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Resumo

A investigagdo cientifica nas ci€ncias ambientais e bioldgicas preocupa-se cada vez
mais dos efeitos adversos das atividades humanas. A poluicdo por plésticos tem recebido
aten¢do global devido ao seu evidente impacto ambiental, especialmente nos ecossistemas
marinhos. Os microplasticos (MPs), definidos como particulas de plastico com menos de 5
mm, sdo de particular preocupagdo devido a sua persisténcia e capacidade de se infiltrar nas
cadeias alimentares. No entanto, o ambiente peldgico continua a ser um dos ambientes menos
explorados e mais desafiantes para estudar. Este estudo teve como objetivo investigar a
presenga de microplasticos numa cadeia alimentar pelagica num ecossistema oceanico,
examinando em simultdneo a ocorréncia de aditivos plasticos, especificamente os ftalatos
(PAEs), como potenciais “tracers”. A amostragem ao longo de um ano das aguas superficiais
ao redor de uma ilha ocednica revelou uma presenga consistente de MPs, especialmente
microfibras, com flutuagdes sazonais significativas na razao entre MPs e zooplancton. A analise
do contetido estomacal das espécies de peixes pelagicos e lulas mais prevalentes que habitam
estas aguas confirmou que a maioria dos individuos ingeriu MPs, e foi observada uma
correlacdo entre a abundancia de MPs e a concentragdo de PAEs, particularmente DIBP (di-
isobutyl phthalate), nos seus tecidos. A analise de PAEs em amostras de bidpsia de cetaceos
que se alimentam destas presas, revelou uma presenga persistente e alarmantemente elevada
destes aditivos plasticos. Isso sugere uma exposi¢do cronica e duradoura, provavelmente por
meio de transferéncia tréfica. A utilizacao de indicadores indiretos, como os aditivos plasticos,
revela-se de grande importincia em ambientes de dificil acesso e investigacdo, especialmente
ao estudar animais protegidos, como a megafauna marinha, na qual as amostras sao limitadas
e de dificil obtengdo. Neste estudo, foram desenvolvidas e validadas metodologias inovadoras

para a detecdo e quantificacdo de PAEs em biota marinho. A detecdo de MPs e PAEs em varios



niveis desta teia trofica oceanopelagica destaca a presenca generalizada destes contaminantes

antropogénicos mesmo em regides oceanicas remotas.

Palavras-chave

Cadeia alimentar pelagica; Cetaceos; Ecossistema oceanico; Ftalatos; Ilha da Madeira;

Microplasticos; Oceano Atlantico; Poluigdo por plastico.



Abstract

Scientific research in environmental and biological sciences is increasingly concerned
with human activities' adverse effects. Plastic pollution has garnered global attention due to its
evident environmental impact, particularly in marine ecosystems. Microplastics (MPs), defined
as plastic particles smaller than 5 mm, are of particular concern for their persistence and ability
to infiltrate food chains. Yet, the pelagic realm remains one of the least explored and most
challenging environments to study. This study aimed to investigate the presence of MPs within
a pelagic food web in an oceanic ecosystem while also examining the occurrence of plastic
additives, specifically phthalates (PAEs), as potential tracers. Annual sampling of surface
waters surrounding an oceanic island revealed a consistent presence of MPs, especially
microfibres, with significant seasonal fluctuations in the ratio of MPs to zooplankton. Analysis
of stomach contents in prevalent pelagic fish and squid species inhabiting these waters
confirmed that most individuals had ingested MPs, and a correlation was observed between
MPs abundance and PAEs concentration, particularly DIBP (di-isobutyl phthalate), in their
tissues. The application of PAEs analysis in biopsy samples from free-ranging cetaceans, which
feed on these prey species, revealed a persistent and alarmingly high presence of these plastic
additives. This suggests chronic and enduring exposure, likely through trophic transfer. The
use of indirect proxies, such as plastic additives, proves invaluable in environments that are
challenging to access and investigate, especially when studying protected animals like marine
megafauna, for which samples are limited and difficult to obtain. In this work, innovative
methodologies were developed and validated for the detection and quantification of PAEs in
marine biota. The detection of MPs and PAEs at various levels of this oceanic-pelagic trophic
web underscores the widespread presence of these anthropogenic contaminants even in remote

oceanic regions.
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1. Marine plastic pollution

The term "plastic" encompasses a broad spectrum of synthetic or semi-synthetic
materials with a high molecular weight and a polymeric structure. Polymers that primarily
derive from fossil fuel-based petrochemicals like natural gas or petroleum, can soften upon
heating and be molded, are generally categorised as “plastic” materials (Thompson et al. 2009;
Plastic-Europe 2006). Since its civilian adoption became widespread in the 1950s (post-World
War 1II), worldwide plastic manufacturing has rapidly increased (Geyer, Jambeck, and Law
2017). The polymers with the highest production and widespread distribution include
polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
polyamide (PA), polyethylene terephthalate (PET), and polyvinyl alcohol (PVA) (Figure 1.1)
(Andrady 2011). The low cost and high versatility of these materials have driven a continual
rise in global production, with a robust and ongoing plastic demand (PlasticsEurope 2021).
This surge has been intensified by a global transition from reusable to disposable items.
Notably, PE and PP are predominantly employed in crafting single-use plastic products
(comprising nearly 50% of plastic items), such as cutlery, shopping bags, and packaging

(PlasticsEurope 2021).

Since then, the management and treatment of plastic items on land and at sea have been
insufficient to prevent them from entering the ocean (Borrelle et al. 2020), where they quickly
disperse and are highly persistent. As a consequence, a rise in ocean plastics has been witnessed
in the last decades (Ostle et al. 2019), and concerning concentrations of plastic debris have
been reported in all oceans, including remote areas such as the Arctic (Cozar et al. 2014;

Bergmann et al. 2022). Plastics have thus been recognised as a major global environmental
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issue due to their accumulation in oceans worldwide and the discovery of adverse health effects

on living organisms (UNEP 2014).
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Figure 1.1 Share of European plastics demand in 2017 and the corresponding polymer composition. Image:
Setting the Facts Straight on Plastics | World Economic Forum. Adapted from Materials Economic.

Research on plastic debris occurrence and its impact on the marine environment has
quickly intensified in recent decades. Yet, this investigative drive has predominantly focused
on coastal ecosystems. This preference is attributed to the relative ease of accessing and
sampling these regions, coupled with the prevailing notion that coastal areas are more
susceptible to contamination due to their proximity to anthropogenic sources of pollution. A
search in Scopus using the words "plastic" AND "pollution" AND "coastal" vs" pelagic" clearly
shows the wide disparity between the number of published research in the two areas (Figure

1.2).
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Figure 1.2 Number of publications found on Scopus using the keywords "plastic® AND "pollution” AND
"coastal" (orange line) vs "plastic” AND "pollution™ AND "pelagic” (blue line). Note that 2023 is an incomplete
year (Jan - Jul).

While these efforts have significantly enhanced our comprehension of the plastic
problem, the focus on coastal ecosystems has inherently left gaps in our knowledge regarding
the extent of plastic debris in more remote and less accessible pelagic regions of the open ocean.
Floating plastic debris can be transported and dispersed by oceanic physical processes,
traveling long distances and impacting ecosystems far from where they originated (Van Sebille
et al. 2020; Chenillat et al. 2021). Therefore, plastic debris are found to be widespread in all
oceans, and they accumulate in specific areas due to oceanographic convergence processes,
such as oceanic gyres and mesoscale eddies (Cozar et al. 2014; Brach et al. 2018; Van Sebille
et al. 2020). Plastic debris have been found at the highest abundance in sub-tropical gyres
(Cozar et al. 2014), which, however, have low levels of marine biodiversity due to low
productive waters (Seki and Polovina 2019). Conversely, other converging processes, such as
mesoscale eddies, can occur in areas with higher productivity and biodiversity hotspots, such
as oceanic islands. The dispersion and accumulation of plastic debris in the open ocean

constitute a worrying environmental hazard to islands, exposing them to increasing pollution
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over which they have little control (Lavers and Bond 2017; Monteiro, Ivar do Sul, and Costa
2018; Cardoso and Caldeira 2021). Indeed, plastic debris can have dangerous repercussions on
marine organisms, associated mainly with entanglement, ingestion and intestinal blockage,
leaching, absorption and release of toxic pollutants, potential dispersion of invasive species

and contamination by plastic particles in marine food webs.

2. Microplastic uptake in marine food webs

The formation and ubiquitous presence of microplastics (i.e., plastic items < 5 mm -
MPs) in the marine environment is a worrying consequence of plastic pollution due to its
undisclosed effects on ecosystems' health (Barnes et al. 2009). This worrying environmental
issue that has seen increasing scientific, public, and political interest in the last decade (Sedlak
2017; Hartmann et al. 2019). Dispersed in the ocean, plastic debris are exposed to physical and
chemical processes, weathering and breaking down into smaller and smaller pieces, defined as
MPs of secondary origin (Thompson et al. 2004). In addition, "primary" MPs are manufactured
in specific industries such as cosmetics (e.g., microbeads) and textiles (e.g., synthetic
microfibres) (Gregory 1996). Consequently, most plastic items in the ocean fall in the size
range of 1-5 mm (Cozar et al. 2014), and the oceans' surface layer worldwide now contains

more than 5 x 10'2 pieces (Eriksen et al. 2014).

The term "microplastics” started to be employed in 2004, when Thompson et al. described
microscopic plastic particles with diameters down to 20 um widespread in the pelagic zone and
sedimentary habitats of the North Sea, suggesting they resulted from the degradation of larger
plastic items. Later in 2008, during a workshop hosted by NOAA, experts defined the limit size
of 5 mm for plastic particles to be considered MPs (Arthur, Baker, and Bamford 2009). As
research developed further, technologies allowed to identify smaller and smaller particles and

submicron-size particles were also detected in the environment and defined as nanoplastics
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(Koelmans, Besseling, and Shim 2015; Gigault et al. 2018). Because of their small size and
synthetic origin, these particles can be easily ingested indirectly or directly (due to mistaking
the particles for food) and introduced into food webs where they will persist, posing a

concerning threat to marine life (Figure 1.3).
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Figure 1.3 Potential pathways for the transport of microplastics and their biological interactions in the marine
environment. Image: Wright et al., 2013.

Trophic
transfer

MPs have been detected in a wide range of marine species, across all the trophic levels,
from zooplankton to marine mammals and seabirds (Carney Almroth et al. 2018). MP ingestion
by zooplankton has been experimentally demonstrated (Cole et al. 2013) and directly observed
in the marine environment (Desforges, Galbraith, and Ross 2015). Trophic transfer to higher
levels has also been documented (Farrell 2013; Setdld, Fleming-Lehtinen, and Lehtiniemi
2014). According to a recent study, 88% of the studied turtle specimens, 59.5% of marine
mammals, 50.4% of sea birds, and 42% of fish ingested MPs, with a mean number of MPs per

individual ranging from 121.7 (marine turtles) to 2.6 (fish) (Ugwu, Herrera, and Gomez 2021).

34



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

CHAPTER 1 — General Introduction

Notably, except for birds, the greatest proportion of MPs found in all marine species were

fibres.

The high prevalence of microfibres in the natural environment is frequently observed
in plastic pollution studies. Synthetic and semi-synthetic microfibres, originating from textile
usage and laundering, have become prevalent due to the dominance of synthetic polymers,
especially polyester, in the textile industry since the mid-1990s, surpassing cotton (Sillanpad
and Sainio 2017). Their small size and light weight make them highly resistant to removal in
conventional wastewater treatment processes (WWTPs) (Mcllwraith et al. 2019; Ngo et al.
2019). Consequently, fibres are now the most commonly encountered type of human-made
particles in global microplastic pollution surveys (Gago et al. 2018; Suaria et al. 2020) and they
have been detected in a wide range of compartments, including drinking water, commercial
seafood, marine organisms from zooplankton to mammals, and even in the air (O’Brien et al.

2020; Prata et al. 2020).

Marine organisms living in areas with higher concentrations of MPs are exposed to a
higher risk of ingestion. Evidence suggests that coastal ecosystems are the most vulnerable to
MP contamination, as the inputs from rivers and waste waters constitute the major pathway
and source of MPs in the marine environment (Thompson et al. 2004; Browne et al. 2011).
Nevertheless, the transport of MPs by oceanographic processes over long distances implies that
pelagic organisms living in offshore waters can also be affected. However, our understanding
of the extent of this impact remains limited. Due to the crucial role of zooplankton as the
foundation of the pelagic food web, a prevalent method for assessing the risk of MP ingestion
by pelagic organisms involves analysing the ratio of MP particles to zooplankton organisms
(e.g., Collignon et al. 2012; Frias, Otero, and Sobral 2014; Kang, Kwon, and Shim 2015;
Herrera et al. 2020). Open ocean waters are generally less productive and contain lower

densities of food items. In areas such as the sub-tropical oceanic gyre, which are intensely
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oligotrophic and accumulate high concentrations of plastic debris, this ratio has been found to
exceed six plastic items per individual zooplankton (Moore et al. 2001). As such, the impact of

MP pollution in pelagic ecosystems should not be underestimated.

