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Abstract

Microplastics and nanomaterials are applied in a myriad of commercial and industrial
applications. When leaked to natural environments, such small particles might threaten living
organisms' health, particularly when considering their potential combination that remains
poorly investigated. This study investigated the physiological and biochemical effects of
polyethylene (PE; 64-125 um in size, 0.1, 1.0, and 10.0 mg.L?) single and combined with an
engineered nanomaterial applied in antifouling coatings, the copper-aluminium layered double
hydroxides (Cu-Al LDH; 0.33, 1.0, and 3.33 mg.L!) in the flatfish Solea senegalensis larvae (8 dph)
after 3h exposure, in a full factorial design. Particles ingestion, histopathology, and biochemical

biomarkers were assessed.

Fish larvae presented < 1 PE particles in their gut, independently of their concentration in the
medium. The histological health index showed minimal pathological alterations at PE combined
exposure, with a higher value observed at 1 mg LDH.L! x 0.1 mg PE.LY. Gut deformity and
increased antioxidant defences (catalase), neurotransmission (acetylcholinesterase), and
aerobic energy production (electron transport system) were observed at PE > 1.0 mg.L:. No
oxidative damage (lipid peroxidation) or alterations in the detoxification capacity (glutathione-
S-transferase) was observed on single and combined exposures. PE, combined or not with Cu-Al
LDH, does not seem to compromise larvae' homeostasis considering levels reported so far in the
marine and aquaculture environments. However, harsh effects are expected with MP pollution

rise, as projections suggest.

Keywords. Cu-Al layered double hydroxides (Cu-Al LDH), nanomaterials, plastic pollution,

histopathology, biochemical biomarkers, fish embryotoxicity, co-exposure.
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1. Introduction

Microplastics (MPs) pollution is a global issue that threatens marine and coastal
environments worldwide. Not surprisingly, the ingestion of significant MPs amounts has been
recorded in several marine species from low to high trophic levels, as zooplankton (Beiras et al.,
2018), bivalves (Cho et al., 2019), sea turtles (Rizzi et al., 2019), cetaceans (Xiong et al., 2018),
and fish (Huang et al., 2020; Naidoo et al. 2020), particularly those collected close to urban
coastal areas (Chan et al., 2019). Particles of polyethylene microplastics (PE-MPs), one of the
most industrially relevant polymer types, have been found in the guts and intestine of fish from
coasts around the world (e.g., McGoran et al.,, 2018; Chan et al., 2019; James et al., 2020;
Barboza et al., 2020; Filgueiras et al., 2020). Since many edible and commercially relevant
species present PE (to a greater extent than other MPs) in their gastrointestinal content (Jabeen
et al., 2017; Baalkhuyur et al., 2018, 2020; Blettler et al., 2019; Cho et al., 2019; Su et al., 2019;
Daniel et al., 2020), their consumption, particularly small-sized animals often consumed as a
whole, act as a relevant MPs route for humans, with unpredictable consequences on health
(Daniel et al., 2020; Huang et al., 2020; van Raamsdonk et al., 2020).

Under realistic levels, PE-MPs exposure induces physiological, behavioural (e.g., swimming.
feeding), biochemical (e.g., neurotoxicity, oxidative stress and damage, impairment on energy
acquisition and reserves), and/or developmental changes in fish larvae (e.g., Malafaia et al.,
2020; Pannetier et al., 2020; Solomando et al.,, 2020; Campos et al.,, 2021). However,
contradictory effects due to the PE-MPs ingestion in adult and juvenile fish have been reported,
reinforcing that MPs must be considered in programs for monitoring hazard materials in the
marine ecosystems (Hamed et al., 2019). While some authors reported that PE-MPs is rapidly
expelled without net bioaccumulation and minimal effects (Grigorakis et al., 2017; Ohkubo et
al., 2020), others demonstrated that a continuous MPs supply over longer exposure causes

adverse effects on growth, reproduction, or survival under (Chisada et al., 2019; Naidoo and
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Glassom, 2019). In fish early life stages, high levels of PE-MPs (due to high ingestion rates) are
known to cause death and decrease larvae density (Steer et al., 2017; Hamed et al., 2019). Such
individual effects may impair the population fitness and density in the aquatic environment, thus
affecting the food webs by influencing predation (Audzijonyte et al., 2013). Yet, a comprehensive
ecotoxicological assessment on fish, particularly in early life stages, regarding PE-MPs in the
presence of other contaminants remains scarce in the literature.

Moreover, since a wide range of multiple contaminants may occur in the natural
environments together with MPs, there is a need to understand the effects caused by their
combinations. Notably, the combined effects of MPs with other compounds that present “three-
dimensionality” and colloidal behaviour, such as nanoparticles and nanomaterials, remain little
explored compared to the combination with chemical compounds (e.g., Polycyclic Aromatic
Hydrocarbons and metals). Several engineered nanomaterials (ENMs) have been developed to
optimize industrial/commercial production and application of various products, including
medical, pharmacological, and nautical products. Among them, the ENM Cu-Al layered double
hydroxides (Cu-Al LDH) has been suggested as a promising antifouling nanoadditive for coatings
and an adsorbent of chemicals. LDHs are a class of 2D-ENMs, also known as anionic-exchange
nanoclays. They present a controlled release capacity and contain outer layers with metal
cations (e.g. Zn?*, Cu?*, Al**) and an interlamellar space stabilized by anions (e.g. NOs) (e.g.,
Avelelas et al., 2017; Martins et al., 2017; Kameda et al., 2021). Recent studies highlighted that
Zn-Al LDH-NOs is low toxic towards marine species (Avelelas et al., 2017; Martins et al., 2017,
Gutner-Hoch et al., 2018, 2019). However, Cu-Al LDH-NOs effects are not yet reported in the
literature. Cu-Al LDH-NOs; and Cu-Mg-Fe LDH are highly cytotoxic to human stem iPS cells
(Kameda et al., 2021) and the freshwater microalgae Scenedesmus quadricauda (Ding et al.,
2018), respectively, suggesting that Cu-based LDHs may also be deleterious for aquatic biota.
From the commercial use, it is expected an increasing frequency of the Cu-Al-NOs LDH in the

environment, generating environmentally relevant concentrations in the same locations where
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there are MPs. The combined effects of PE-MPs and Cu-Al LDH-NOs in the marine environment
also remain undocumented. However, it is known that environmentally relevant Cu levels, alone
or co-exposed with MPs, increase mortality of embryos, inhibit hatching rate, induce oxidative
stress and neurotoxicity, and behavioural changes in zebrafish early life stage (Santos et al.,
2020a).

