditions
optimized by Salgueiro-Gonzalez et al. (2012). The limit of quantification of the
method and trueness were 5 ng L™* and 103% for water samples, 20.3 ng g™ and 113%

for larvae samples, respectively.

2.3.2. 4-MBC

The analysis of 4-MBC was performed at the Institute for Food Analysis and Research,
(University of Santiago de Compostela) LC-MS/MS. Water samples were filtered and
directly injected in the LC-MS/MS system. In the case of larvae samples, these were
previously submitted to a sample preparation protocol based on matrix-solid phase
dispersion (MSPD). Thus, 20-50 mg of larvae were dispersed in a glass mortar with 0.5
g of anhydrous sodium sulfate and 0.5 g of Florisil and placed into a cartridge
containing 0.5 g of Cyg. Then, 5 mL of acetonitrile were passed through the cartridge,
evaporated to dryness under N, stream and reconstituted with 0.5 mL of acetonitrile.
Finally, 10 pL of water or larvae extract were injected in a Varian (Walnut Creek, CA,
USA) LC-tripe quadrupole-MS system. This instrument consists of a ProStar 210 dual
pump coupled to a Varian 320MS with an ESI interface. The column was a Supelco
Ascentis Express C8 (50 mm x 2.1 mm, 2.7 um) from Sigma-Aldrich. A dual eluent
system of water (A) and methanol (B), both acidified with 0.1% of formic acid, was
used. The gradient was as follows: 0-1 min (5% B), 5-10 min (95% B), 10-15 min (5%
B). The column flow rate was set at 0.2 mL min™. 4-MBC was measured in the multiple

reaction monitoring (MRM) ESI positive mode. The transition m/z 255>105 was used



for quantification and 255>97 and 255>195 were used for confirmation purposes.
Quantification was made using the standard addition method for both water (10-1000 pg
L™ R? 0.994) and larvae (10-1000 pg g*; R® 0.999) since a recovery around 90% was
achieved after the MSPD protocol. The limits of quantification were 10 pg L™ and 13
ng g™ for water and larvae, respectively.

2.4.  Statistical analysis

Normal distribution of data was checked using the Kolmogorov-Smirnov test, and
homoscedasticity of the data was checked using the Levene’s test. Mortality data was
angular transformed (arcsine of the square root) prior to analysis. Two-way ANOVA
was used for normal and homoscedastic datasets. When significant differences (p <
0.05) among groups were found using ANOVA then each treatment was compared to
the control using Dunnett’s post hoc test. Non-parametric post hoc tests were used for
normal but heteroscedastic data. Non-parametric Mann—Whitney U tests were used
when data clearly departed from normal distribution. Effective concentrations reducing
by 10% and 50% P. lividus larval size (ECy and ECsq respectively), and causing 10%
and 50% mortality of A. clausi larvae (LCyo and LCs, respectively), were calculated by
fitting the data to a probit dose-response model. Statistical analyses were performed

using IBM SPSS (v.22) and SigmaPlot (v.12.5) software.

3. Results and Discussion

3.1.  Stability of the chemicals in solution and sorption to PE-MP

The analytical results show that during the 48 h incubations without PE-MP, the
concentrations of 4-n-NP in solution showed remarkable stability and a moderate
decrease down to 56-93% of initial values, higher at the lower 4-n-NP levels (Table 1).

This suggests non-linear adsorption processes more relevant at lower solute



concentrations. As expected, when PE-MP were present (1 and 10 mg L) more
pronounced decrease in dissolved 4-NP concentration was observed, presumably due to
sorption to the polymer particles.

Likewise, 4-MBC showed an even higher stability in solution than 4-n-NP, with 48 h
concentrations in the absence of PE-MP within the same range than initial values (96 to
105%). When high levels of PE-MP (10 mg L™) were present, dissolved 4-MBC
decreased down to 81-90% of initial values, but in the presence of 1 mg L™ there was
no clear trend (79-110%).