MP consumption by marine biota can have a variety of deleterious consequences.
Physical impacts include mechanical obstruction of the digestive tract or breathing apparatus,
which can result in satiation, starvation and physical deterioration. In turn, this can lead to
reduced reproductive fitness, drowning, diminished predator avoidance, impaired feeding
ability and ultimately, death (Figure 1.4) (Wright, Thompson, and Galloway 2013). In addition,
plastic particles may carry toxic substances into the organisms (Crawford and Quinn 2017),
which have the potential to be transferred along the food web (Gall and Thompson 2015).
Certain persistent organic pollutants (POPs) can be absorbed from the environment and carried
by plastic particles, such as organochlorine compounds (e.g., Polychlorinated biphenyls —
PCBs, dichlorodiphenyltrichloroethane - DDT) and heavy metals (Andrady 2011).
Furthermore, plastic items often contain chemical additives such as plasticisers, thermal
stabilisers, antioxidants, UV stabilisers, and colorants, that are incorporated during the
manufacture of the polymers to improve their performance. These additives vary based on the
polymer type and desired product. Many of these chemical compounds are frequently detected
in field MP samples, environmental samples, and marine biota, and they can exhibit hazardous

properties, such as endocrine disruption (Figure 1.4) (Hermabessiere et al. 2017).
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Figure 1.4 Possible toxic effects and impact of microplastics and its associated chemicals on the marine biota.
Image: Gola et al., 2021.

3. Phthalates in the marine environment

Phthalates (Phthalate Esters or Phthalic Acid Esters — PAEs) are a class of plasticisers
that received increasing attention for their ubiquitous presence in the environment (Net et al.
2015; Paluselli et al. 2019; Paluselli and Kim 2020; Hidalgo-Serrano et al. 2022). PAEs are
manufactured chemicals introduced as plasticisers in the 1920s, mainly in the production of
PVC, to increase the flexibility and softness of plastic polymers. PAEs are the most commonly
used plasticiser worldwide, and they can account for up to 70% of the weight of the final plastic

product (Hahladakis et al. 2018).

Phthalates-softened PVC plastic is extensively employed in a wide array of everyday
items commonly found in households, extending to sectors like packaging (e.g., food
packaging), construction (e.g., vinyl flooring and wall covering), furniture (e.g., sheets and

coverings), automobiles, and telecommunications (e.g., wires and cables) (Figure 1.5).
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Figure 1.5 Plasticisers' production and use in Europe. HMW: High Molecular Weight; LMW: Low Molecular
Weight. Graph taken from Plasticisers.org. Source: 2020 IHS and European Plasticisers estimates.

Different PAEs have a wide range of different properties (Table 1.1) and, thus, different

applications (Figure 1.6). Other applications than plasticisers encompass adhesives, detergents,

air fresheners, lubricating oils, and clothing. They are also found in personal-care products like

soaps, shampoos, hair sprays, perfumes, and nail polishes. Certain PAEs serve as coatings for

pharmaceuticals, herbal preparations, and dietary supplements (Teuten et al. 2009; Net et al.

2015; Heudorf, Mersch-Sundermann, and Angerer 2007; Giuliani et al. 2020).
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Table 1.1 Chemical structure and properties of some of the most common PAEs. Data taken from SciFinder®
and PubChem databases. MM: Molecular mass.

Solubility Vapor Melting  Boiling

Molecular MM in water pressure Log . .
Analyte Full name point point
formula (g/mol) (g/L, (mmHg, Kow °C) °C)
25 °C) 25 °C)

DMP gﬁi‘ﬁ;ﬁ CioH 1005 1942 4.3 3.08:10-3  1.60 55 284

DEP  Diethyl phthalate ~ CipHi404  222.2 1.08 2.1-10-3  2.47 3 295

DIBP %&fﬁ‘a‘gl CeH»0s 2783 0.0062 476105  4.11 37 320

DBP ]?h‘tlhzfg; CieH»04 2782 0.0112 2.01-10° 472 -35 340

Butyl-Benzyl- %

BBP ohthalate CioH0s  312.1 2.69 8.25-10 473 -35 370

DCHP Dicyclohexyl CaoHxOs 3302 4.0 8.69-107  6.20 66 225
phthalate

pegp DiZ-ethylhexyl) o 6, 3003 000027 142107 7.60  -55 230
phthalate

DNOP ]1)3113151311 CaH30s 3906 0.000022 1.0-107 820 25 385

DINP %ﬁiﬁ‘;&‘gl CoHpOs 4193 0.0002 5.40-107 937 -48 406

DIDP ?}Eﬁﬁ;ﬁgl CasHiOs 4463 0.00028 528107 1036 -50 423

Molecular Weight

C _|
100 200 300 400

1 TQ

~ ol
- fﬂ_!, o~ SO

DEP DBP* BBP

Personal care

Adhesives and products Cleaning care and
, Rubbers (shampoos, home products

perfumes, etc)

PVC plastic (vinyl
floor covering,
building materials)

Pesticid

Paints, dyes,

_ . s A _ PVC plgstlc (food PVC pla§llc
Explosive material and industrial Pharmaceuticals containers and (tubes, wires,
packaging) medical, toys)

solvents

* Similar applications as DIBP, which is used as substitute; ** similar applications as DIDP and DINP, which are used as substitutes.
Sources: Huang et al., 2021 (Phthalic Acid Esters: Natural Sources and Biological Activities); National Research Council (US) Committee on the Health Risks of Phthalates.
Washington (DC): National Academies Press (US); 2008 (Phthalates and Cumulative Risk Assessment: The Tasks Ahead)

Figure 1.6 Applications of some of the most common PAEs.
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Phthalates can be categorised into two groups: low molecular weight (LMW),
comprising dialkyl phthalates with side chains ranging from C3 to C6 as the longest straight
chain carbon backbone, and high molecular weight (HMW) phthalates, encompassing dialkyl
phthalates with side chains ranging from C7 to C13 as the longest straight chain carbon
backbone (ECHA 2013). These designations are in line with established structure-activity
relationships: LMW phthalates (e.g., DEHP, DBP, BBP, and DIBP) are associated with adverse
reproductive effects, while HMW phthalates (e.g., DINP, DIDP, DPHP) are not linked to such
effects, and thus, are used to substitute hazardous phthalates (Figure 1.7) (Fabjan et al. 2006;

Saillenfait et al. 2011; 2013).

> Adopted to substitute hazardous LMW
phthalates;

> Not dangerous for public health;

» Classified in category 1B of REACH, toxic
substances for reproduction and with
endocrine-disrupting proprieties; .

3 Cannot be used to make toys, childcare » Cannot be used in toys and childcare
articles and cosmetics (REACH Regulation articles which can be placed in the mouth

(EC) n. 1907/2006 — Annex XVII, Article 52). (REACH Regulation (EC) n. 1907/2006 —
Annex XVII, Article 52).

Figure 1.7 Categorization of the two main classes of PAEs, as defined by the European Chemicals Agency
(ECHA).

LMW phthalates like DEHP, DBP, DIBP, and BBP are classified in the Substances of
Very High Concern (SVHC) list as toxic to reproduction (Repr. 1B), signifying potential harm
to fertility and fetal development. DBP and BBP are classified as very toxic to aquatic life
(aquatic acute 1), with BBP also designated as having long-lasting effects on aquatic

ecosystems (aquatic chronic 1). Ortho-phthalates designated as hazardous to reproduction
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(Repr. 1B) are subject to restrictions both in their individual forms and when found in mixtures
intended for consumer use. Since July 2020, DEHP, DBP, DIBP, and BBP have faced extensive
restrictions in various products, including children's swimming aids, flooring, coated fabrics,
recreational equipment, mattresses, footwear, office supplies, consumer clothing or related
accessories as well as in other textiles that come into contact with the skin. Notably, DEHP,
DBP, BBP, and DIBP, initially listed for reproductive toxicity, were expanded in November
2021 to encompass endocrine-disrupting effects, necessitating REACH (Registration,
Evaluation, Authorisation and Restriction of Chemicals) authorisation for certain previously
exempted uses. Notable examples encompass DEHP application in food contact materials,
medical devices, immediate medicinal packaging due to environmental risks, and BBP and
DBP usage in immediate medicinal packaging. Although certain phthalates are banned within
Europe, their regulatory status differs outside the EU and products incorporating these

phthalates might still be present in the EU market (Table 1.2).

Table 1.2. Restrictions of PAEs regulations for plastic food contact materials and drinking water (from Tran et
al., 2022).

Regulation of European Union (EU) for phthalate in plastic food contact

materials
P?;ZZE:; ¢ Maximum Specific Tolerable daily intake
content by weight ~ migration limit (ug kg™! bodyweight
(%) (mgkg™) day™)
BBP <0.1 <30 50
DBP <0.05 <03 50
DEHP <0.1 <15 50
DIDP <0.1 <9 -
DINP <0.1 <9 50
Regulation in and outside EU for DEHP levels in drinking water (ug L)
WHO EU U.S. Japan
DEHP SugL! SugL! 6ugL! 100 pg L
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PAEs are mainly applied as external plasticisers: they are not covalently bonded to the
plastic resin matrix but are held through intermolecular forces, such as hydrogen bonding and
other van der Waals forces. Due to the weak attraction between the plasticiser molecule and the
polymer chain, the plasticiser is easily lost through volatility, extraction, migration, chemical
degradation, and biological degradation. As a result, PAEs can easily leach into both abiotic
and biotic environmental components (Wadey 2003; Katsikantami et al. 2016; Hidalgo-Serrano
et al. 2022). These plastic additives can thus be released into the marine environment by
numerous pathways, including wastewater, atmospheric transport, and river runoff (Xie et al.
2007; Net et al. 2015; Hidalgo-Serrano et al. 2022) (Figure 1.8). The massive amount of plastic
waste in the marine environment constitutes a major input of PAEs contamination in the ocean

(Cao et al. 2022).

Plastics, fertilizers, pesticides,

—_—
toys, cosmetics, detergents, paints, Naked polymer

food packaging materials, medical
blood bags and hoses, etc.

Air pollutlon

=77 D

Jinmy
Ly

\o\e\e'e)
Plastics

Sewage treatment plant

3 S

*)

PVC material production
Landfill —. ‘U
leachate -

Agricultural mulch

Figure 1.8 Sources, transport and pathways of PAEs into the marine environment. Representation modified from
Karim et al., 2022.
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Given their high octanol-water partition coefficient (Kow), some phthalates are highly
lipophilic. When (micro)plastics are ingested by aquatic organisms, gut surfactants, acidic
conditions, and elevated temperatures (in warm-blooded animals) in the animal's gut increase
the release of these lipophilic plastic-associated chemicals, which may accumulate in the
organisms' tissues and subsequently transfer along the food chain (Bakir, Rowland, and
Thompson 2014; Coffin et al. 2019). For this reason, phthalates are commonly detected in
marine samples, including seawater, sediment, and biota (Net et al. 2015; Hidalgo-Serrano et
al. 2022). However, PAEs are not persistent and are biodegraded in the environment (Net et al.
2015). They are quickly metabolised and excreted in mammals (Wittassek and Angerer 2008;
Hart et al. 2018) and do not biomagnify in marine food webs (Gobas et al. 2003; Mackintosh
et al. 2004). Nonetheless, their continuous environmental release might lead to high
concentrations and chronic exposure in marine organisms (Pamplona-Silva et al. 2018; Gani,

Tyagi, and Kazmi 2017; Warner and Flaws 2018).

4. Use of phthalates as plastic tracers

As previously mentioned, PAEs are the most common plasticisers worldwide and are
easily leached into the environment. For this reason, some authors have proposed the use of
PAEs as "plastic tracers" i.e., a compound that, if detected in an organism's tissue, would
indicate previous or co-occurrent exposure to plastic (usually through ingestion) (e.g., Fossi et
al. 2012; Hardesty et al. 2015; Baini et al. 2017; Vered et al. 2019). Although logical, such a
hypothesis is still controversial, since PAEs contamination in marine compartments can
originate from other sources besides plastics, such as polluted effluents, industrial waste,

wastewater discharges, and atmospheric deposition (Hidalgo-Serrano et al. 2022).

To define the state-of-the-art knowledge regarding the use of phthalates as plastic

tracers in the marine environment, a systematic review was carried out following the Preferred
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Reporting Items for Systematic Reviews and Meta-Analyses guidelines (PRISMA; Mclvor et
al. 2022; Correia et al. 2023). Records were searched on Google Scholar and Scopus using the
words "phthalate" OR "PAE" OR "phthalic acid ester" AND "plastic" OR "microplastic" OR
"litter" OR "debris" AND "marine" OR "ocean" OR "sea" OR "basin", including only peer-
reviewed research paper (excluding reviews, book chapters, and grey literature such as thesis,
reports or conference communications) published between 1990 and June 2023. Other

inclusion/exclusion criteria are listed in Table 1.3.

Table 1.3. Inclusion and exclusion criteria for the selection of studies in the systematic review.