Senegal sole, Solea senegalensis Kaup, 1858 (order Pleuronectiformes), is a commercially
relevant flatfish, natural of Atlantic coasts of Europe and Africa, and farmed in southern
European countries (Morais et al., 2014). Because they are demersal and top predators, Sole
species are emerging as sentinel fish (e.g., Jebali et al., 2013; Oliva et al., 2013; Cuevas et al.,
2015; Briaudeau et al., 2019). Most research focused on juveniles or adults when they are
benthic and, thus, susceptible to the effects of sediment contamination (Costa et al., 2009,
2012). However, fish early developmental stages are usually more sensitive to environmental
stress and pollution, and the S. senegalensis larvae sensitivity to persistent contaminants
(Pavlaki et al., 2016; Araujo et al., 2018) makes them suitable for ecotoxicological tests.

This study aimed at assessing the sub-lethal toxicity of PE-MPs and Cu-Al LDH-NOs, dispersed
alone or in combination, towards the flatfish S. senegalensis larvae. For that, PE ingestion,
histopathological, and biochemical endpoints (lipid peroxidation to infer oxidative damage,
electron transport system activity to analyse the aerobic energy consumption, catalase and
glutathione-S-transferases activities to assess the antioxidant and detoxification responses, and
acetylcholinesterase enzymatic activity as a proxy of the neuromotor activity) were measured.
An appropriated chemical characterization of the nanomaterials, and assessing the
environmental behaviour and fate of the tested solutions in seawater were evaluated. Our
working hypothesis is that tested ENMs will eventually interact with PE-MPs, which might alter
their potential bioavailability and toxicity to the flatfish larvae. The ingestion of the particles will
likely induce physiological alterations, which may contribute to the increment of reactive oxygen

species generation, consequently affecting antioxidant and detoxification capacities, and
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impairing neurotransmission. Physiological alterations can also compromise organisms’ feeding
and swimming behaviour and later result in the loss of energy reserves and impairment in energy

acquisition (as reviewed by Jeong and Choi, 2019).

2. Material and methods

2.1 Chemical compounds

Low-density polyethylene (LDPE-MP, CAS 9002-88-4, irregularly shaped, maximum size 125
um, density 960 kg m-3) were purchased from Sigma-Aldrich UK. The target size range (64 to 125
um) was obtained by vibratory shaking, and the tested concentrations (0.10, 1.00, 10.00 mg.L?)
were prepared as described in Campos et al. (2021). MP size was selected to simulate primary
microplastics intentionally included in personal care and hygiene products that are not likely
retained by wastewater treatment plants and end up in natural environments at considerable
concentrations (Conkle et al., 2017). Such relatively high PE-MPs concentrations were chosen to
stimulate larvae to initiate feeding during the relatively short experimental period and infer
potential thresholds on feeding behavior and physiological/biochemical endpoints.
Notwithstanding, such levels are within the predicted concentrations in aquatic environments
(Conkle et al., 2017). Briefly, three concentrated stock solutions (15, 150, and 1500 mg.L) were
prepared in filtered artificial seawater (Tropic Marin Pro Reef salt mixed with reverse osmosis
water, practical salinity 35). MP solutions were allowed to age for one week at room
temperature, in dark conditions, with continuous shaking (50 rpm). Final MPs concentrations
were then obtained by adding 1 mL of the respective solution to each glass test-vial containing
149 mL of the test solution.

Cu-Al layered double hydroxides (Cu-Al LDH-NOs3; hereinafter abbreviated as Cu-Al LDH or
LDH) were kindly provided by Smallmatek, Small Materials and Technologies, Lda. According to
the procedure described by Martins et al. (2017), these nanomaterials were synthesized through

co-precipitation in a Cu/Al proportion of 3:1 and replacing Zn?** with Cu?'. Cu-Al LDH stock
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dispersion was prepared with 0.45 um filtered artificial saltwater and sonicated for 30 min in an
ultrasonic bath (Selecta; 40 kHz). Tested concentrations (0.33, 1.00, and 3.33 mg.L!) were
chosen based on preliminary acute toxicity studies. They were prepared with 0.45 um filtered
natural seawater (collected from the hatching tanks) through the serial dilutions methodology

following the OECD 318 (OECD, 2017).

2.2 Characterization of Cu-Al LDH powders

The morphology and chemical composition of Cu-Al LDH was analyzed by scanning electron
microscopy (SEM) Hitachi SU-70 system with an electron beam energy of 15 kV and coupled with
energy dispersive spectroscopy (EDS). Cu-Al LDH was structurally and chemically characterized
through powder X-Ray Diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR),
respectively. XRD was run at room temperature of the obtained nanomaterial was performed
using a PANalytical X'Pert Powder diffractometer (Cu Ka; radiation, A = 0.154056 nm; 45 kV and
40 mA) coupled with a PIXcel'® detector, and with a step of 0.02° over an angular range (2 8)
between 4° and 65°. Fourier transform infrared spectroscopy (FT-IR) spectrum was collected in
a Perkin Elmer spectrometer Spectrum Two with a UATR TWO unit (Diamond), 64 scans, 4 cm™

resolution, in a wavelength range of 400-4000 cm™.