MP offer a hydrophobic moiety with high surface: volume ratio, ideal conditions to
concentrate HOC from the polar aquatic environment by adsorption to the surface and
diffusion into the polymeric matrix. In fact, PE membranes are used in passive sampling
devices intended to monitor HOC pollution in aquatic habitats. Because of that, the
equilibrium partition between PE and water (Kpew= Cpe / Cw ; Where Cpg is the
concentration of HOC in g per Kg of PE, and Cyy is the dissolved concentration in g per
L of water) for many HOC is well known, and log Kpgw results to be a linear function of
log Kow Within the range of log Koy, values up to 6 (Lohmann, 2011; Mauller et al., 2001)
(see also Fig. 3 in (Fries and Zarfl, 2012)). Since the model HOC here selected show log
Kow Values of 5.76 for 4-n-NP (ECHA, 2012) and 5.1 for 4-MBC (ECHA, 2018), high
accumulation of both chemicals in the particulate phase is expected. Therefore, the
spontaneous transfer of HOCs will occur in such a direction that the actual
concentration ratio (Cpe/Cw) approaches the value of the equilibrium partitioning
constant (Koelmans et al., 2016). In fact 4-n-NP concentrations as high as 3,936 (Hirai
et al., 2011) and 16,000 ng g* (Mato et al., 2001) were reported in marine plastic

particles.
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The proportions of the total HOC amount dosed sorbed to PE-microplastics (Cpg) in the
exposure media can be estimated from the difference in the dissolved concentrations
measured at 48 h between samples not containing PE-MP and those containing 1 and 10
mg pe L. For example, for the Low 4-n-NP treatment with 1 mg pe L™, the percentage
of 4-n-NP sorbed to PE can be estimated as:

% sorbed = [(Cag (0 Mg pe L™) - Cag (1 mg pe L™)] x 100 / (Cas (0 mg pe L)

% sorbed = [3.9 - 2.1] x 100/ 3.9 = 46%

Concentrations at t=48 h without PE-MP were considered a better reference than
concentrations at t=0 because the former already account for HOC decrease due to
sorption to the sample vessels. The resulting values are shown in the last two columns
of Table 1.

Thus, the estimated sorption of 4-n-NP to PE-particles after 48h incubation for the
concentration of 1 mg pe L™ are 46, 48 and 30% for the Low, Medium and High
treatments (Table 1), which correspond to 4-n-NP concentrations in the PE-MP of 1.8 ¢
kg™ PE (Low), 8.2 g kg™ PE (Medium) and 17.8 g kg™ PE (High) . For 10 mgee L™ the
percentages sorbed are similar (41%, 60 % and 37% for Low, Medium and High
treatments respectively), resulting concentrations in the PE (Cpg) lower than those
estimated for 1 mgpe L™ Cpe= 0.2 g kg™ PE (Low), Cpe= 1.0 g kg™* PE (Medium) and
Cpe= 2.1 g kg™ PE (High).

Regarding 4-MBC, for the 10 mg e L™ treatment, a sorption of Cpe= 1.1 g kg™ (16%
sorption) was obtained for the Low concentration level, Cpe= 1.9 g kg™ (12% sorption)
for the Medium level, and 7.9 g kg™ (22% sorption) for the High level. In the case of
1pe mg L™, adsorption could only be estimated for the Low concentration level (Cpg= 12

g kg™, 17% sorption).

11



Although the experiments where not specifically designed for that purpose, Kpew can be
estimated from the data shown in Table 1 as Kpew= Cpe / Cw. The log Kpew Vvalues
obtained would be 5.4 £0.5 (meanxSD) in the case of 4-NP and 4.5 £0.5 (mean+SD) in

the case of 4-MBC, in line with the higher Ko, of 4-NP (see above).

Table 1. Actual concentrations (mean£SD) of dissolved 4-n-NP-and 4-MBC measured
in the water at t=0 h, and after 48 h incubation in absence or presence (1 and 10 mg L)
of PE-MP. Values without SD correspond to single measurements with no replicates.
Estimated sorption (%) of chemicals to PE-MP in the exposure media (see text).