Inclusion criteria Exclusion criteria

Published between 1990 and June 2023 Published outside of the range specified

Reviews, book chapters, grey literature
Peer-reviewed original research articles such as thesis, reports, conference
communications etc.

Field studies Laboratory or modeling studies

Studies conducted in the marine environment Studies conducted in freshwater

Studies that reported MPs and PAEs
concentrations without analysing their
relationship

Studies investigating the relationship between
MPs and PAEs

Only the first ten pages of results from Google Scholar were considered, due to the
negligible probability of finding further relevant publications past the 10th results page
(Mclvor et al. 2022; Correia et al. 2023). However, the following ten pages were checked,
screening the papers' titles to ensure not to miss any important study, considering the
inclusion/exclusion criteria. In addition, the most cited paper in Scopus, which could be
included by the inclusion/exclusion criteria (Baini et al. 2017), was introduced in the

"connecting papers platform" (https://www.connectedpapers.com) to identify other papers
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which might have been neglected. A flowchart of the whole research and selection process is

represented in Figure 1.9.

* Records were identified through database searching (Google Scholar n =
= 104; Scopus n = 231; Connecting Papers n=41; Total n = 376)
Identification

+ Duplicates were removed (n = 83)

Duplicates
removal

* Records (n = 293) were screened and 15 studies were selected based on the
inclusion/exclusion criteria

Figure 1.9 Flowchart of the literature search and selection process with the number (n) of studies in each step.

Among all the studies identified through the literature search, over 90% were published

after 2013 (Figure 1.10). The highest number of publications (55) was reached in 2021.
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Figure 1.10 Temporal trend of publications found through literature search after removal of duplicates (n=293).
Note that 2023 was an incomplete year (Jan-Jun).
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Only 15 studies were selected after screening 293 non-duplicated records (listed in
Table 1.4); however, among the excluded articles, many supported or used the "plastic tracers"

hypothesis.

Several studies reported the leaching of PAEs from plastic particles in the aquatic
environment in laboratory conditions (e.g., Paluselli et al. 2019; Henkel, Hiiffer, and Hofmann
2022; Gulizia et al. 2023; Li and Tang 2023; Zhong et al. 2023), while others investigated and
reported enhanced leaching in simulated gut conditions (e.g., Bakir, Rowland, and Thompson
2014; Coffin et al. 2019; Trujillo-Rodriguez et al. 2021). A consistent number of papers
reported the detection of PAEs in plastic particles found in the marine environment (e.g., Llorca
et al. 2021; Rani et al. 2021; Takdastan et al. 2021; Pal et al. 2023; Tun et al. 2023); others
reported PAEs concentrations in different marine environmental compartments and assumed
their presence as an indicator of plastic exposure, although plastic items were not investigated
(e.g., Zhang et al. 2019; Montano et al. 2020; Andrea Paluselli and Kim 2020; F. Saliu et al.

2020; Savoca et al. 2018; 2021).

Furthermore, some studies reported both MPs and PAEs concentrations but did not
examine their correlation (e.g., Fossi et al. 2016; Padula et al. 2020; Polidoro, Lewis, and
Clement 2022; Talley et al. 2022; Squillante et al. 2023). Notably, a considerable amount of
the screened papers reported new methodologies for PAEs extraction and analysis (e.g., He et
al. 2015; Baini et al. 2017; ZHANG et al. 2017; Fauvelle et al. 2018; Wu et al. 2018; Akoueson
et al. 2022), highlighting how the analysis of PAEs in environmental and biological matrices is
a highly challenging task, primarily due to widespread background contamination in laboratory
products and high matrix-effects of the target samples (Guo and Kannan 2012; Hidalgo-Serrano

et al. 2022).

A summary of the chosen studies is provided in Table 1.4, and their respective

geographical locations are shown in Figure 1.11. Among these, one study reported results for
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three different taxa (bivalves, holothurians, fish; Rios-Fuster et al. 2022), which were
considered separately, for a total of 17 examined MPs-PAEs relationships. Different types of
samples were analysed in the considered studies: sediments (n = 3), surface seawaters (n = 3),
plankton/neuston (n = 3), and marine biota (invertebrates n = 4; vertebrates n = 4). Out of the
17 analysed relationships, nine studies reported a positive correlation between MPs abundance

and PAEs concentrations, while eight studies did not find any correlation.

Number of studies .
1 3

1 open-sea

1 coastal 1 coastal / 2 coastal
1 open-sea
/ 2 coastal 2 coastal /

1 open-sea

1 coastal

1 coastal

1 open-sea

1 open-sea

Powered by Bing
@ Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, OpenStreatMap, TemTam, Zanrin

Figure 1.11 World map displaying the locations and the number of studies per country identified through the
systematic literature review. Information in white boxes specifies whether the studies were conducted in coastal
Or open-sea waters.

These contradictory findings regarding the relation between PAE concentrations and
MPs abundance, and hence the use of PAEs as plastic tracers, might be attributed to a
significant input of PAEs from sources other than plastics. This phenomenon may be

particularly relevant in coastal areas near wastewater and industrial effluents (Schmidt et al.
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2021). In addition, the rapid metabolic degradation of PAEs in vertebrates might also play a

crucial role.

The results of this literature analysis show the scarcity of data on the co-occurrence of
MPs and PAEs in marine ecosystems, especially in open ocean waters, as well as the significant
uncertainty surrounding the use of PAEs as plastic tracers, emphasising the need for further

research.
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Table 1.4. Summary table of the 15 studies selected according to the inclusion/exclusion criteria of the systematic review.

PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

Location Species (if MPs ln(::;g:al Significant Correlated
Environment Type of sample pec abundance  Type of PAEs . MPs-PAEs MPs - Reference
(country) applicable) concentrations R
(mean) correlation PAEs
(range)
MPs < 0.5
mm with
MBZP, MBP, 11\\44%1;1}1:
North-west MEHP, ’ ..
’ - +
Mediterranean open-sea waters  plankton/neuston - - DNHP, BBP, 6-2709 ng/g Y.e.s BBP Baini et al,
Sea (Italy) DEHP. DIOP dw (positive) MPs 0.5-1 2017
Dn’DP ’ mm and
2.5-5 mm
with BBP,
MBP
Gulf of Mexico DMP, DEP, Total MPs Borges
(Campeche coastal waters sediment - - DBP, BBP, 65-6970ng/g Y.e.s with Ramirez et
SN DEHP, DnOP, dw (positive)
Mexico) DEHA > 7PAEs al., 2019
Total MPs
(as surface
DMP, DEP. .
:t b 2
Re.d Sea . coastal waters surface seawater - 0.' 04+0.02 DBP, BBP, 0.8 - 1124 ng/L Y.e.s area, Dhayamani
(Saudi Arabia) items/m3 DEHP. DnOP (positive) mm2/mm3) etal., 2022
’ with
> 6PAEs
MBZP, MBP,
La Paz Bay MEHP, 0-3055.2 ng/g Galli et al.,
(Mexico) coastal waters  plankton/neuston - - DNHP, BBP, dw. No - 2023
DEHP
digestive tract f}}:::r;‘t:tg:
North-east (MPs) and preen Total MPs
Queensland open-sea waters oil from (Pb.lﬁi s - DMP, DBE, 0 - 220 ng/mL Y.e.s with DBP Hardesty et
(Australia) uropygial gland tenuzrostlils), DEHP (positive) and DEHP al., 2015
(PAEs) wedge-tailed
shearwaters
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(Ardenna
pacifica)
. estuarine/coastal .
Jla?éinl(i):al)?'ay waters (semi sediment - 315 337'5/1 DEHP 0-591.2 ng/g No L;gt;}l.,
enclosed bay) © Heke
Total MPs
Jiaozhou Bay ~ CStuarine/coastal 8046+ 4482 PMPDER 61718 Yes (items/m3) 12 etal,
(China) waters (semi surface seawater - items/m3 DBP, BBP, ng/L (positive) with 2020
enclosed bay) DEHP, DnOP > 6PAEs
(ng/L)
Six odontocete
species (S.
Macaronesia, . . coeruleoalba,
digestive tract 59.08 £40.52 Montoto-
North-East T. truncatus, G. e DEP, BBP, ,
R open-sea waters (MPs) and . fibres/individ 0-1533 ng/g No - Martinez et
Atlantic griseus, G. DEHP
. muscle (PAEs) ual al., 2021
(Spain) macrorhynchus
, K. berviceps,
L. hosei)
digestive tract
Labrador (MPs) and preen ~ Torhern 31.6+323  DMP,DEP,
. . fulmars . L Not detected Provencher
Strait open-sea waters oil from items/individ DBP, BBP, . No
. (Fulmarus (high MDL) et al., 2020
(Canada) uropygial gland lacialis) ual DEHP, DnOP
(PAEs) g
S\:’Z(sitl::‘?; digestive tract Sea urchins 1.0+ 0.30 DMP, DEP, Yes Fibres with  Raeuso et
. coastal waters (MPs) and (Paracentrotus  items/individ DBP, BBP, 0-73 ng/g o g
Mediterranean o (positive) DEHP al., 2022
gonads (PAEs) lividus) ual DEHP
Sea (Italy)
Cabrera MPA, . 4.83+535 Rios-
Western . Bivalves (drca . . DEP, DBP,
. coastal waters whole organism items/individ - No - Fuster et
Mediterranean noae) ual DEHP al. 2022
Sea (Spain) ”
Holoturians
(Holothuria
Cal;{,ils.:eﬁPA’ digestive tract forskalii, 127+£73 DEP. DBP Yes Total MPs Rios-
Mediterranean coastal waters (MPs) and Holothuria items/individ D]::HP ’ - (positive) with DEP Fuster et
) muscle (PAESs) poli, and ual P and DEHP  al., 2022
Sea (Spain) Holothuria
tubulosa)
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Fish (Oblada
melanura,
Cabrera MPA, digestive tract Dip IOd.uS 3+44 Rios-
Western vulgaris, . L DEP, DBP,
. coastal waters (MPs) and items/individ - No - Fuster et
Mediterranean Serranus DEHP
R muscle (PAEs) . ual al., 2022
Sea (Spain) cabrilla,
Serranus
scriba)
DMP, DEP,
Barcelona DIBP, BBP, Fibres with
continental coastal waters sediment i 381.9+ 3482 DHP, DEHA, 10 - 1040 ng/g Yes DEHP, Saliu et al.,
shelf (Spain) items/Kg dw ~ DEHP, DnOP, dw (positive) Total MPs 2023
P DCHP, DiNP, with DEHP
DiDP
Yes (only
Faafu Atoll 0.46£0.15ite DMP, DEP, <MDL - 228 qualitative, Total' MPs Saliu et al.,
. open-sea waters  plankton/neuston - MEHP, DBP, with
(Maldives) ms/m3 BBP. DEHP ng/g dw no S6PAES 2019
’ statistics)
NW DMP, DEP,
Mediterranean  coastal waters surface i 0.051 +£0.05 DBP, DiBP, 100 - 527 ng/L No i Schmidt et
seawaters items/m3 BBP, DEHP, 454 ng/L al., 2021
Sea (France)
DnOP
Eastern Ascidians
j +
Mediterranean coastal waters whole organism (HZZ%?S”M itL.r?lZ/inil.i%/?d DBP, DEHF, 0 - 13000 ng/g No - Vered et
Sea, Red Sea & . ’ DnOP dw al., 2019
Microcosmus ual
(Israel)
exasperatus)
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5. Thesis objectives and outline

The present thesis aims to investigate the occurrence and interactions of PAEs and MPs
in an open oceanic environment, focusing on the pelagic food web. The study focused on
Madeira Island, a remote oceanic island characterised by a narrow shelf, a predominant deep-

sea environment, and oligotrophic waters. The study aims to answer the following questions:

(1) Is the pelagic food web from an open oceanic environment affected by MPs

contamination, and at which level?