2.3 Exposure testing

2.3.1 Test organism

The flatfish S. senegalensis larvae of 8 days post-hatching (dph) were obtained from the
breeders' natural spawns at the Olh3do Pilot Fish Farming Station of the Portuguese Institute of
Sea and Atmosphere (IPMA-EPPQO) in Algarve, South Portugal. Before transference to
experimental vials, larvae were reared in a 1500 L fibreglass tank, with treated natural seawater
(i.e., filtrated with a sand filter and a 100 um cartridge filter, followed by ultra-violet radiation

treatment), according to established EPPO protocols (Candeias-Mendes et al., 2013).
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2.3.2 Experimental design

Exposure tests were performed in the EPPO facilities to minimize animal stress due to
transportation. Experiments included five replicates (each one with 20 larvae), comprised of a
control group (only filtered natural seawater), three concentrations of Cu-Al LDH (0.33, 1.00,
and 3.33 mg.L1), three concentrations of PE (0.10, 1.00, and 10.00 mg.L), plus the 9 possible
combinations of both PE and LDH treatments arranged in a full factorial design. Organisms were
placed in glasses vials containing 150 mL of previously prepared treatments' medium. The
experiment ran in the absence of food items (which, at 8 dph, consists of live rotifers and
Artemia metanauplii ingested ad libitum; and usually does not exceed 2-4 h) to stimulate MP
ingestion on fish pre-metamorphosis. As S. senegalensis fish larvae have a tremendous growth
potential per day (Navarro-Guillén et al., 2018), it was intended to guarantee that all exposed
organisms presented similar growth stage to accurately relate the responses to exposure
conditions and avoid the potential confounding factor caused by the natural variability of larval
growth or physiological response to starvation that could be achieved at longer exposure
periods. For these reasons, the exposure period was set for 3 h. After this period, each sample
composed of the flatfish larvae whole body were immediately preserved according to the
endpoint: immersed in 96 % ethanol for PE ingestion analysis (n = 4); frozen in liquid nitrogen in
separated microtubes for biochemical biomarkers (n = 10), or immersed in fixative solution for
histology (n = 1). The remaining fish larvae (n = 5) were stored at -80 °C as a potential backup for
biochemical or ingestion analysis. Water quality parameters (temperature, conductivity,

dissolved oxygen content, and pH) were measured at the end of the exposure.

2.4 Environmental fate and behaviour of tested materials
Exposure conditions were characterized in terms of the tested materials' fate and behaviour
(Cu-Al LDHs: single and combined with PE MPs) in the same test media and conditions. A

Zetasizer Nano-ZS (Malvern Instruments, UK) was used to perform dynamic light scattering
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(DLS). For each sample, three measurements were performed. Before the measurements, each
sample was placed in an ultrasonic bath (Selecta; 40 kHz; 5 min). The suspensions' average
hydrodynamic size was then calculated using the peak 1 (intensity distribution) values.

The detailed morphology of both materials following a common dispersion was also analysed
by SEM aimed at inspecting if nanoclays were adhered to the PE MPs surface. The worst
exposure scenario (PE MP, XX mg.L* and Cu-Al LDHs, 3.33 mg.L!) was therefore mimicked in a
saltwater dispersion that was left 3 h for gentle agitation. The dispersion (volume of 1L) was

then filtrated in XX, dried overnight, prepared, and inspected by SEM using a Hitachi SU-70.

2.5 Ecotoxicological endpoints

2.5.1. Quantification of PE-MPs in the larval gut

All fish larvae were rinsed with ultra-pure water and observed under the stereomicroscope
to exclude PE-MPs adhered to their skin. The PE-MPs extraction and quantification followed the
optimized protocol developed by Campos et al. (2021). Briefly, to assess the presence of PE-MPs
inside organisms, larvae were placed in glass flasks, covered with aluminium foil, dried (50°C, 24
h), digested (HNOs, 65%; 3 mL; 60°C, 3 h), added hydrogen peroxide (H,0,, 35%; 2.6 mL) after
cooling down to room temperature, and incubated overnight. Then, samples were diluted (Milli-
Q ultra-pure water, 50 mL) and immediately vacuumed filtered onto black polycarbonate filters
(PCTE, 0.2 um pore size, 42 mm @, ref. 7063—-4702, Cytiva WhatmanTM, Fisher Scientific,
Portugal) to retain PE-MPs. MPs were stained with Nile red (1 mL, 5 min, dark; Sigma Aldrich, St.
Louis, MO, USA; stock solution: 0.01 mg.mL* ethanol absolute). After that, filters were washed
(ultrapure water) to remove the excess dye and stored in glass Petri-dishes. After drying,
polycarbonate filters of each sample were photographed (Canon 550D, EF-S 18-55 mm, Oita,
Japan) under a blue light (450 nm, SPEX Forensics, USA) in a dark room using an orange filter
(Standard ProMaster®), and the number of MPs was counted. Quality criteria and quality control

measures on MPs analysis were taken. Glassware (thoroughly acid-washed and rinsed with Milli-
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Q ultrapure water) was preferential for testing and analysis; samples processing was performed
in a clean laminar chamber and covered with aluminium foil to avoid airborne contamination.
Blanks (1 every 5 samples) were prepared to address possible cross-contamination between

samples.

2.5.2. Histopathology

The whole flatfish larvae were fixed (Davidson's solution, 24 h) and then stored in 70 %
ethanol. Each sample was pre-embedded in 1 % agarose in distilled water (dH20) (Tsao-Wu et
al., 1998) placed in a horizontal position at the bottom of the wells of a 21-wells silicone mould
(250 pL volume). The fish agarose blocks within the cassettes were dehydrated in an increasing
series of ethanol (80, 95, and 100 %) and impregnated with paraffin (58 — 60°C) using a protocol
adapted from Sabaliauskas et al. (2006) and Copper et al. (2018). The 5 um thick cross-sections
were obtained on a rotary microtome. Slides were stained using regressive Harris hematoxylin
and eosin (H&E) and coverslipped with DPX mounting medium for permanent mounting.
Photomicrographs of stained sections were taken with a digital camera (Dino-Eye Eyepiece
Camera) coupled with an optical light microscope.

The histology-based health status at different levels was defined by the authors adapting the
protocols by Bernet et al. (1999), Gusmao et al. (2012), and Cuevas et al. (2015), aiming to score
the damages in a semi-quantitative histopathological index level. This histopathological
approach considers the relative biological importance (weight) and the dissemination degree
(score) of each lesion per organ. The lesions were classified into five reaction patterns:
circulatory disturbances, regressive changes (implying functional loss), progressive changes
(involving altered function), inflammatory responses, and tumours (Table 1).

The total histopathological index (Ih) was calculated for each individual and organ, according

to Cuevas et al. (2015), according to the equation (1):

Ih= Y\ way (1)

10
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where wj; is the weight of the j histopathological trait and aj the score for the j alteration of the
h individual. The score (a), from 0 to 6, depends on the degree and extent of the alteration: 0 =
feature/alteration not observed; 2 = mild occurrence; 4 = moderate occurrence; and 6 = severe

occurrence (diffuse lesion). Intermediate values were also considered (Bernet et al., 1999).