Measured concentration (solution) EstlmatFt)ag s,\c/)IrFE)tlon 0
(Mg L™ \
(%)
Chemical Level Initial (O h) Final (48 h) Final (48 h)
0 C48
0 1 10 1 10
Mgee L™ mgee L™ mgee L™ mgee L™
Low 4.2+0.6 3.9+0.5 2.1+0.3 2.310.3 46 41
4-n-NP Medium 30+£2.4 1714 8.9+0.7 6.9+0.6 48 60
High 7746 58+5 4143 3743 30 37
Low 7247 69 57 58 17 16
4-MBC Medium 149423 153+11 150£3 134 nd 12
High 338+18 354 370 275 nd 22

nd: not determined

3.2.  Ingestion of MP by the larvae

Both the sea-urchin and the copepod larvae actively ingested the MP particles. The 2
dpf (days post fertilization) plutei larvae incubated in the absence of MP showed
transparent empty stomachs (Fig. 1a), whereas larvae from treatments where MP were
present showed dark full stomachs (Fig. 1b). However, the MP CR (mean + SD; n=3)
was 0.5+0.13 mL min™, less than a half than the I. galbana CR measured in the same

conditions: 1.2+0.54 mL min™.

12



Copepod larvae (Fig. 1c-d) show a less transparent body surface, but ingestion could be

100 um

100 pm

documented using and polarized light microscopy. MP particles accumulated in the

medium and posterior parts of the digestive track (Fig. 1d).

Fig.1 Ingestion of PE-MP. Photographs of 2 dpf P. lividus plutei (a, b) and A. clausi
nauplii (c, d) using bright field and polarized light. Notice the empty digestive system of
control treatments (a, c) contrasting with stomachs and gut full of MP in treatments with
10 mg L™ PE-MP (b, d). MP (black arrows) and skeleton rods in plutei (white arrow)
appear green under polarized light. Images taken at x100 magnification; scale bars 100
wm.

3.3.  Effects of the PE-MP on the uptake of chemicals by the larvae

13



For both HOC tested, the uptake by the sea-urchin larvae was dependent on the water
dissolved concentration (p<0.001), and independent of the presence (and levels) of PE-
MP (p= 0.848 for 4-n-NP, and p= 0.082 for 4-MBC). As illustrated in Fig. 2, for both
chemicals the uptake, either directly measured in the larvae or indirectly estimated from
the decrease in dissolved concentrations during the period of larval exposure, was an
approximately linear function of the concentration in water, and the presence of
increasing densities of PE-MP (grey and black symbols) did not affect the uptake. These
results are in line with those obtained by Besseling et al. (2017), who performed a
similar analysis for Arenicola marina and also found that bioconcentration and
bioaccumulation were only driven by aqueous phase concentration and not ingestion of
microplastics.

The mean bioconcentration factor (BCF) obtained using the HOC concentrations
measured in the larvae and nominal water concentrations was 6.5+4.8 L kg™ fresh
weight for 4-n-NP, and of 482+181 L kg™ fresh weight for 4-MBC. Balmer et al.
(2005), reported that different chemicals with similar log Ko, showed experimental
BCF values differing in more than one order of magnitude. Thus, it is not surprising that
4-n-NP and 4-MBC, despite having similar log Ko result in remarkably different BCF
values. The fact that these two HOCs do not belong to the same class of chemicals, one
being a phenol and the second being an aldehyde, with very different structures and
putative metabolization pathways can contribute to explain the difference in

experimental BCF values.

14
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Fig. 2 Measured (diamonds in pg g™) and estimated (circles in ug) uptake of (a) 4-n-NP
and (b) 4-MBC by sea-urchin larvae at different levels of PE-MP in suspension.
Measured uptake was fit to linear regression models: y = 0.0.0117x (R? = 0.959,

p<0.01) and y = 1.464x (R? = 0.878, p <0.001) respectively.

In the case of 4-n-NP, the effect of I. galbana microalgae on uptake was also tested.