(i1) Are PAEs found in co-occurrence with MPs in pelagic organisms, and could they

be used as indicators of (micro)plastic exposure in an oceanic environment?
(ii1) How are pelagic top predators, such as cetaceans, affected by PAEs contamination?
To do so, four steps were followed:

i) Planktonic samples were collected for one year to seasonally characterise the
contamination by MPs in pelagic waters and relate this with the abundance and
diversity of zooplankton (Chapter 2);

i) An accurate, simple, and effective methodology for PAEs extraction and analysis
from biological samples using the QUEChERS (Quick, Easy, Cheap, Effective,
Rugged and Safe) method together with GC-MS was developed and validated
(Chapter 3);

iii) A modified version of the QUEChERS extraction method was adapted and validated
for small quantities of cetacean blubber (Chapter 4);

iv) The most common species of small pelagic fish and mesopelagic squids were
collected for one year; MPs and PAEs were analysed in their tissues and were

correlated to confirm PAEs as valuable indicators of plastic exposure (Chapter 5);
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V) Biopsy samples of free-ranging individuals of short-finned pilot whale
(Globicephala macrorhynchus) and common bottlenose dolphin (Tursiops
truncatus) were collected and analysed for PAEs concentrations to determine the

burden of plasticiser pollution in pelagic top predators (Chapter 6);

6. Thesis publications
Chapter 2:

Sambolino, Annalisa, Inma Herrera, Soledad Alvarez, Alexandra Rosa, F ilipe Alves,
Jodo Canning-Clode, Nereida Cordeiro, Ana Dinis, and Manfred Kaufmann. 2022. ‘Seasonal
Variation in Microplastics and Zooplankton Abundances and Characteristics: The Ecological
Vulnerability of an Oceanic Island System’. Marine Pollution Bulletin 181: 113906.

https://doi.org/10.1016/j.marpolbul.2022.113906.
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as well as reviewing and editing the manuscript.
Chapter 3:

Sambolino, Annalisa, Cecilia Ortega-Zamora, Javier Gonzalez-Salamo, Ana Dinis,
Nereida Cordeiro, Joao Canning-Clode, and Javier Hernandez-Borges. 2022. 'Determination
of Phthalic Acid Esters and Di (2-Ethylhexyl) Adipate in Fish and Squid Using the Ammonium

Formate Version of the QUEChERS Method Combined with Gas Chromatography Mass

Spectrometry'. Food Chemistry 380: 132174. https://doi.org/10.1016/j.foodchem.2022.132174
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tables, and reviewing and editing the manuscript.
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Validation of a Micro-QuEChERS Method for Phthalates Detection in Small Samples of

Cetacean Blubber’. MethodsX 12 (June): 102502. https://doi.org/10.1016/j.mex.2023.102502.

The author of this thesis, as first author of the publication, contributed in conceiving
the study, designing the methodologies, conducting statistical analyses, organizing data,

creating tables, and composing the initial draft, as well as reviewing and editing the manuscript.
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Sambolino, Annalisa, Eva Iniguez, Inma Herrera, Manfred Kaufmann, Ana Dinis, and
Nereida Cordeiro. 2023. 'Microplastic Ingestion and Plastic Additive Detection in Pelagic
Squid and Fish: Implications for Bioindicators and Plastic Tracers in Open Oceanic Food
Webs'. Science of The Total Environment, 164952.

https://doi.org/10.1016/j.scitotenv.2023.164952

The author of this thesis, as first author of the publication, contributed in conceiving
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Chapter 2 - Seasonal Variation in Microplastics and Zooplankton
Abundances and Characteristics: The Ecological Vulnerability of an

Oceanic Island System

Abstract

The ingestion of microplastics (MPs - plastic particles <5 mm) by planktivorous
organisms represents a significant threat to marine food webs. To investigate
how seasonality might affect plastic intake in oceanic islands' ecosystems, relative abundances
and composition of MPs and mesozooplankton samples collected off Madeira Island (NE
Atlantic) between February 2019 and January 2020 were analysed. MPs were found in all
samples, with fibres accounting for 89 % of the particles. MPs and zooplankton mean
abundance was 0.262 items/m®and 18.137 individuals/m?, respectively. Their monthly
variations follow the seasonal fluctuation of environmental parameters, such as currents,
chlorophyll-a concentration, sea surface temperature and precipitation intensity. A higher
MPs/zooplankton ratio was recorded in the warm season (May-Oct), reaching 0.068
items/individual when considering large-sized particles (1000—5000 pm). This is the first study
to assess the seasonal variability of MPs in an oceanic island system providing essential

information respecting its ecological impact in pelagic environments.
Keywords

Macaronesia, Marine trophic web, Marine litter, Oceanographic parameters, Pelagic

environment, Plastic pollution.

70



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

CHAPTER 2 —Microplastics and Zooplankton Abundances and Characteristics

1. Introduction

Plastic production is ever-increasing, with plastic litter accumulating in the
environment worldwide and being found in high abundance in specific oceanic areas (Cozar et
al., 2014). Exposed to weathering, plastics break down into smaller pieces, which are generally
defined as microplastics (MPs) when they reach dimensions smaller than 5 mm (GESAMP,
2016; Frias and Nash, 2019). Furthermore, several industries directly manufacture plastics of
such microscopic sizes (defined as “primary microplastics™) (Cole et al., 2011). As studies
concerning MPs are emerging, there is clear evidence of a widespread distribution of such
contaminants in the marine environment and their adverse effects on biota (Botterell et al.,
2019; Hale et al., 2020; Mallik et al., 2021). MPs are raising particular concern, mainly because
of the high likelihood of entering marine trophic webs, occupying the same size fraction as

zooplanktonic organisms (Hidalgo-Ruz et al., 2012; Wright et al., 2013).

Zooplankton represents one of the basic components of marine food webs.
Zooplanktivorous predators are abundant in the ocean, and they can accidentally ingest plastic
particles, mistaking them for food (Boerger et al., 2010; Lusher et al., 2013; Barboza et al.,
2020). The feeding mechanisms of marine predators are still poorly understood. However,
several studies suggested that planktivorous organisms apply a selective behaviour, preferring
larger preys when available and choosing specific shapes and colours (Gardner, 1981; Hansen
et al,, 1997; Barton et al., 2013). Shaw and Day (1994) hypothesised that some marine
organisms selectively ingest white and lighted colour plastic fragments, mistaking them for
food. Ory et al. (2017) found a higher presence of blue MPs in the gastrointestinal tract of a
visual predatory fish (Decapterus muroadsi), suggesting that these plastic particles were
mistaken for blue copepod prey. Ingestion rates, however, also largely depend on the
concentration at which potential prey is found (Wright et al., 2013; Kierboe and Hirst, 2014).

Thus, analysing sizes, characteristics, and relative abundances of MPs and zooplankton in
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marine environments is crucial to understand the probability of plastic intake in the trophic

web.

Plastic ingestion by planktivorous organisms has been reported in marine environments
worldwide (Boerger et al., 2010; Lusher et al., 2013; Ory et al., 2017; Barboza et al., 2020).
MPs are often associated withtoxic pollutants (e.g., plastic additives such
as phthalates and bisphenols, heavy = metals, polybrominated  diphenyl ether (PBDE),
polychlorinated biphenyls (PCBs)), and they can negatively affect marine organisms both
chemically (e.g., oxidative damage, endocrine disruption, immunity response) and physically
(e.g., blockage of the digestive system) (Brennecke et al., 2016; Galloway et al., 2017; Cunha
et al., 2020). Epipelagic fish can be particularly vulnerable to such a threat, as many synthetic
particles are found at the sea surface, being made of low-density material and buoyant (Barnes
et al., 2009; Cole et al., 2011). For this reason, most studies examined the presence of MPs in
neustonic samples and reported the MPs/zooplankton ratio as an indicator to infer plastic
ingestion by zooplankton feeders (e.g., Moore et al., 2001; Collignon et al., 2014; Kang et al.,

2015).

However, such ratio might be overestimated in neustonic samples, as zooplanktonic
organisms are more widespread in the water column than MPs, mainly found in high
concentrations in the first centimetres of the sea surface (Vasilopoulou et al., 2021). Sub-
surface samples collected by vertical hauls are representative of the whole water column, but
the trawls are punctual and filter smaller volumes of water. In contrast, oblique or sub-surface
horizontal transects could be the most representative of the real threat posed by MPs ingestion

for epipelagic organisms, inferred by the MPs/zooplankton ratio.

Oceanic dynamics can greatly affect the occurrence and distribution of MPs and
zooplankton in marine environments (van Sebille et al., 2020), especially when considering

deep ocean island ecosystems. These pristine and remote ecosystems are often considered

72



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

CHAPTER 2 — Microplastics and Zooplankton Abundances and Characteristics

important biodiversity hotspots (Gove et al., 2016). The productivity enhancement in the waters
surrounding oceanic islands is usually related to island-induced physical processes, such as the
formation of wakes, eddies, fronts, and upwelling cells (defined as the Island Mass Effect -
IME) (e.g. Caldeira et al., 2002; Hasegawa, 2019). However, local events of island surface run-
off, with discharges of freshwater, terrigenous sediments, suspended matter and nutrients, can
also significantly contribute to IME (Rosa et al., 2022). Similarly, the transport and distribution
of plastic particles have been described in relation to physical processes such as ocean currents
and wind (Cardoso and Caldeira, 2021; Brach et al., 2018) or precipitation events (Lima et al.,
2015), and their seasonal variations can determine the convergence, accumulation, or

dispersion of marine litter.

Cyclic fluctuations of critical environmental variables such as sea surface temperature,
chlorophyll-a concentration and nutrient availability determine the zooplankton abundance and
composition in the area (Longhurst, 1995; Mackas et al., 2012). Consequently, seasonality also
affects the occurrence and feeding habits of the upper trophic levels (marine predators) and

their vulnerability to plastic ingestion.

Thus, it is crucial to investigate the annual or seasonal variation of MPs and
zooplankton characteristics and abundances to understand the vulnerability of marine food
webs to plastic ingestion. To the best of our knowledge, only a few studies have analysed such
variation (Collignon et al., 2014; Lima et al., 2015; Kang et al., 2015), and none has focused

on ecosystems with complex dynamics such as a remote oceanic island.

In this context, the present study aims to quantify and characterise MPs and
mesozooplankton found in sub-surface water samples collected in a pelagic environment off
the south coast of Madeira Island (NE Atlantic Ocean) to (i) identify co-occurrence in size
ranges and other characteristics (colour and shape), (ii) describe the seasonal variation in their

abundance and composition, (iii) relate such variation with environmental variables, and iv)
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identify critical seasons and size range for plastic ingestion according to higher

MPs/zooplankton ratio.

2. Material and methods

2.1. Study Area

Surrounded by the abyssal plain of Madeira to the west and the African Continent to
the east, Madeira Island is characterised by a pelagic and oligotrophic environment, with a
narrow continental shelf and deep submarine canyons (Longhurst, 1995; Geldmacher et al.,
2000; Narciso et al., 2019). Madeira Island is located at the edge of the Atlantic subtropical
gyre, affected mainly by the Azores Current (Caldeira et al., 2002). Such subtropical current
circulation can mediate the transportation and accumulation of plastic particles (Cardoso and
Caldeira, 2021). The study area is also characterised by a relatively steady wind regime, under
a predominant northeasterly flow, corresponding to the NE Atlantic trade winds (Caldeira et
al., 2002). That flow gives rise to local acceleration near the island flanks, especially in summer,
where two tip-jets are often present (Alves et al., 2020). The opposite sign of vorticity produced
at the two tip-jets leads to the production of anticyclonic eddies near the east flank and cyclonic
eddies near the west flank (Alves et al., 2020, Alves et al., 2021; Miranda et al., 2021).
Furthermore, a high mountain ridge (ca. 1800 m) in the island's interior obstructs the dominant
northeast trade winds, leading to warmer and sheltered waters in the south of Madeira (Caldeira

et al., 2002; Caldeira and Sangra, 2012; Azevedo et al., 2021).

The sampling area (Figure 2.1), located off the south coast of Madeira, is thus
characterised by calm and warm waters, and it is often in the convergence zone of two opposite
eddies. The area was chosen in the proximity of a particularly productive area (named “Picos”),
which is the main aim of the small pelagic purse-seine fishery in Madeira (Tejerina et al., 2019).

The effluents of two preliminary wastewater treatment plants (WWTPs - Funchal and Cdmara
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de Lobos), which serve the major portion of the population of Madeira Island, are present
within a few kilometres from the sampling site (Figure 2.1 and Figure S2.1). Nearby is also

located the river outlet of one of the largest drainage basins of the island (Ribeira dos

Socorridos) (Rosa et al., 2022).
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Figure 2.1 Location of the sampling area and points of interest. Thick lines and shades on the flanks of the island
represent the oceanic eddies formations that take place mainly during summer, with cyclonic (solid dark line) and
anticyclonic (dashed clear line) currents (adapted from Alves et al., 2021).

2.2. Sampling

Samples were collected using an Apstein plankton net (Hydro-Bios, Kiel, Germany)
with a net mouth of 40 cm in diameter (0.125 m?), mesh size 335 um, and 100 cm net bag
length. The Apstein net is a lightweighted version of the more common WP-2 net, serving for
horizontal, vertical, or oblique tows. Horizontal tows were performed below the water surface
(2-3 m), applying a light weight at the net mouth. The net was towed for 20 mins at 2—3 knots,

approximately 25 m from the back of the boat, avoiding turbulence from the boat engine (Rigid
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Inflatable Boat, <10 m length, with 150 cc engine). Samplings were performed only in good
sea conditions (Beaufort scale <3) to maintain a steady linear course at a constant speed during
the trawls. Trawled distance and water volume were measured with a mechanical flowmeter
(General Oceanics Inc., USA) attached to the net. The net was rinsed thoroughly on board from
the outside with seawater. The sample was then directly poured from the net collector into a
250 ml glass jar and preserved with formaldehyde (final concentration 4 %) until laboratory
analysis. Samplings were performed during the daytime (9 am — 4 pm), with a monthly

occurrence from February 2019 to January 2020, except in August due to logistical constraints.