2.5.3. Biochemical biomarkers

Samples were analysed in terms of lipid peroxidation (LPO) to infer oxidative damage,
electron transport system (ETS) activity to analyse the aerobic energy consumption, catalase
(CAT) and glutathione-S-transferases (GST) activities to assess the antioxidant and detoxification
responses, and acetylcholinesterase (AChE) as a proxy of the neuromotor activity. AChE enzyme
has been characterized in S. senegalensis, mostly located in the brain and muscle tissues due to
its role in neural synapsis (Solé et al., 2012).

Samples (preserved at -80°C) were allowed to defrost on ice and homogenized in ultra-pure
water (1200 pL) with an ultrasonic homogenizer (cooled in ice during the process) until
separation (Rodrigues et al., 2020). For LPO determination, 4 % BHT (2,6-Di-tert-butyl-4-
methylphenol) in methanol was added to the homogenate aliquot (200 pL), vortexed, and stored
(-80°C) for no more than 24 h. For the ETS measurements, a total of 150 pL of buffer solution
(0.3 M Tris base; 0.45 % (w/v) Poly Vinyl Pyrrolidone; 459 mM MgSO4; 0.6 % (v/v) Triton X-100
at pH = 8.5) was added to the homogenate sample (200 uL), agitated and centrifuged (1,000 g,
10 min, 4°C). The remaining homogenate sample was diluted in phosphate buffer solution (0.2
M; pH = 7.4), centrifuged (10,000 g, 15 min, 4°C), and the PMS divided into four aliquots for CAT
(100 pL), GST (200 pL), AChE (200 pL), and protein quantification (100 pL) and stored (-80°C) no
longer than one week, as previously performed by Rodrigues et al. (2020, 2015) and Campos et
al. (2016).

Protein content was determined by the Bradford method (Bradford, 1976), using bovine y-

globulin as a standard at 600 nm. For LPO, thiobarbituric acid-reactive substances (TBARS) were
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measured at 535 nm, using a molar extinction coefficient (g) = 1.56 x 10° M~.cm™ and expressed
as nmol of TBARS mg of protein! (Bird and Draper, 1984). The ETS activity proceeded by adding
8 mM p-iodonitrotetrazolium (INT), and the reaction was quantified at 490 nm over 3 min. The
energy consumption rate (expressed as mJ h! mg of protein?) was calculated using the
stoichiometric relationship (2 mmol of INT-formazan formed, 1 mmol of oxygen consumed), and
the Lambert-Beer formula considering a € = 1.59 x 10* M~t.cm™ (De Coen and Janssen, 1997;
Rodrigues et al., 2016). CAT activity (as umol min't mg of protein=') was determined by measuring
the decomposition of the substrate H,0, (35%) at 240 nm for 2 min, using € = 40 M~t.cm™
(Clairborne, 1985). GST activity was determined by assessing GSH conjugation with 1-chloro-2,4-
dinitrobenzene (0.0122 g/mL), at 340 nm, every 20 seconds for 5 min using € =9.6 x 103 M~t.cm™
(Habig et al., 1974). AChE activity was measured by the reaction initiated adding a mixture of K-
phosphate buffer (0.1 M; pH 7.2), 0.075 M acetylthiocholine iodide, and 10 mM 5,5'-dithiobis
(2- nitrobenzoic acid), at 414 nm for 5 min and considering a € = 13.6 x 103 M1.cm™ (Ellman et
al., 1961; Guilhermino et al., 1996). GST and AChE were expressed as nmol min'* mg of protein
L, All procedures were adapted to 96-multiwell plates (Rodrigues et al., 2015; Campos et al.,

2016), and samples were pipetted in quadruplicate.

2.6 Statistical analysis

Data were tested for normality (Shapiro-Wilk test) and homoscedasticity (Equal Variance
test). If passed (p > 0.05), statistical differences between the control and treatments and
between isolated and combined treatments (e.g., PE1+LDH1 vs PE1; PE1+LDH1 vs LDH1) were
analyzed by a One-Way Analysis of Variance (ANOVA), followed by Duncan’s multiple range test,
whenever significant differences were observed. When data failed normality or
homoscedasticity, even after data transformation (square root), a Kruskal-Wallis ANOVA on

Ranks was implemented, followed by a Dunn’s test. The significance level was p < 0.05. Then,
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the no observed effect concentration (NOEC) and the lowest observed effect concentration

(LOEC) were derived. Statistical tests were performed using SigmaPlot 12 software.

3. Results

3.1 Nanomaterial characterization

Cu-Al LDH presented a hexagonal morphology (Fig. 1A) with a size distribution of 1.31 + 0.27
pum and 1.58 + 0.19 um in width and length, respectively, which is in agreement with similar
LDHs (Martins et al., 2017). The EDS elemental mapping of the Cu-Al LDH sample and the EDS
spectral graph confirmed the presence of Cu (13.02 %) and Al (3.77 %) and its theoretical Cu/Al
ratio 3:1 (Fig. 1B and 1C).

According to the XRD diffractogram (Fig. 2A), LDH particles present low crystallinity, but it is
possible to identify its traditional diffraction peaks with 26 angles equal to 11.7°, 23.6° and 35.6°
could be associated with the (003), (006) and (009) reflection planes of the LDH hexagonal
structure. The common diffraction peaks (110) and (113) of the hexagonal structure, usually
present at ~60°, were not clearly visible, being masked by the high noise presented in the XRD
pattern (Salak et al., 2010; Galvao et al., 2016). Other diffraction peaks were also observed,
although with a lack of definition and low crystallinity possible related to some salts from LDH
precursors like copper hydroxides or nitrates. FT-IR spectrum of Cu-Al LDH (Fig. 2B) exhibited a
broad band around 3378 cm* from the stretching vibrations of the hydroxyl groups of both layer
hydroxide moieties and interlayer water and the deformation vibration mode of OH bonds in
water molecules at 1634 cm™. Additionally, bands around 1000-600 cm™ were assigned to the
metal-hydroxide group connection (M-OH) and 600-400 cm™ to the metal-oxygen bond (M-0).

The symmetric stretch band of N-O link, associated with nitrates, was present at 1346 cm™.