Interestingly, the interaction of 4-n-NP with either PE-MP or microalgae, in terms of

effects on accumulation in the larvae, was very similar. When larvae were exposed to

these two kind of particles of similar size at the same levels (1 mg L), the 4-n-NP

uptake was independent of the presence of particles (p= 0.791) but dependent on the

dissolved water concentration only (p<0.001) (Fig. 3).
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Fig. 3. Comparison of 4-n-NP uptake by sea-urchin larvae exposed to PE-MP and 1.
galbana. Bars represent mean £ SD, N=3.

3.4. Effects of the MP on the toxicity of chemicals to the larvae

For both chemicals tested, the presence of PE-MP did not increase the toxicity on any of
the biological models used (Table 2, Fig. 4). In fact, for A. clausi, PE-MP tended to
reduce the toxicity of 4-n-NP, with LCyo values increasing from 15.5 pg L™ in the
absence of PE-MP to 43.7 pg L™ at the highest MP level tested. Moreover, survival of
A. clausi larvae at medium levels of 4-n-NP was significantly (p= 0.020) reduced in the
absence of MP, whereas no reduction in survival was detected when MP were present
(Fig. 4a). Similarly, at intermediate 4-MBC levels, no A. clausi survival was observed
in the absence of MP while 6.4 % and 9.2 % survival were recorded at 1 and 10 mg L™
of PE-MP (Fig. 4c). A reduction in the bioaccumulation and toxicity of another HOC,
the 17 a-ethynylestradiol, in the presence of MP (but not nanoplastics) was previously

reported by Chen et al. (2017) for zebrafish larvae.
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Survival (%)

Survival (%)

Table 2. Lethal or effective concentrations reducing by 10% and 50% the response
(LCy and EC,, respectively) for 4-n-NP and 4-MBC. All concentrations are pg L™. The
95% confidence intervals are given in brackets. n.c. not calculable.

A. clausi P. lividus
PE-MP
(ma L") LC1o LCs ECo ECso
0 15.5 (4.2-24.7) 48.5 (32.6-86.0) 27.6 (13.9-38.3) 61.7 (46.4-83.0)
4-n-NP 1 25.5 (0-46.8) 54.8 (22.0-485) 60.1 (n.c.) 82.5(n.c))
10 43.7 (29.6-54.0) 63.8 (51.1-80.4) 24.1 (7.7-36.7) 59.4 (39.9-90.9)
0 85.2 (n.c.) 107 (n.c)) 116 (4.8 - 229) 1309 (588-10814)
4-MBC 1 73.8 (53.2-90.6) 131 (110-169) 216 (156-269) 738 (602-985)
10 89.2 (63.9-109.8) 150 (125-180) 158 (47-252) 858 (555-2454)
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Fig. 4. Toxicity of 4-n-NP to A. clausi (a) and P. lividus larvae (b), and toxicity of 4-
MBC to A. clausi (c) and P.lividus larvae (d). Toxicity was assessed as reduction in
larval size in P. lividus and survival in A. clausi. Bars represent mean + SD, N=3-4.
Absence of bars indicate 0% survival. Asterisks refer to significant differences to the

control treatment. * p<0.05, ** p<0.01.
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It is well known that the most hydrophobic organic chemicals show the slower release
from polymers. Experimental results reported in the literature indicate that desorption
kinetics from PE-particles in marine environment is generally slow for highly
hydrophobic compounds, concluding that the higher the log Kpew (> 5-6), the lesser the
fraction desorbed within a given time (Endo et al., 2013; Leon et al., 2018). In fact, the
most recent studies concluded that MP in the environment are expected to act as sinks
for HOC (e.g. PAHSs, PCBs, PBDESs) and not sources to organisms post ingestion (Bakir
et al., 2016; Besseling et al., 2017; Burns and Boxall, 2018; Herzke et al., 2016;
Koelmans et al., 2016; Kwon et al., 2017; Lee et al., 2017; Leon et al., 2019).