2.3. Laboratory analysis

Each sample was filtered through 1 mm and 0.5 mm sieves in the laboratory, to obtain
3 sub-samples from 3 different size classes (335-500, 500-1000, 1000-5000 pm). For the two
lower size classes, a 10-20 % aliquot of each subsample was used for taxonomic identification
and quantification of zooplankton, while the rest was used for MPs analysis. The entire sub-
samples from the larger size class (1000-5000 um) were visually inspected for identification
of planktonic organisms first and then for MPs, given the lower abundance of planktonic

organisms found in this size class.

2.4. Zooplankton analysis

The zooplankton composition was determined by classification into the following 15
taxonomic groups: Amphipoda, Annelida, Chaetognatha, Cladocera, Copepoda, Crustaceans
larvae, Decapoda, Echinodermata larvae, Eggs, Fish larvae, Mollusca, Ostracoda,
Siphonophora, Thaliacea and Gelatinous (other). Only groups whose total abundance

proportion was >1 % were considered in the analysis.

2.5. MPs analysis
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To facilitate the visual identification of plastic particles, the organic matter in the sample
was digested using H>O> 15 % heated at 40 °C for 24 h, following the methodology proposed
by Frias et al. (2019). This method keeps a low temperature (40 °C), which does not affect the
integrity of plastic particles (Alfonso et al., 2021). Previous studies observed no significant
changes to microplastic particles following H>O digestion, including no evidence of
microplastic bleaching, while the organic matter is either digested or decolourised (Avio et al.,
2015; Hurley et al., 2018). Such protocol improves the chances of not including false positives
in microplastic identification, especially microfibers. Furthermore, digestion protocols that
make use of oxidising agents (as H202) usually yield high recovery rates (85-90 %) for the

plastic particles in the samples (as reviewed in Way et al., 2022).

After digestion, samples were directly examined under the dissection microscope for
the presence of MPs. Analysis was performed using a stereomicroscope (LEICA S9i) with an
integrated camera (IC80 HD) to photograph each particle (Leica Software). Only particles
smaller than 5 mm (defined as MPs) were considered for the analysis. We categorised particles
according to colour (black, white, transparent, blue, yellow, red, green, other colours) and shape
(fragments, fibres, lines, and films), while size classes were considered as those corresponding

to the three sub-samples (335-500, 500-1000, 1000-5000 pum).

Particles were classified as plastics when showing homogenous colour, thickness,
texture, and absence of cellular structures (Hidalgo-Ruz et al., 2012). When in doubt on
suspected plastic particles, the hot needle test was used to observe the melting point of the
material (Lusher et al., 2017). Moreover, staining with Nile Red was performed on the isolated
particles to assess their fluorescence. Nile Red is a lipophilic fluorescent dye with a preferential
adsorption to polymers compared to other inorganic interference (Maes et al., 2017). The co-
staining of natural organic material can also occur (Shim et al., 2016), thus, the method should

be used only after digestion of all organic contaminants through chemical oxidation (Lee and
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Chae, 2021). The Nile Red solution was prepared in methanol at a concentration of 1 mg/ml.
Few drops were placed over the sample to fully cover the particles and they were left to sit in
the solution for 30 min at room temperature. Observations were performed using the
microscopic I3 filter (excitation 450—490 nm, emission 515 nm) with a Leica DM2700P

coupled with a CoolLED's pE-300lite LED fluorescent illumination system (Figure S2.2).

To avoid imaging bias, data acquisition was sequentially performed by the same
operator and data discovery was only performed after finishing data gathering. Plastic particles

were not further identified by polymer type.

2.6. Quality assurance and control

Special measures were considered to avoid contamination of samples, especially
regarding airborne contamination. All lab-ware used for storing and processing the samples
was made of non-plastic material and previously washed at least 3 times with MilliQ water. All
the solutions used were previously filtered through a 20 pm mesh sieve. The processing time
of samples was maintained to minimum, and samples were always covered while not processed
or analysed. Samples were processed under a clean fume hood, a controlled and protected
environment from the airborne deposit. Cotton lab coats and nitrile gloves were always used
during the process and analyses. Contamination controls (clean Petri dishes) were placed
during analysis every time the sample was open to register potential airborne particle
deposition. A mean number of 3.1 (£2.7) fibres were found in the controls, comprising black,
transparent, blue, red, and other colours and all the three size classes, corresponding to 8.7 %
of the mean number of fibres found in samples. The results presented in this study were not

corrected for contamination.

2.7. Environmental variables data
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Precipitation data measured every 10 mins at the meteorological station of Chao do
Areeiro (see Figure 2.1 for station location) were provided by the Portuguese Institute for Sea
and Atmosphere (IPMA). Monthly averages of satellite-derived chlorophyll-a (Chla)
concentrations and daily averages of Sea Surface Temperature (SST), calculated with values
within the —2000 m isobath around the coast (as described in Rosa et al., 2022), were obtained
from the Copernicus Marine Service (https://marine.copernicus.eu/). The satellite-derived Chla
concentrations were based on a blended gridded product (Level 4;
OCEANCOLOUR_ATL CHL L4 REP_OBSERVATIONS 009 091) at 1km spatial
resolution  (Figure S2.3). SST were based on a Level 4  product
(SST_ATL SST L4 REP OBSERVATIONS 010 026) at ca. 5 km spatial resolution (Figure

S2.4).

2.8. Statistical analysis

Shapiro-Wilk test and a visual inspection of the abundance data with histograms and
QQ plots, analysing skewness, were used to assess normality. Given the non-normality of the
data (Shapiro-Wilk normality test, p-value <0.05), the Mann-Whitney-Wilcoxon test was used
to find significant differences in abundances and MP/zooplankton ratio in cold vs warm season
(see Section 3.3). Spearman's correlation was used to test correlations between the abundances
of MPs and zooplankton and environmental variables (precipitation, Chla and SST). All
statistical analyses were performed with RStudio (version 1.4.1103) (RStudio Team, 2020) and
GraphPad Prism (version 9.3.1 for Windows) (GraphPad Software, San Diego,

California USA, www.graphpad.com).

3. Results

3.1. MPs and zooplankton characteristics
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A total of 445 particles were detected and analysed. MPs were found in all the samples,
where the fibres accounted for 89 % of the particles (Figure 2.2A). However, 82 % of the
samples contained other types of plastic particles, i.e., fragments, films, and/or lines (Figure
S2.2). Fibres were mainly black, while clear colours (transparent and white) were predominant
in films and fragments (Figure 2.2B). Overall, black was the most common colour (40 %),
followed by red (14 %), blue (13 %) and transparent (13 %) (Figure 2.2C). A mean number of
44 particles was detected per sample, with a mean abundance of 0.26 items/m?>. Small (335—
500 pm) black fibres were the most common particles (20 %), and black fibres from all size
categories represented 39 % of all particles. Also, large (1000-5000 um) white fragments were
commonly found, representing 2 % of the total number of particles. In general, fibres and films
were primarily represented in the two smaller size classes (335-500, 500-1000 pm), while
lines and fragments were more recurrent in the two bigger size classes (500-1000, 1000—

5000 pm) (Figure 2.2D).
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Figure 2.2 Characteristics of MPs found in the samples: proportion of MPs type categories (A), proportion of
colours per MPs type (B), proportion of colour composition of MPs (C) and proportion of size categories for types
of MPs (D).

In the zooplankton analysis, Thaliacea and Copepoda were the most common taxa
encountered (representing 28.0 % and 24.7 % of the total, respectively), together
with Cladocera (17.0 %) and eggs (14.1 %), they represented over 80 % of the community
(Figure 2.3A). Chaetognatha was the most diverse taxa in terms of size classes, being abundant
also in large size classes (1000—5000 um), contrary to all the other taxa, which were mainly
abundant in the smaller and medium size (Figure 2.3B). Other groups were recorded in low
abundances (< 1 % of the total): Amphipoda, Annelida, Crustacean's

larvae, Echinodermata larvae, Fish larvae, Gelatinous (other), Ostracoda.
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Figure 2.3 Characteristics of zooplankton found in the samples: taxonomic classification of zooplankton (A) and
proportion of size categories for zooplanktonic taxa (B).

The sizes, colours, and shapes of the MPs were relatively homogeneous through all
sampling occasions (Figure S2.5). Exceptions were the sample collected in April that presented
higher quantities of small (335-500 um) particles (mainly constituted by dark fibres), and the
samples collected in July and September, that presented a larger diversity of shapes and sizes
(i.e., higher numbers of fragments, lines and films when compared with other months where

fibres dominated).

High diversity in taxa was recorded in the different samples (Figure S2.5). Thaliacea
was extremely abundant (28.0 %) and was the dominant taxa in February and April samplings
(>60 %) but scarce or almost absent on the other occasions. Copepods were numerous and
represented the most abundant taxa (> 30 %) between July and January but were found in great

numbers also in all the other samplings. March sampling was mainly characterised by large
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amounts of Cladocera (ca. 30 %) and Eggs (ca. 70 %), differing from other months. Cladocera
was also the dominant taxa (> 50 %) in the samples collected in May and June. In all the
samples, the dominant size class of organisms was the medium one (500-1000 um), besides
February, March, May, and June, with organisms mainly in the small size class (335-500 um)

(Figure S2.5).

3.2. MPs and zooplankton relative abundances and environmental variables

The mean abundance of MPs and zooplankton found was 0.262 items/m? and 18.137
individuals/m® (n = 11), respectively (Table S2.1). Monthly abundances represented along with

environmental variables are shown in Figure 2.4.
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Figure 2.4 Monthly variability of MPs (A, C, E) and zooplankton abundances (B, D, F) represented along with
monthly averages of precipitation intensity (A, B), chlorophyll-a concentration (Chla) (C, D) and sea surface
temperature (SST) (E, F). Linear regression for each couple of variables is represented embedded in each graph.
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The correlation matrix (Figure 2.5) shows, as expected, a significant correlation
between zooplankton abundance, Chla and SST. No significant correlation was found between
the abundance of MPs and zooplankton, although there was an abnormally similar high
abundance of both MPs and zooplankton in April (Figure 2.4). The monthly average
precipitation data shows a peak in April, however, MPs abundance was not correlated with
monthly average precipitation, while a positive correlation was found between precipitation

and zooplankton abundance.

Zooplankton

MPs

Precipitation

Chla

SST

Figure 2.5 Correlation matrix (Spearman's correlation, rho index) for MPs-zooplankton abundances and
environmental variables (precipitation, chlorophyll-a concentration (Chla), sea surface temperature (SST) —
monthly averages). Significant correlations are indicated with: * p-value <0.05; ** p-value <0.01; *** p-value
<0.001.

3.3. Abundances’ seasonal variation and MPs/zooplankton ratio

Madeira Island is a subtropical region, with an intra-annual variation in SST of
approximately 6 °C, recording maximum temperature in August and September (ca. 24 °C) and

minimum temperature in February and March (ca. 18 °C) (Figure S2.4) (Caldeira et al.,

84



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

CHAPTER 2 — Microplastics and Zooplankton Abundances and Characteristics

2002; Schifer et al., 2019). As it is already reported in nearby subtropical regions, such as
the Canary Islands (Landeira and Lozano-Soldevilla, 2018), also in Madeira, it is expected that
plankton variation is mainly linked to one warm season that goes from May to October and one
cold season from November to April. Chla concentrations derived from satellite observations
support such seasonal differentiation: Chla concentrations around the island in 2019 were very
low between May and October and higher between November and April (Figure S2.3).
Therefore, we tested if the abundances of MPs and zooplankton from the samples collected
were significantly different in these two main seasons. MPs abundances in cold and warm
seasons were not significantly different (W = 18, p-value =0.662) (Figure 2.6A), but, as
expected, zooplankton abundance was significantly higher in cold season (W =29, p-
value = 0.009) (Figure 2.6B). Consequently, the MPs/zooplankton ratio was significantly
higher in the warm season (W = 1, p-value = 0.008), given the lower abundance of zooplankton
in these months (Figure 2.6C). The comparison within different size classes shows a
significantly higher abundance of zooplankton in the cold season only for the middle size class
(500-1000 um) (Figure 2.6B). A higher amount of Copepoda and Thaliacea was the main
responsible for such difference (Figure S2.5). However, the abundance of zooplankton was
generally scarce within the largest class (10005000 pm), especially in the warm season. For
this reason, the largest size class was the one where we could find the highest MPs/zooplankton
ratio, with mean (= SD) values of 0.42 ( 0.52) (range 0.06—1.34) in the warm season and 0.67

(£ 1.39) (range 0.01-3.5) in the cold season.
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Figure 2.6 Abundance of microplastics (A), zooplankton (B) and MPs/zooplankton ratio (C) divided by size
classes and compared by season (Warm — Cold). In each boxplot, the median (solid line) and the mean (plus
symbol) are indicated in the centre of the box, and the edges of the box are the 25th and 75th percentiles;
whiskers extend to the most extreme data points (min and max). Significant differences resulting from the
Mann-Whitney-Wilcoxon Test are indicated with ** (p-value <0.01).
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4. Discussion

The present study analysed the seasonal variation in abundances and characteristics of
MPs and zooplankton collected in waters from a complex oceanic island system from the
North-East Atlantic Ocean. Madeira Island is located on the external range of the North Atlantic
Subtropical Gyre, an area of convergence where plastic debris is known to accumulate (Cozar
et al., 2014). Through a modeling study, Cardoso and Caldeira (2021) found that Madeira
Archipelago is significantly vulnerable to marine litter originating from distant sources. Litter
particles, predominantly coming from the west coast of North America, are drifted by
southward currents to Madeira (Gulf stream, Azores Current, Portugal, and Canary currents),
mainly intercepting the north side of the island. Furthermore, Alves et al. (2021) found that
north-east trade winds, which are especially strong and predominant in the summer season
around Madeira Island, lead to a higher occurrence of anticyclonic eddies during that season in
the southern waters of Madeira, where the samples were collected. Recent studies suggest that
mesoscale anticyclonic eddies might trap, concentrate, and potentially transport microplastics
(Brach et al., 2018). Thus, the higher diversity in particles encountered in the summer months
(July and September) off the south coast of Madeira could be mainly associated with an
aggregation of long-distance origin particles. Indeed, light coloured particles as fragments,
lines and films are typically associated with the photo-degradation caused by prolonged
exposure to the sunlight (Cole et al., 2011). In these months, a wider variety of taxa and size
classes of zooplankton were also identified (Figure S2.5). Reasonably, oceanic physical
processes can equally affect zooplankton distribution as much as microplastics, and eddies are
also known to congregate nutrients and organisms (Zhang et al., 2014). This phenomenon
should be considered regarding the potential impact of plastic pollution in open-ocean
ecosystems, as such coincidence in the seasonal variation of MPs and zooplankton traits can

increase the likelihood of MPs ingestion by planktivorous organisms. Furthermore, moderate
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to high levels of water turbulence have been predicted to increase prey's ingestion rates due to
higher frequency in particle contacts, further increasing such possibility (Botterell et al.,

2019; Saiz et al., 2003).