3.2 Environmental fate and behaviour of tested particles

13



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

DLS results were summarised in Table 2. A polydispersity index above 0.7 was observed in all
measurements, therefore not meeting the quality criteria and indicating high heterogeneity.
Consequently, the suspended particles' hydrodynamic size was based on the average value (n =
3) of peak 1 (intensity distribution) of each measurement instead of the Z-average value.

Globally, the hydrodynamic size of Cu-Al LDH in seawater decreased from the lowest to the
highest exposure concentration, which can be associated with a rise in the suspended particles'
sedimentation rate and/or aggregates/agglomerates formed in time. DLS analysis is for particles
smaller than 1 um; therefore, it does not apply to isolated MP solutions, whose size is > 65 um.
In the co-exposure, the hydrodynamic size increased with both particles' growing concentrations
except in the lowest PE concentration; however, the suspended particle size was not remarkably
large compared with the isolated materials, indicating that their combination may not greatly
affect the aggregation/agglomeration of these particles, and/or light dispersion was affected by
the presence of the MPs.

SEM images of the filtrated dispersion containing both tested materials (Fig. 3), demonstrate
the occurrence of heteroaggregation phenomena evidenced by single and/or aggregates of Cu-

Al LDH hexagonal platelets adhered to the PE microplastics surface.

3.3 Ecotoxicity
No lethality was recorded during the exposure period. The physicochemical parameters were
stable in all treatments (average * standard deviation): pH (7.96 + 0.02), conductivity (54.72 *

0.03 pS cm?), dissolved oxygen (74.42 + 4.35 %) and temperature (19.53 + 0.11 °C).

3.3.1 Quanttification of ingested PE-MPs
Overall, the number of ingested particles was low, i.e., less than 1 per larvae (Table 3). The
highest MPs’ ingestion was observed at 10.00 mg PE.L in all Cu-Al LDH treatments except at

1.00 mg LDH.L?, where the highest ingestion was observed at 0.100 mg PE.L. However, no
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statistical differences were observed between concentrations within PE or Cu-Al LDH

treatments, and no significant interaction was observed between PE and Cu-Al LDH.

3.3.2 Histopathological assessment

The histopathology analyses of the S. senegalensis larvae conducted with the whole body are
presented in Fig. 5 and Fig. 6. Tested 8 dph larvae have rudimentary gills (pseudobranch)
comprised of five filaments in an ongoing chondrogenesis process and well-developed vision
and digestive system (Padrés et al., 2011). Therefore, in this study, the target organs with
possible histopathological biomarkers responses were liver, kidney, and gut. The liver structure
observed in the control organisms was similar to the larvae exposed to the lowest tested
concentration of 0.33 mg Cu-Al LDH.L™.

Despite a significant increase (H = 34.006, df = 15, p = 0.003) in the histopathological index
observed in the mixture 1.00 mg LDH.L* X 0.10 mg PE.L (Fig. 3A), the flatfish larvae showed few
histopathological alterations’ types (Fig. 6) and low histopathological index (Fig. 4A), i.e., low
relative biological importance and low dissemination degree of each lesion per organ. Single
exposure of the organisms to 1.00 and 3.33 mg Cu-Al LDH.L? showed hepatic and renal
hyperaemia and mild hepatocyte vacuolization, respectively (Fig. 6A, 6B, and 6C). In PE single
exposure, a mild gastrointestinal dilation was found in fish exposed at low and moderate
concentrations (both 0.10 or 1.00 mg PE.L?), followed by liver hyperaemia in those exposed to
10.0 mg PE.L' (Fig. 6D). Combined treatments caused gastrointestinal space dilation and
hyperaemia of the liver tissue, which were more pronounced in fish exposed to moderate and
high concentrations (Fig. 6E, 6F, 6G, and 6H). In some cases, the intestinal tract presented
deformities due to MPs presence (Fig. 6G). Also, sacciform cells were present, as observed in

control larvae (Fig. 6E).

3.3.3. Biochemical assessment
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Globally, Cu-Al LDH exposure caused no significant effects on the measured endpoints (NOEC
> 3.33 mg LDH.L?). Conversely, single PE exposure to concentrations of PE > 1.00 mg.L? (Fig. 3:
yellow and dark green dots) triggered the changes in antioxidant defences (CAT; Fig. 4C, F =
2.889, p=0.001; LOEC = 1.00 mg PE.L%; cf. Table 4), neurotransmission (AChE; Fig. 4B, F = 13.879,
p < 0,001; LOEC = 1.00 mg PE.L?, cf. Table 4), and aerobic energy production (ETS; Fig. 4F, H =
64.565, df = 16, p < 0.001; LOEC = 10.00 mg PE.L?, cf. Table 4), without causing activation of
detoxification enzymes (GST; Fig. 4E) or oxidative damage (LPO; Fig. 4D). The effects of PE mostly
remained similar in the presence of Cu-Al LDH nanoclays (Fig. 4C, 4B, and 4F). The exceptions
were observed in the combination of 0.33 mg LDH.L* X 1.00 mg PE.L* which did not significantly
altered CAT activity (Fig. 4C), and 1.00 mg LDH.L* X 1 mg PE.L%, which significantly increased (H
= 64.565, df = 16, p <0.001) ETS (Fig. 4F; cf. Table 4). The co-exposure of 10.00 mg PE.L! with
low and moderate LDH concentrations caused an increase (F = 2.889, p = 0.001) of the CAT

activity on S. senegalensis larvae (cf. Fig. 4C; Table 4).

4, Discussion

4.1. Effects of PE-MPs as the only stressor

The detection of low amounts of PE-MPs in the flatfish larvae gut confirmed their capacity to
ingest PE-MPs. S. senegalensis larvae are capable of successful exogenous feeding after 2 dph,
and display active hunting behaviour, mouth and anus opened, and eyes fully pigmented at 3
dph (Ribeiro et al., 1999). According to Huuskonen et al. (2020), fish early life stages do not
readily possess additive genetic variation that would help them adapt to the increasing
pollution, including by MPs, in their natural environment. Fish cannot actively avoid MPs since
they are indistinguishable from natural food (Huuskonen et al., 2020). However, some studies
already demonstrated an apparently intentional elimination/spitting following the unintentional
intake of MPs particles (Mazurais et al., 2015; Grigorakis et al., 2017, Campos et al., 2021). In