Indeed, desorption rate can be crucial for estimating the potential transfer of
contaminants from plastic to each marine compartment. Sorption and diffusion of an
organic molecule through a polymeric structure depends on the degree of crystallinity of
the polymer, with diffusive coefficients increasing as glass transition temperature
decreases (George and Thomas, 2001). It is noteworthy, that results presented here refer
to HOC with log K,y > 5 and specifically to PE. This polymer has a very low glass
transition temperature (T4= -120 °C) and thus shows mostly amorphous regions at
environmental temperatures. This holds true also for PP (T4= -10 °C). This structural
property increases the sorption capacity of PE and PP for hydrophobic chemicals
compared to more crystalline polymers showing higher T values, such as PVC (T = 83
°C) or PS (T4= 100 °C). Chua et al. (2014) provided strong experimental evidence that
PE has a higher affinity for HOC than the gut of marine invertebrates, showing that
PCB accumulation in an amphipod was ca. ten times reduced when PCBs were dosed
along with PE-MP, compared to seawater-only treatments. Similarly, Albentosa and
coworkers, using the same PE-MP that those used in the present study, found a

significantly reduced bioavailability of toxicants to both microalgae (Garrido et al.,
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2019) and filter feeders (Rivera-Hernandez et al., 2019) when MP where present in the
exposure media compared to waterborne exposures. Beckingham and Ghosh (2017)
found that uptake of PCBs in aquatic worms was lower by 76% when PCBs were
associated with PP compared to sediment. Working with fish, Oliveira et al. (2013)
found that the addition of PE beads significantly delayed the mortality of juveniles
exposed to lethal concentrations of pyrene.

However, the behavior of the PE or PP-sorbed organics along the digestive tract of the
aquatic invertebrates may not be representative of that corresponding to other crystalline
polymers with a lower affinity for HOC, and hypothetically a higher tendency to desorb
the organics during passage through the gut. This was studied through experimental data
and modeling in an infaunal worm, Arenicola marina, by Koelmans and coworkers.
They concluded that, whilst PS particles slightly but significantly increased PCB
bioaccumulation in the A. marina (Besseling et al., 2013), PE particles were expected to
decrease bioaccumulation of organics with log log Ky, above 5, approximately
(Koelmans et al., 2013a; Koelmans et al., 2013b).

In filter feeders, Avio et al. (2015) found a slightly higher transfer of pyrene to mussel
tissues from PS compared to PE, Paul-Pont et al. (2016) reported that PS microparticles
had a minor role in transferring fluoranthene to tissues in comparison with waterborne
and foodborne exposures, whereas Pittura et al. (2018) showed that BaP
bioaccumulation was similar when comparable levels were dosed either via
precontaminated PE-MP or waterborne.

The experimental design used in this study was intended to maximize the relevance of
the particulate phase for the HOC uptake in the test species. MP levels chosen (1 and 10
mg L) are above the range of maximum levels reported for marine waters (between

0.0002 and 0.32 mg L (Beiras, 2018)). The MP size range (10" and 90™ percentiles of
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3.4 and 9.9 um respectively) is suitable for ingestion for both test species (Helenius and
Saiz, 2017; Martinez-Gémez et al., 2017), and smaller —and thus with a higher surface:
volume ratio- than MP usually monitored in the sea using manta trawls (>330 um).
Even under those conditions, we found lack of effects of PE-MP as vectors enhancing
HOC uptake in zooplankton, and even instances of reduced uptake compared to pure
waterborne exposure. In addition, the clearance of plastic particles from water by larvae
was markedly lower than that for microalgae of similar size. This contributes to limit
the environmental relevance of MP as vectors of HOC in environmentally relevant
conditions.

In conclusion, despite active ingestion of PE-MP particles by zooplankton, the presence
of these particles did not increase the bioavailability nor the toxicity of the hydrophobic
organic pollutants 4-n-NP and 4-MBC compared to waterborne exposures, even at MP
concentrations well above those recorded in the marine environment. These findings
challenge the current paradigm of MP as vectors of organic pollutants to oceanic trophic

webs.
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Highlights
e Sea-urchin pluteus and copepod nauplius larvae actively ingest microplastic
particles.

e Microplastics did not increase accumulation of organic chemicals in sea-urchin
larvae.

e Microplastics did not increase the toxicity or 4-n-NP or 4-MBC to zooplankton.

e PE microplastics do not act as vectors of hydrophobic organics to zooplankton.
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