In contrast, higher quantities of small (335-500 um) particles, mainly constituted by
dark fibres, were recorded in winter (especially in April). Dark coloured, small fibres are
typically correlated with an influx of land-based contamination, as in the proximity of
a wastewater treatment plant or a riverine source (Browne et al., 2011; Hale et al., 2020). A
wastewater treatment effluent (Camara de Lobos) and a river outlet (Ribeira dos Socorridos)
that are in proximity of the sampling site might represent the primary sources of particles in
this case (Figure 2.1). Despite the intermittent flow of the southern rivers (Prada et al., 2005),
a recent numerical study demonstrated that the streams of Madeira might play an important
role in the delivery of land-based material to coastal waters during precipitation events (Rosa
et al., 2022). Higher precipitation intensity recorded in April and a peak in MPs abundance in

this same month (Figure 2.4) support this theory.

Abundances of MPs showed little variation in different months, besides April. Indeed,
both MPs and zooplankton abundances were exceptionally high in April (Figure 2.4; Table
S2.1). Although no correlation was found in the abundances of microplastic and zooplankton,
one can speculate that the high values observed for both in this sampling occasion might be
somehow related. Collignon et al. (2014) also found higher values in the Mediterranean Sea in
this same month. Vasilopoulou et al. (2021) found a significant correlation between the
abundance of zooplankton and plastic particles, but they noticed that this correlation was even
more significant when only fibres were considered in a specific coastal area. Lima et al.
(2015) found a positive correlation between the abundance of plastic particles and rainfall in

an estuarine environment.

88



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

CHAPTER 2 — Microplastics and Zooplankton Abundances and Characteristics

A correlation between the monthly average precipitation and the microplastic
abundance was not found in the present study, but a significant positive correlation was found
between precipitation and zooplankton abundance. In comparison with estuarine or coastal
environments, it can be expected that particles accumulation and dispersion in waters
surrounding oceanic islands are more heavily subjected to physical oceanographic processes
such as currents and winds, respect of surface run-off due to local meteorological events (Gove
et al., 2016; Cardoso and Caldeira, 2021; Rosa et al., 2022). However, recent findings
highlighted the underestimated impact of surface run-off episodes on suspended particulate
matter and Chla concentration in waters surroundings Madeira Island (Rosa et al., 2022).
Indeed, the high quantity of dark fibres recorded in April suggests that recent high-intensity
precipitation events might be responsible for this particle's abundant presence in the island

surroundings, which can even disperse into the pelagic environment.

A previous study in Macaronesia on neustonic samples also described microplastics and
zooplankton, collected in August 2017, off the South coast of Madeira Island (Herrera et al.,
2020). Overall, in those samples, higher percentages (47.5 %) of fragments and lower
percentages (30 %) of fibres were found (Herrera et al., 2020). However, samplings were
performed exclusively during summer, and such percentages are similar to those found in the
samples collected in summer months (July and September) in the present study. Regarding the
composition of the zooplankton community, Herrera et al. (2020) mainly found high
percentages of fish eggs (60 %) and Copepoda (38.1 %). Copepoda is also the taxon found in
major quantities in summer samples (July—September) from this study; however, only small
percentages of fish eggs were recorded. A possible explanation is a misclassification by Herrera
et al. of the dinoflagellate microalgae Pyrocystis pseudonoctiluca (found in very high
quantities in summer samples from the present study, data not reported) which can easily be

mistaken for fish eggs given the similar shape and size. Moreover, the average
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MPs/zooplankton ratio found by Herrera et al. (2020) in the South of Madeira is similar but

slightly lower than the one found in the present study for the warm season (Table 2.1).

MPs/zooplankton ratios found in other studies are summarised in Table 2.1. Such ratios
can have significant spatial and temporal variations, given the seasonal influence of
environmental variables on the zooplankton blooms and particle transport. However, most of
those studies only investigated a short temporal window. Kang et al. (2015) studied the
variation in MPs/zooplankton ratio before and after the rainy seasons in two bays of the
Southern Sea of Korea. They found that the ratio decreased after the rainy season, mainly due
to a higher abundance in the zooplankton and a dispersion of the MPs particles generated from
coastal human activities. Vasilopoulou et al. (2021) analysed zooplankton and microplastics
abundances off the coasts of Cyprus and did not find any significant difference in the
MPs/zooplankton ratio among different seasons. However, samples were collected with
vertical howls from 50 m depth, where the composition and abundance of both microplastics
and zooplankton can be highly different from surface or sub-surface horizontal
trawls. Collignon et al. (2014) analysed the annual variation of microplastics and zooplankton
in the Bay of Calvi (Mediterranean Sea — Corsica) and investigated the relations within size
classes. Coherently with the present results, the largest size class (2—5 mm) is the one where
they found the highest MPs/zooplankton ratio, given the lower abundances of planktonic

organisms in that size range.
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Table 2.1 Summary of MPs and zooplankton abundances and MPs/zooplankton ratio found in other studies, with similar sampling techniques.

PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino

MPs!

. . 1 (3 3 1
Site Sampling type Season (items/m?) Zoo' (ind/m°) MPs / Zoo Reference
North Western .
Mediterrancan Sea Manta net (333 pm) Summer (Jul — Aug) - - 0.5 Collignon et al. 2012
Bay of Calvi
(Mediterranean — WP-2 net (200 pm) All year 0.255 560.3 <0.002 Collignon et al. 2014
Corsica)
Goiana Estuary Plankton net (300 All year 0.26 136.46 0.0018 Lima et al. 2014
(Brazil) pum)
Costa Vicentina -\ <t net (280 pm) Winter (Jan) 0.036 = 0.027 ; 0.14 Frias et al. 2014
(Portugal) H ' ’ ‘ ’
Aveiro (Portugal) Neuston net (280 pum) Spring (May) 0.002 £ 0.001 - 0.04 Frias et al. 2014
Lisboa (Portugal) Neuston net (280 pum) Winter (Jan) 0.033 £0.021 - 0.12 Frias et al. 2014
Algarve (Portugal)  Neuston net (280 um) Winter (Jan) 0.014+0.012 - 0.05 Frias et al. 2014
Geoje Bay-Southern .
Manta net (330 pm) Before rainy season 1.92 + 1.84 22 4+30 0.086 = 0.061 Kang et al. 2015
Sea of Korea
Geoje Bay-Southern .
Manta net (330 pm) After rainy season 5.51+£11.24 251+ 173 0.022 + 0.065 Kang et al. 2015
Sea of Korea
Jinhae Bay-Southern .
Manta net (330 um) Before rainy season 1.68 £0.81 102+ 110 0.016 + 0.007 Kang et al. 2015

Sea of Korea

! Data are expressed as Mean = SD (when possible).
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Jinhae Bay-Southern

Sea of Korea Manta net (330 um) After rainy season 1.07 £ 0.34 281 +£297 0.004 £ 0.001 Kang et al. 2015
Pelagic
Mediterranean Sea Manta net (330 pm)  Summer (Aug — Sep) 1.73 - 0.5 Faure et al. 2015
North Atlantic Ocean
(Azores) Bongo net (200 pm) Summer (July) - - 0.002 Herrera et al. 2020
North Atlantic Ocean
(Madeira) Manta net (200 pm) Summer (August) - - 0.021 Herrera et al. 2020
North Atlant}c Ocean Manta net (200 pm) All year - - 0.032 Herrera et al. 2020
(Canaries)
Coasts of Cyprus
(Eastern WP-2 (200 pm) All year 41.31+22.41 - 0.088 +0.130 Vasilopoulou et al. 2021
Mediterranean)
Cabrera MPA — .
coastal arca (Italy) ~ Mant@net 335 um)  Summer (Jun - Aug) 3.52+8.81 3.92+236 0.14+0.17 Fagiano et al. 2022
Madeira Island . Cold season (Nov — .
(Portugal) Apstein net (335 um) Apr) 0.34+0.40 30.69 £ 27.69 0.013 £ 0.008 This study
Madeira Island . Warm season (May — .
(Portugal) Apstein net (335 pm) Oct) 0.17 +0.06 3.07+1.80 0.068 +0.030 This study
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The predatory feeding behaviour of planktivorous fish, which visually encounter prey
and feed raptorially, leads to selectivity for larger-sized prey in greater proportions than those
available in the environment (Nilsson, 1972; Gardner, 1981). When plastic particles of
comparable size to large planktonic organisms are abundant in the environment, with high
MPs/zooplankton ratio, the probability of ingesting plastic might increase for marine predators
with selective behaviour. The large size class (10005000 pm) of zooplankton in our samples
was mainly constituted by Chaetognatha, Siphonophora, Copepoda and Decapoda (Figure
2.3B). Lines and fragments were the main shapes found in the large size class, but also films
and fibres (measured on the length). These microplastics' colours and shapes often resemble
those of meso-zooplanktonic organisms (Figure S2.6) and can easily be mistaken for food by
planktivorous fish. However, fish can indirectly ingest any particles present in the water during
the feeding events, with the likelihood of microplastic ingestion defined from the contaminants'
environmental concentration (Wright et al., 2013). In this sense, smaller particles have higher
chances to enter in the food chain, as they can be involuntary ingested by a higher variety of

marine organisms, especially when considering filter-feeders.

The present study exposes the evidence that fibres can be abundantly found in a pelagic
environment. Fibres are the most common synthetic particles found in most studies concerning
MPs contamination in the marine environment, contributing to 35 % of the world ocean's MPs
burden (Hale et al., 2020). They are also the dominant shape of MPs detected in the
gastrointestinal tracts of marine fish worldwide (Wang et al., 2020). Even though these
predators could actively feed on bigger plastics, which are more similar to zooplankton, they
involuntarily ingest fibres present in high concentrations in the environment. A pelagic species
of planktivorous fish (Scomber scomber) analysed in the nearby archipelago of Canary Islands
showed a high rate of microplastic ingestion (Herrera et al., 2019). The main particles found in

the gastrointestinal tracts were fibres (74 %), followed by fragments (12 %), paint chips
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(12 %), lines (1 %) and films (1 %). Excluding the paint chips (that could be present as
contamination from the commercial fishing boats), the shape's proportion described here

reflects the one found in the present study.

Our samples were collected nearby an important area of purse-seine fishery of
small pelagic fishes, being the Atlantic chub mackerel (Scomber colias) and the blue jack
mackerel (Trachurus picturatus), the two most abundant catches (Tejerina et al., 2019; Romero
et al., 2021a). Romero et al. (2021a) analysed the diet of these two fish species in Madeira and
found that they can feed on a wide variety of prey, but mainly on zooplankton, with copepods
being the most important group in their diet. They also identified a seasonal variation in the
diet of these fish, mainly due to the different spatial and temporal distribution of prey. In spring
and summer, copepods still represented one of the main taxa found in the stomach contents.
Copepoda was also one of the most common taxa in our samples, together with Thaliacea
(Figure 2.3A). These species occupy intermediate trophic levels and are key prey species in the
pelagic food web for many predators, such as tunas (e.g., Romero et al., 20215b), seabirds
(e.g., Alonso et al., 2014) and cetaceans (Burkhardt-Holm and N’Guyen, 2019). Furthermore,
they have a substantial commercial value, are widely consumed by the local population, and
are often used as bait in tuna fishing (Hermida and Delgado, 2016; Tejerina et al.,
2019; Romero et al., 20215). Plastic ingestion by these key species would lead to the trophic
transfer of such contaminants to pelagic apex predators and ultimately to humans. Further

studies which analyse the MPs ingestion by planktivorous fish in Madeira are needed.