fact, unintentional intake and spitting behaviour of MPs might be occurring by S. senegalensis
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larvae due to the low number of PE-MP particles found in their gut, as it was also observed in
Argyrosomus regius (meagre) 15 dph larvae (Campos et al., 2021). However, the low number of
PE-MPs in the gut might be due to the short period of exposure (3h) or, most likely, due to
larvae's egestion rates considering that the histopathological index of the gastrointestinal tract
was affected by PE-MPS. Thus, the consequent observed effects might not only be related to the
small number of microplastics found inside fish larvae after 3 h exposure, but also to the number
of particles that were ingested and spit (including the ones that crossed larvae gills during the
respiration process) during that time. In fact, PE-MP ingestion seemed to result in physical
damages (particularly in the gastrointestinal tract) on S. senegalensis, which could be depicted
from the histopathological analysis. Intestinal damage is a key MPs effect on fish (Lei et al., 2018;
Qiao et al., 2019). Intestinal histological lesions associated with MPs ingestion, including PE,
polyvinyl chloride (PVC) and polystyrene (PS), have been previously reported (Peda et al., 2016;
Mak et al., 2019; Qiao et al., 2019). However, MPs adverse physiological effects are closely
dependent on their size (Lei et al., 2018) and the number of particles (Silva et al., 2019, 2020)
rather than the chemical composition. MPs can be accumulated in the gut or other tissues and
negatively affect animal growth (Yu et al., 2018). As a result of their ingestion (although probably
followed by spitting due to the low number of these particles in organisms gut), PE-MPs
exposure might impair feeding and induce local immunoreaction and inflammatory responses.
The imbalance between feeding intake and energy expenditure caused by these responses likely
decrease head/body ratios, changes swimming behaviour, induce oxidative stress, DNA damage,
and teratogenicity in fish embryos and larvae, and even cause mortality (Mazurais et al., 2015;
Pannetier et al., 2020; Malafaia et al., 2020). However, other studies showed that PE ingestion
and toxicity on embryos and larvae are dependent on their concentrations, size and shape
(Mazurais et al., 2015; Grigorakis et al., 2017; Pannetier et al., 2019; Ohkubo et al., 2020). Some
studies demonstrated that microplastics >10 um in size accumulate in the digestive tracts and

are eventually discarded with the faeces (Cole et al. 2011), whether small microplastics (<10 pum)
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can translocate from the gut cavity to the circulatory system and body tissues (e.g., Zeytin et al.,
2020).

Current histological findings linked PE ingestion to gastrointestinal dilation, but further
studies are still needed to determine if larvae were able to egest the particles, how the rate of
egestion might be affected, and if this may cause damage to the tissue inducing an inflammatory
response and affect the fish growth and development. The general histological effects caused
by PE particles' ingestion were classified as of minimal pathological importance, namely
circulatory disturbance (hyperaemia) and a progressive change (hepatocytes vacuolation).
Similar effects were also reported in common soles liver collected along the Basque continental
shelf (Cuevas et al., 2015) and other fish species exposed to PE-MPs (Rainieri et al., 2018).
Ingestion/egestion of MPs by S. senegalensis larvae seem to entail additional energetic cost and
oxidative stress and affect neurotransmission. Biochemical results demonstrated that exposure
to PE-MPs (= 1.00 mg PE.L?) increased the antioxidant defences (particularly CAT activity),
neuromotor activity (AChE), and aerobic catabolism (ETS activity). So far, the environmental
relevant MPs concentrations reported are often below 1.00 mg MPs.L'! (Beiras and
Schénemann, 2020), whereas the biochemical responses were observed above that. These
effects suggested an increase in the reactive oxygen species (ROS) generation due to the stress
provoked by the PE-MPs ingestion/egestion and spiting, coupled with increased
neurotransmission impulses (potentially related to MP spitting and peristaltic movements).
Concordantly, the aerobic energy consumption increased since the action of antioxidant
defences to prevent cells damage or to deal with potential inflammation processes (which also
increase ROS) require high energy expenditure. The ROS generation might respond to larvae to
chemical stimuli, or a potential mechanical damage/abrasion or proteolytic damage caused by
the ingested particles to the epithelial cells of the gut lumen of fish larvae (Campos et al., 2021).
Exposure to PE-MPs increased ROS production and induced antioxidant enzymes and oxidative

damage in some organs of gilthead seabream, Sparus aurata (Solomando et al., 2020). Meagre
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larvae A. regius (15 dph) exposed to the same concentrations, size and shape of PE-MPs also
demonstrated an increased energy consumption (Campos et al., 2021) but revealed inhibition
of the CAT activity and decreased neurotransmission and lipid peroxidation at 10 mg.L™.
However, in that study, the exposure period was slightly higher (up to 7h; Campos et al., 2021).
Perhaps, in a starvation scenario of 7h, which is common in the overnight period, S. senegalensis
would present higher oxidative stress induced by the presence/ingestion/egestion and spiting
PE-MPs. Previous studies also reported the ability of plastics to induce behavioural alterations
and neurotransmission impairment in several invertebrates and fish (Lei et al., 2018; Yu et al.,

2018; Pannetier et al., 2020; Priist et al., 2020; Silva et al., 2019, 2020; Campos et al., 2021).

4.2. Effects of Cu-Al LDH as the only stressor

There were no significant effects observed due to Cu-Al LDH exposure. The mild hepatic
histopathological alterations at all tested LDH concentrations were of minimal pathological
significance. Larvae exposed to 0.33 mg Cu-Al LDH.L? exhibited liver structure similar to the
control, compatible with previous control situation description (Gusmao et al., 2012; Costa et
al., 2013), as normal parenchyma with regular hepatocytes arranged in cords and a single layer
of cells lining several sinusoids, which is indicative of good glycogen storage (Simpson, 1992).