The present results suggest a higher likelihood of plastic ingestion in the summer
months in the southern waters of Madeira. Such a period coincides with the occurrence of some
large pelagic predators, which feed mainly on epipelagic planktivorous fishes. For
example, skipjack tuna (Katsuwonus pelamis) and the bigeye tuna (Thunnus obesus) constitute

important commercial species in the region, and they occur seasonally in the warmer summer
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and early autumn months, mainly between June and October (Romero et al., 20215). The diet
of these species is based mainly on epipelagic fishes, such as blue jack mackerel (7rachurus
picturatus) and Atlantic chub mackerel (Scomber colias) (Romero et al., 20215). Other large
predators, such as delphinids and baleen whales, which feed mainly on small pelagic fishes,
also occur in the area in high numbers during these months (Alves et al., 2018; Fernandez et

al., 2021).

Although the consequences of microplastics ingestion on marine organisms are still far
from being fully understood, their harmful effects, especially linked with the presence of plastic
additives or absorbed toxic compounds, have been largely proved (Mallik et al., 2021). Chronic
ingestion of microplastic by marine organisms or by humans, might lead to long-term negative
effects, such as metabolic abnormalities (Sutton et al., 2016), endocrine disruption (Teuten et
al., 2009) and liver toxicity (Rochman et al., 2013), that might finally lead to negative

ecological consequences on the ecosystem diversity and stability (Ma et al., 2020).

5. Conclusion

In the present study, we highlighted the importance of the seasonal influence on the
occurrence of MPs and zooplankton in a complex environment such as a deep ocean island. A
variation in the composition of microplastics and the zooplankton community was found
throughout the year in Madeira waters (NE Atlantic), suggesting they follow the seasonal
fluctuation of oceanic parameters and, to some extent, precipitation events. We found that the
warm season (May-Oct) could represent a period of greater concern, with a higher probability
of plastic ingestion by marine organisms, given the higher MPs/zooplankton ratio and the co-
occurrence of seasonal marine predators. Also, we identified a higher MPs/zooplankton ratio
concerning large particles (size range 1000—-5000 pm) and found that fibres are the most

numerous particles present in these pelagic waters suggesting that they could be the most
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ingested by planktivorous organisms. Furthermore, the results contributed to baseline
knowledge on the zooplankton community inhabiting Madeiran waters and its seasonal

variation.

Deep oceanic islands' ecosystems can be deeply affected both by oceanographic
dynamics and island-related meteorological events. Considering the seasonal variations and the
interaction among these environmental variables is crucial when investigating the zooplankton
communities and the microplastic occurrence in these environments. In our case, results
showed that long-distance origin particles (mainly present in the summer months) and fibres
from WWTP discharges (predominants in the rainy months) constitute fundamental sources of
contamination. Such results, suggesting the different provenance of the MPs found in the
studied ecosystems, provide essential knowledge which allows informed environmental
management decisions. Such information will also serve to assess the ecological impact of this
contaminant on marine food webs in these vulnerable environments, which is still far from

being fully understood.

Supplementary data

Supplementary  data to this chapter can be found online at

https://doi.org/10.1016/j.marpolbul.2022.113906 and in Appendix A of this document.
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Chapter 3 - Determination of Phthalic Acid Esters and Di (2-Ethylhexyl)
Adipate in Fish and Squid Using the Ammonium Formate Version of the
QuEChERS Method Combined with Gas Chromatography Mass

Spectrometry

Abstract

In the present study, the ammonium formate version of the QUEChERS method,
considered highly advantageous in relation to instrument maintenance and other issues, was
applied for the first time to extract a group of twelve phthalic acid esters (PAEs, i.e. dipropyl
phthalate, DPP; diisobutyl phthalate, DIBP; dibutyl phthalate, DBP; diisopentyl phthalate,
DIPP; di-n-pentyl phthalate, DNPP; dihexyl phthalate, DHP; butyl benzyl phthalate, BBP;
dicyclohexyl phthalate, DCHP; di(2-ethylhexyl) phthalate, DEHP; di-n-octyl phthalate,
DNOP; diisononyl phthalate, DINP; and diisodecyl phthalate, DIDP) and one adipate (di(2-
ethylhexyl) adipate, DEHA) from two species of fish (Scomber colias and Katsuwonus
pelamis) and one of squid (Loligo gahi). The method was validated in terms of linearity,
trueness and matrix effects. Determination coefficients (R?) for matrix-matched calibration
curves were higher than 0.99 in all cases, being the lowest calibration levels in the range 0.5—
10 ng/g. Mean recovery values were between 70 and 117% with relative standard deviation
values <20%. Matrix effects were soft (between —20 and +20%) for most analytes and matrices,
except in squid samples, which was mostly medium with a moderate ion suppression. The
analysis of 10 samples of each type showed the presence of DIBP, DBP and DEHP at
concentrations up to 44.2 + 2.1 ng/g of wet weight in some of the samples and species, still not
representing concerning values when considering the daily intake of such species of seafood in
the human diet (tolerable daily intake -TDI- values were not exceeded). Results demonstrated
that the ammonium formate version of the QUEChERS method can be applied with success for

the extraction and determination of the selected PAEs and DEHA in fish and squid samples.
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1. Introduction

Phthalic acid esters (PAEs) are manufactured chemicals which were first introduced in
the 1920s. They are widely used as plasticizers in the plastic industry, mainly -but not limited
to- in the production ofpolyvinyl chloride, to increase plastic plasticity by
reducing intermolecular forces and, therefore, to facilitate its moulding. Some of them are also
used as solvents and fragrances fixers, as well as additives in medical devices, household,
cosmetics and personal care products (Katsikantami et al., 2016). Since they are not chemically
bonded to the polymeric matrix, they easily migrate to their surrounding environment and, as
a result, they are considered ubiquitous chemicals (Fasano et al., 2015, Katsikantami et al.,

2016).

PAEs are the main type of plasticizers used nowadays; in fact, they accounted for 55%
world production of plasticizers in 2020 (IHS Markit, 2021). As a result of their wide
application and also of their ubiquitous presence in the environment, in the last years, important
concern has arisen regarding the negative effects of PAEs and their metabolites on human
health, which include their capacity to mimic the actions of natural hormones in the organism,
producing several endocrine system disorders (Chang et al., 2021, Huang et al., 2021, Yang et
al., 2015). Nevertheless, further research is still needed to effectively evaluate their toxic
potential, especially the long-term effects. As a consequence, many public
organizations/administrations have initiated actions to control/limit their use. This is the case
of the EU, which banned di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP) and

benzyl butyl phthalate (BBP) in all toys and childcare articles, and diisononyl
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phthalate (DINP), diisodecyl phthalate (DIDP) and di-n-octyl phthalate (DNOP) in those
articles that children could take to their mouth (The European Comission, 2006). More recently,
the EU through its REACH regulation restricted the use of the four phthalates DEHP, DBP,
diisobutyl phthalate (DIBP), and BBP coming into force in July 2020 (The European
Comission, 2018), due to their demonstrated endocrine disrupting properties with effects on
human health (Endocrine, 2019). According to it, the four PAEs are “restricted to a
concentration equal to or below 0.1% by weight individually or in any combination in any
plasticized material in articles used by consumers or in indoor areas”. Earlier, in 2011 and 2012,
these PAEs were identified as substances of very high concern (SVHCs) and added to the EU
authorization list for being toxic and affecting reproduction mechanisms (European Chemicals

Agency, 2021).

Regarding food contact materials, the use of DBP, DEHP, BBP, DINP and DIDP has
been limited to certain situations also establishing specific migration limits (The European
Commission, 2007). In this sense, on February 2019, EFSA panel on Food Contact
Materials, Enzymes, and Processing Aids (CEP Panel) published their updated draft opinion
on the risk assessment of such five PAEs, in which they established a group tolerable daily
intake (TDI) of 50 ng/kg of body weight (b.w.) per day for DBP, BBP, DEHP and DINP, and
for DIDP its own TDI of 150 pg/kg of b.w. per day (Silano & Baviera, 2019). The World Health
Organization (WHO) has also established a TDI for DEHP of 25 ng/kg of b.w. and recommends
not to exceed a concentration of 8 pg/L in drinking water (World Health Organization, 2003).
In this regard, it should also be remarked that DEHP has also been included in the watch list
given in Directive 2013/38/EU as a priority substance in the field of water policy (The

European Commission, 2013).

In this context, it is more than evident that the determination of the presence of PAEs

in food products is of high importance since the major route of exposure for the human beings
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is food ingestion (Yang et al., 2015). Several studies have already reported the presence of
PAEs in fishery products (Castro-Jiménez and Ratola, 2020, Hidalgo-Serrano et al., 2021, Xu
et al., 2018). Such contamination can either be a result of the migration of PAEs from plastic
packaging or of their absorption from the aquatic environment (Abdel daiem et al.,
2012, Hahladakis et al., 2018). In fact, the ubiquitous presence of these compounds in marine
waters and their lipophilic properties, might facilitate their accumulation in marine organisms
(Hahladakis et al., 2018). Under this last respect, it should be indicated that PAEs have been
recently proposed as plastic tracers in the marine environment, since despite that there are many
restrictions on the manufacture and application of PAEs, these chemicals are still prevalent in

the aquatic environments (Baini et al., 2017, Vered et al., 2019).

The complexity of fishery products requires the application of reliable and
effective sample preparation methods for their analysis, which, following the current trends in
the field, also demand simple and sustainable procedures with a minimum risk for humans. In
this sense, the QUEChERS method (standing for Quick, Easy, Cheap, Effective, Rugged and
Safe) is nowadays considered as a mega method, since it has demonstrated to be effective in
the extraction of a wide variety of analytes and matrices after some adaptations (Gonzalez-
Curbelo et al., 2015, Socas-Rodriguez et al., 2017, Varela-Martinez et al., 2020). It is also
considered a green method, as a result of the low amounts of solvents, reagents and energy
required and their low toxicity (Varela-Martinez et al., 2020). Regarding the specific extraction
of PAEs from fish and squid sample, the QUEChERS method has been applied in a very reduced
number of occasions as shown in Table S2.1 of the Supplementary Data. Some of those works
have also found some of the selected PAEs in the target samples by applying different versions
of the QUEChERS method, though the most common has been the original/classical version in
which acetonitrile (ACN) is used in the extraction step together with NaCl to promote

partitioning as well as to produce a salting out effect, and MgSO4 to also promote partitioning
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and to heat the mixture around 40 °C as a result of the exothermic hydration process (Varela-
Martinez et al., 2020). Despite the advantages of the use of both salts, trace amounts of them
make necessary to intensify the periodic maintenance of the chromatographic systems like
liners replacements in gas chromatography (GC) or the cleaning of the ion source in liquid
chromatography-mass spectrometry (LC-MS), as well as in this last case contribute to the
formation of sodium adducts. In 2014, Gonzalez-Curbelo ef al. proposed a modification of the
method using ammonium formate instead of NaCl and MgSOs since it is also able to induce
phases separation and it minimizes the disadvantages of the use of magnesium and sodium salts
in MS analysis and also enhances the ionization of the analytes (Gonzalez-Curbelo, Lehotay,
Hernandez-Borges, & Rodriguez-Delgado, 2014). Furthermore, the use of ammonium formate
has also shown to have a similar performance as previous versions and to reduce the amount
of co-extracted materials, leading to cleaner extracts and to a lower matrix effect (ME)
(Gonzalez-Curbelo et al., 2014, Han et al., 2016, Varela-Martinez et al., 2020). However, and
despite its clear advantages, the ammonium formate version has not been fully explored as
other versions of the QuEChERS method have been, probably as a result of the
commercialization of a good number of QUEChERS kits under “classical” formulations to
facilitate its application. Therefore, it is still necessary to study in depth this highly

advantageous version and to extent its application to a wide variety of matrices and analytes.

In this context, the aim of this study was to apply for the first time the ammonium
formate version of the QUEChERS method to the extraction of a group of 12 PAEs and one
adipate (di(2-ethylhexyl) adipate, DEHA) from fish and squid samples (Scomber
colias, Katsuwonus pelamis and Loligo gahi) in order to evaluate its performance as well as to
study the ME. Ten samples of each type bought in local markets were analysed to check the
possible presence of these compounds in the three selected species. This work represents the

first application of the ammonium formate version of the QUEChERS method to these types of
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samples and the first report of the presence of PAEs and DEHA in seafood species consumed

in the Canary Islands.