The effects of stimuli-responsive ENMs, like LDHs, on marine biota are far from being well
understood despite recent efforts (e.g., Figueiredo et al., 2019, 2020; Kaczerewska et al., 2020;
Santos et al., 2020b; Jesus et al., 2021). On fish, ENMs, in general, can cause mortality,
alterations in growth and reproduction, and can lead to behavioural, physiological,
histopathological or biochemical changes in different life stages (e.g., Huang et al., 2018; Yang
et al., 2019; Figueiredo et al., 2020). Additionally, gills, intestines, and liver are the organs most
endangered when organisms are exposed to ENMs (Handy et al.,, 2011). Exposure to Cu
nanoparticles (NPs; 50 mg.L™, particle size < 50 nm) affected survival, body length and mass,

and morphology and physiology of epidermis, gills, and liver on three-day-old Siberian sturgeon
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larvae, Acipenser baerii (Ostaszewska et al., 2016). In zebrafish, early life stages (96 h post-
fertilization), Cu (CuS04.5H,0; 15 pg.L't; 60 pg.L'Y; and 125 pg.L!) led to oxidative stress,
neurotoxicity, and behavioural alterations (Santos et al., 2020a). In the present study, the
absence of adverse effects in the flatfish larvae exposed to Cu-Al LDH, in all ecotoxicological
endpoints investigated (until 10.00 mg.L?), is in line with the low or no toxicity findings of the
sibling Zn-Al LDH in marine invertebrates, used as a low-toxic “smart” (stimuli-responsive)
nanocarriers of active molecules, such as anti-fouling biocides or corrosion inhibitors (Avelelas

et al., 2017; Martins et al., 2017; Gutner-Hoch et al., 2018, 2019)

4.3. Combined effects of PE-MPs and Cu-AL LDH

Generaly, results evidenced that co-exposure did not exacerbate the effects observed in the
single exposures, particularly PE-MP that was already inducing some physiological and
biochemical effects. However, the LOEC for aerobic metabolism and histopathological index
decreased (i.e., increased in effects) to low/middle and middle/middle concentrations of PE/Cu-
AL LDH co-exposure compared to single exposures, which highlights the potential interaction
between both particles, reinforced by the heteroaggregation processes. Such processes
highlight the role of microplastics as vectors of nanomaterials, particularly those that tend to be
unstable and aggregate in saltwater, such as LDHs (Martins et al., 2017).

Interestingly, CAT (antioxidant defence) and AChE (neurotransmission) in such co-exposure
treatments had the lower values and LPO (a proxy for oxidative damage) the higher levels (as
depicted in table 4, Fig. 3). Pannetier et al. (2019) demonstrated that single PE-MPs exposure
did not cause sublethal toxicity in fish larvae; however, MPs with other contaminants induced
lethal and sub-lethal effects mainly when such hazardous chemicals are persistent organic
compounds with high potential for bioaccumulation (PAHs, PCBs, among others). Similarly,
CYP1A was induced when zebrafish were exposed to virgin and B(a)P-spiked PE-MPs (Batel et

al., 2020). Studies with other MPs also demonstrated the deleterious effects of the co-exposure
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of MPs (e.g., PS and PVC) and other contaminants (e.g. Cu and Zn), and their key role as vectors
of contaminants causing an increase of such chemicals in fish tissues (Brennecke et al., 2016;
Qiao et al.,, 2019). We expected that the effects evaluated would be exacerbated in the
combinations of the highest concentrations tested, as nanoclays have the potential to
heteroagregate with MPs (see figure and thus induce higher physiological and biochemical
responses. However, the investigated NMs (i.e., nanoclays) proved to be safe for the larvae 's
health, and the slight effects found due to the MPs’ presence were not exalted in the co-
exposures under test. Interestingly, LOEC of PE-MPs for aerobic energy consumption and
histopathological index decreased after combined exposures with LDH, suggesting an
interaction of effects that needs further research.

Another aspect of being considered is the short exposure time, presenting preliminary and
pioneer co-exposure of MPs and Cu NMs, since to our knowledge, this is the first study on the
topic. For future directions, further studies are needed to assess whether the effects are greater
in prolonged exposures. Also, it is interesting to measure the accumulation of NMs in the
organisms, which may vary in the presence of MMs, which leads to long-term effects on aquatic
organisms and, consequently, on human health.

For final considerations, plastics contamination of seas and oceans, estimated as 4-12 million
tons/year (Picé and Barceld, 2019), are expected to be intensified due to the massive use of
personal protective equipment during the Covid-19 pandemic (Silva et al., 2020), but its
interaction with chemical contaminants present in the marine environment remains not
understood. Therefore, the ecological effects derived and/or related to MPs contamination may
be strengthened, requiring further investigation and continuous biomonitoring, including key
biomarkers responses. Our results reinforce the recommendation to improve regulatory
frameworks and legislation on the worldwide use of plastics to minimize plastic leakage and
pollution, promote a circular economy, ensure sustainable growth, and protect ecosystems

(Silva et al., 2020).
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5. Conclusions

PE-MPs' exposure effects isolated or combined with Cu-Al LDH nanoclays on S. senegalensis
larvae were assessed based on PE ingestion, histopathological, and biochemical biomarkers.
Larvae demonstrated low frequencies of histopathological lesions, especially in the liver, and
few alterations, mainly hyperaemia and hepatocyte vacuolization, considered evidence of mild
inflammation, reversible as the exposure ends. A notable deformity in the intestinal tract caused
by the PE ingestion, associated or not to the Cu-Al LDH nanoclays, was recorded, but additional
experiments are required to conclude if larvae can expel them or not and with or without
additional damage. The biochemical biomarkers responses demonstrated the activation of the
first line antioxidant defences, the induction of neurotransmission activities, and a rise in aerobic
energy production, all attributed as compensatory metabolic effects caused by ROS generation
due to the ingestion of PE-MPs (> 1.00 mg.L ). The PE effects persisted in the presence of Cu-Al
LDH, but the nanoclay alone did not cause significant effects on the measured endpoints,
supporting the eco-friendly labelling of this class of ENMs. PE MPs, single or combined with Cu-
Al engineered nanoclays, seem not to compromise the flatfish larvae' homeostasis below
environmentally relevant concentrations (1.00 mg PE.L!). Nevertheless, the mild effects
observed due to the presence of the PE-MPs may severely compromise S. senegalensis health
in a predicted future scenario of chronic exposure as plastic waste in oceans is expected to
increase and be irreversible disseminated at a global scale as one of the consequences of the
current COVID-19 pandemic; and the increased application of polymeric materials (plastics) and
nanomaterials (nanoclays) in aquaculture infrastructures (pipes, anticorrosive taints, among
others).
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900 Table 1. Histopathological assessment index for fish organs (lorg) according to the importance factor (w) of each
901 alteration (j) of the reaction pattern (rp) in the respective target organ (org).

Reaction pattern (rp) Alteration (j) Importance factor (w)
haemorrhage 1
Circulatory disturbances hyperaemia 1
Aneurysm 1
Deposits 1
Regressive changes Nuclear alterations 2
Atrophy 2
Necrosis 3
Hypertrophy 1
Progressive changes Fat vacuolation of hepatocytes* 1
Hyperplasia 2
. Melanomacrophage centres 1

inflammatory responses L .

Lymphocytic infiltration 2
Tumour Tumour 3

902 Pathological importance: 1 = Minimal (easily reversible as exposure end); 2 = Moderate (mostly reversible if the
903 stressor is neutralised); and 3 = Marked (generally irreversible, leading to a partial or total loss of the organ function).
904 *Specific for hepatic tissue. Adapted from Bernet et al. (1999), Gusmao et al. (2012), and Cuevas et al. (2015)

905

906 Table 2. Mean values of the particle size distribution (units: nm; average and standard deviation (SD); n = 3) based on
907 the dynamic light scattering (DLS) analysis of all treatments of Cu-Al LDH (LDH) and polyethylene microplastic (PE)
908 samples dispersed in natural seawater during the exposure testing.

Exposure conditions Concentr_ation Size (meantSD)
(mg.L?) (nm)

Control 0 251.7+20.8

LDH1 0.33 383.3+20.8

LDH2 1.00 177.1+28.0

LDH3 3.33 136.3+24.1

PE1/LDH1 0.10/0.33 299.1+8.7

PE1/LDH2 0.10/1.00 393.2+36.4

PE1/LDH3 0.10/3.33 265.3+34.3

PE2/LDH1 1.00/0.33 349.6 + 29.6

PE2/LDH2 1.00/1.00 335.5+11.3

PE2/LDH3 1.00/3.33 466.1+19.4

PE3/LDH1 10.0/0.33 202.6+4.8

PE3/LDH2 10.0/1.00 336.3+39.8

PE3/LDH3 10.0/3.33 374.7 £10.7
909
910
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911 Table 3. Number of ingested polyethylene microplastics (PE; mean * standard error; n = 5, 4 larvae per replicate) by
912 Solea senegalensis larvae 8 dph after 3 h exposure to Cu-Al LDH (LDH) and PE.

PE (mg.L?)
LOH (mE.L) 0.10 1.00 10.00

0.00 0.15+0.06 0.06 £ 0.06 0.38+0.29
0.33 0.06 £ 0.06 0.10+0.06 0.31+0.12
1.00 0.19+0.10 0.06 + 0.06 0.13+0.07
3.33 0.00 + 0.00* 0.00 £ 0.00 0.33+£0.20

913 * Only 2 of the 5 replicates were considered due to a technical issue.

914

915

916 Table 4. NOEC (No Observed Effect Concentration) and LOEC (Lowest Observed Effect Concentration) values of the
917 ecotoxicological assessments of Solea senegalensis larvae 8 dph exposed to a full factorial design of polyethylene
918 microplastics (PE) and Cu-Al layered double hydroxides (LDH) nanomaterial. Units are given in mg.LL.

Exposure LDH PE PE/LDH
Parameter NOEC LOEC NOEC LOEC NOEC LOEC
CAT - - 0.10 1.00 1.00/0.33 1.00/1.00
GST - - - - - -
AChE - - 0.10 1.00 0.10/3.33 1.00/0.33
LPO - - - - - -
ETS - - 1.00 10.00 1.00/0.33 1.00/1.00
| value - - - - 0.10/0.33 0.10/1.00
919
920
921
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Fig. 1. Morphology and composition of CuAl-LDH. A) Scanning electron microscopy (SEM) image, with red arrows
pointing to the hexagonal morphology. B) EDS elemental mapping. C) EDS spectra graph and a summary table of the
major elements’ proportion.
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Fig. 2. XRD (A) and FT-IR (B) patterns of Cu-Al LDH.
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Fig. 3: Morphology of polyethylene (PE) microplastics in the upper left image and its heteroaggregates with the
CuAl-LDH nanoclays (both upper right and lower images) obtained by scanning electron microscopy (SEM). Black
arrows are pointing to the nanoclays adhered to PE microplastics surface.
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Fig. 4. Histopathological and biochemical assessment of Solea senegalensis larva 8 dph (n =5, and n =50, respectively)
exposed to a full factorial design of polyethylene microplastics (PE) and Cu-Al layered double hydroxides (Cu-Al LDH)
nanomaterial. A) Histopathological condition index (I value). B) Acetylcholinesterase activity. C) Catalase activity. D)
Lipid peroxidation. E) Glutathione S-transferase activity. F) Electron transport system activity. *indicate significant
difference from the control group. ® indicate significant difference from the correspondent nanomaterial group. #
indicate significant difference from the correspondent PE group. Significance level (p < 0.05). Mean values + SE.
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949

950
951 Fig. 5. Photomicrograph of control Solea senegalensis larva 8 dph. * thyroid follicles; ® sacciform cells; ai, anterior
952 intestine; es, oesophagus; h, heart; |, liver; nt, nothocord; p, pancreas; pi, posterior intestine; pt, pronephric tubule;

953 s, stomach; snv, supranuclear vacuoles. H&E. Scale bar 20 um.
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Fig. 6. Photomicrograph of Solea senegalensis larva 8 dph. A) Hyperaemia (*) in hepatic tissue at 1.00 mg Cu-Al LDH.L-
Lexposure. B) Hyperaemia (*) in renal tissue at 1.00 mg Cu-Al LDH.L ! exposure. C) Vacuolation (arrow) of hepatocytes
at 3.33 mg Cu-Al LDH.L™%. D) Cellular alterations observed at 10.00 mg PE.L! exposure, including vacuolation (arrow)
of hepatocytes, gastrointestinal dilation (arrowhead) and hyperaemia (*) of liver tissue. E) Hyperaemia (*) and
vacuolation of hepatocytes, sacciform cells (large arrow) and gastrointestinal dilation (arrowhead) at 0.10 mg PE.L!
+3.33 mg Cu-Al LDH.L. F) and G) Gastrointestinal dilation (arrowhead) at 1.00 mg PE.L* + 3.33 mg Cu-Al LDH.L. H)
Hyperaemia (*) of hepatocytes at 10.00 mg PE.L? + 1.00 mg Cu-Al LDH.L1. H&E. Scale bar 20 um.
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