2. Material and methods

2.1. Chemicals

The analytical standards that were used were dipropyl phthalate (DPP, CAS 131-16-8),
DIBP (CAS 84-69-5), DBP (CAS 84-74-2), diisopentyl phthalate (DIPP, CAS 605-50-5), di-n-
pentyl phthalate (DNPP, CAS 131-18-0), dihexyl phthalate (DHP, CAS 84-75-3), BBP (CAS
85-68-7), DEHA (CAS 103-23-1), dicyclohexyl phthalate (DCHP, CAS 84-61-7), DEHP (CAS
117-81-7), DNOP (CAS 117-84-0), DINP (CAS 20548-62-3) and DIDP (CAS 89-16-7). In
addition, DBP-3,4,5,6-d4 (DBP-d4, CAS 93952-11-5), DNPP-3,4,5,6-d4 (DNPP-d4, CAS
358730-89-9), DHP-3,4,5,6-d4 (DHP-d4, CAS 1015854-55-3) and DEHP-3,4,5,6-d4 (DEHP-
d4, CAS 93951-87-2) were used as internal standards (ISs). All of them had a purity greater
than 97.0% and were acquired from Sigma-Aldrich (Madrid, Spain) and Dr. Ehrenstorfer
(Augsburg, Germany). Table S3.2 of the Supplementary Data shows the chemical structures

and properties of the studied PAEs and DEHA.

Individual stock solutions of each compound of interest and each IS were prepared at
concentrations between 900 and 1100 mg/L in cyclohexane and stored in the darkness at
—18 °C. Mix working solutions of all analytes and ISs were prepared at different concentrations
in cyclohexane and stored at —18 °C in the darkness. All chemicals were used without

further purification.

Tap water was purified with an Elix Essential water purification system, and then it was
deionized using a Milli-Q gradient system A10 from Millipore (Burlington, MA). ACN of LC-

MS grade and ammonium formate (purity 98.0%) were from VWR International Eurolab
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(Barcelona, Spain). Primary secondary amine (PSA) and Cis were from Agilent Technologies
(Santa Clara, CA, USA), and MgSO4 monohydrate (purity 97%) was from Sigma-Aldrich

(Madrid, Spain).
2.2. Apparatus and software

An 8860 GC system provided with an autosampler was used for analytes separation,
which was coupled to a 5977B single quadrupole (Q) mass spectrometer for analytes detection,
both from Agilent Technologies. The carrier gas was helium at a flow rate of 1.2 mL/min.
Separation was performed in a HP-5 ms Ultra Inert column ((5%-phenyl)-methylpolysiloxane,
30 m % 250 um x 0.25 um) from Agilent Technologies. The temperature gradient program was
as follows: temperature was increased from 60 to 170 °C at 40 °C/min, and finally increased
to 310 °C at 10 °C/min and held for 3 min reaching a total run time of 20.75 min. Injection was
carried out in the splitless mode (the split was opened after 0.75 min with a purge flow of
40 mL/min) at 280 °C and the injection volume was 2 puL. Other parameters that were
established were the temperature of the ion source at 230 °C, the temperature of the transfer
line at 280 °C and an ionization energy of —70 eV. In addition, single ion monitoring (SIM)
mode was picked out. Enhanced MassHunter software from Agilent Technologies was used to

control the GC-MS system.

A vortex was used to shake and mix the samples with the solvent or salts, and a Mega
Star 3.0R centrifuge was used to separate the different layers from the homogeneous solution,
both of them from VWR International. A 224i-1S analytical balance was also employed from

Sartorius (Goettingen, Germany).

2.3. Samples

Patagonian squid (Loligo gahi, hereafter squid), Atlantic chub mackerel (Scomber

colias, hereafter mackerel) and skipjack tuna (Katsuwonus pelamis, hereafter tuna) were
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purchased from local markets in Tenerife (Canary Islands, Spain). When purchased, they were
all covered in aluminium foil and immediately taken to the laboratory where they were cleaned
and dissected. Dorsal muscles of fishes and mantles and tentacles of squids were extracted,
triturated and frozen with liquid nitrogen. Afterwards, the frozen samples were grounded in a
metal laboratory homogenizer to obtain a homogeneous powder. Once the sample
reached room temperature, it was spiked with the analytes and/or ISs and allowed to stand for
at least 20 min before the application of the ammonium formate version of the QUEChERS

method.

For recovery studies, samples were spiked to yield 5, 10, 75 and 150 ng/g of wet weight
(w.w.) depending on the analyte and matrix and 125 ng/g of w.w. for the ISs. Water content was
determined by weighing 5 g of each sample in triplicate in porcelain capsules and letting it dry
in an oven at 120 °C for 1.5 h, after which they were cooled in a desiccator and weighted until

constant weight.

2.4. QUEChERS method

Five grams of homogenized tissue sample and 5 mL of ACN were introduced into a
round bottom glass tube of 25 mL with a screw cap and was vigorously vortexed for 1 min.
Then, 2.5 g of ammonium formate were added, and the sample was vortexed again for 1 min
more and centrifugated for 5 min at 2500 rpm. Afterwards, 1 mL of the supernatant was
transferred to a 15 mL round bottom glass tube containing 150 mg of MgSO4 monohydrate,
50 mg of PSA and 50 mg of Cis. Then, the tube was vortexed for 1 min and centrifuged for
5 min at 2500 rpm. The resulting supernatant was filtered using a 0.2 pm polyvinylidene
fluoride (PVDF) filter from Whatman™ (GE Healthcare, United States). Finally, 200 puL were

transferred to a vial for injection in the GC-MS system.

2.5. Minimization and control of contamination
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Volumetric glassware was cleaned with a sulphuric acid (95%, w/w, VWR
International) solution of Nochromix® from Godax Laboratories (Maryland, USA) for 24 h.
Non-volumetric glassware was cleaned by heating it up to 550 °C for 4-5 h (Muffle Carbolite
CWF 11/13). High purity solvents were used in all cases as well as PAEs free pipette tips and
gloves. Procedural blanks (analysis without sample) were carried out with every batch of

samples.

3. Results and Discussion

3.1. GC-MS determination and application of the ammonium formate version of the

QUEChERS method

In this work, GC-MS equipped with a single quadrupole analyser was used for the
separation and detection of the 12 target PAEs and DEHA. The selected PAEs include those
phthalates currently regulated by the EU in its different legislative actions, in particular, DBP,
BBP, DEHP and DINP for which the EU and the WHO (only in the case of DEHP) have
established TDIs. Table S3.2 of the Supplementary Data compiles the physicochemical
properties of the selected analytes. In general, the length of the alkyl chains determines their
different properties, like their hydrophobicity which increases with the increase of the chains
(Yang et al., 2015). This also influences their chromatographic behaviour since long chain
PAEs like DNOP, DINP and DIDP are eluted last in either GC or LC. Among the selected
analytes, DEHA has also been included, since it is one of the most applied and studied
alternative plasticisers to PAEs (Bui et al., 2016). As an example, it is among the plasticisers
with the highest annual production in the EU, between 10,000 and 100,000 tonnes/year (Bui et

al., 2016).

Though PAEs have also been determined by LC, they are more frequently determined

by GC since they have enough volatility and thermal stability (Gonzalez-Sélamo et al.,
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2018, Martin-Pozo et al., 2021). In our case, the thermal gradient described in the Experimental
Section was applied, obtaining a complete separation of the target analytes in less than 18 min.
Concerning the ISs, isotopically labelled ISs were used. In particular, DBP-d4 was used as IS
of DPP, DBP and BBP, DNPP-d4 of DIBP, DIPP and DNPP, DHP-d4 of DHP, DEHA and
DCHP, while DEHP-d4 was used as IS of DEHP, DNOP, DINP and DIDP, the longer chain
PAEs. The MS system was operated in the SIM mode. Table S3.3 of the Supplementary
Data shows the quantifier and the two qualifier ions selected as well as the retention time of
each analyte. Relative ion intensities with a = 20% maximum permitted tolerance as well as
the retention time were also considered as identification points (The European Commission,
2002). It should be remarked that the MS ortandem mass spectrometry (MS/MS)
fragmentation pathways of most PAEs with alkyl side chains are similar, giving the m/z 149 as
the most intensive parent ion, which corresponds to the protonated phthalic anhydride as the
result of the fragmentation of the aliphatic side chains (Yin et al., 2014). As a consequence, the
selection of m/z 149 for the quantification can make the determination of PAEs a very difficult
task due to its low selectivity, being necessary a good resolution between peaks. To overcome

this lack of selectivity, two qualifiers were monitored.

Apart from the previous consideration, it should also be taken into account that PAEs
are ubiquitous in analytical laboratories, being necessary to minimize and control PAEs
contamination. For this purpose, glassware should be used as much as possible, as well as PAEs
free plastics (if employed) which should be carefully checked before being used. High purity
solvents and reagents should also be selected since they contain less amounts of plasticizers
and, what is more important, procedural blanks should be analysed on a daily basis. All these
precautions have been taken into consideration, as indicated in the Experimental Section, in

particular, the analysis of procedural blanks with each batch of samples.
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As previously pointed out, the ammonium formate version of the QUEChERS method
was studied by applying the experimental conditions indicated in Section 2.4, which is also
summarized in Figure 3.1, in which ammonium formate was added instead of NaCl and
MgSOs4. In this case, 5 g of homogenized fish (Scomber colias and Katsuwonus pelamis) or
squid (Loligo gahi) were accurately weighted and 5 mL of ACN were added, followed by 1 min
of vortex agitation. Then, 2.5 g of ammonium formate were added and 1 min more of vortex
was applied. Phase separation was quickly achieved with relatively clean extracts
after centrifugation, and 1 mL of the ACN layer was transferred to a glass tube containing
150 mg MgSOs4, 50 mg PSA (for polar matrix interferences removal, i.e. organic acids) and
50 mg Cis (for fat removal). Once vortex agitated and centrifuged, the supernatant was filtered
and directly injected in the GC system avoiding any evaporation or further step that may yield
to analyte loses. To facilitate sample comminution and to enhance analyte extraction, samples
were frozen with liquid nitrogen and homogenized in a metal laboratory homogenizer. A fine
powder was obtained in each case and, once at room temperature, 5 g of each sample were
weighted and the QUEChERS method was applied. At the same time, 5 g of each sample were
weighted in triplicate in porcelain capsules and their water content was determined in order to
provide the final content of each PAE in dry weight (d.w.) (see Experimental Section for

details).
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Figure 3.1 General scheme of the sample pre-treatment and QUEChERS extraction method applied in this work.

3.2. Matrix-matched calibration and matrix effect evaluation

In order to evaluate the existence of ME, which should be assessed at an initial method
validation stage, matrix-matched calibration curves were obtained, by spiking the final extracts
with the ISs (at 125 ng/g) and the target analytes (at eight concentration levels). Each matrix-
matched standard was injected in triplicate and the GC liner was changed between the
calibration of different matrices in order to correctly evaluate the ME. Non-spiked samples
were also analysed and the ISs were added before the extraction in order to check/correct the
possible presence of PAEs in the samples; in case a PAE or DEHA was found, the signal was
subtracted for the calculations. Method performance acceptability criteria proposed by the

SANTE Guidelines (SANTE/12682/2019, 2020) were also adopted in this study.

Table 3.1 shows the full calibration curves, including the studied linear range, the
confidence intervals of the slope and intercept, as well as the determination coefficients (R?)
for all the target analytes, considering the IS previously indicated for each analyte. As can be

seen in the table, R? values were higher than 0.99 in all cases. Regarding the lowest calibration
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levels (LCLs), they ranged between 0.5 and 10 pg/L (equivalent to 0.5—10 ng/g, respectively)
being the signal-to-noise (S/N) ratio in all cases equal or higher than 10. Regarding DIDP in
tuna samples, an important interference precluded the correct quantification of the analyte and,
therefore, matrix-matched calibration curves could not be obtained. LCLs were taken as the
limits of quantification of the method, which, once proper calculation was made taken into
account the solid nature of the samples, were less than 5 ng/g for all the analytes in the matrices

analysed, except for DBP in tuna which was 10 ng/g.

118



PhD thesis in Biological Sciences, University of Madeira - Annalisa Sambolino
CHAPTER 3 — Determination of Phthalic Acid Esters in Fish and Squid using the QuEChERS Method
Table 3.1 Matrix-matched calibration data of the selected PAEs and DEHA and matrix effect (ME) percentage in mackerel, squid and tuna (DBP-ds was used as IS of DPP,

DBP and BBP, DNPP-d; was used as IS of DIBP, DIPP and DNPP, DHP-d4 was used as IS of DHP, DEHA and DCHP, while DEHP-d4 was used as IS of DEHP, DNOP,
DINP and DIDP).

Regression equation (n=8)

Analyte Sample Studied linear range (ng/L)* Sy/x R? ME (%)**
b + sy t(0.05:6) a = Sa°t(0.05:6)

Mackerel 1-150 543107+ 4.66-10* 4.82-1073+3.72-10 2.73-102 0.9945 -35

DPP Squid 1-150 2.10-103 £ 5.08-107 3.59-10* £ 4.05-1073 2.97-1073 0.9996 -75

Tuna 0.5-150 5.02-107 £ 1.90-10* 3.01-10° £ 1.42-10 1.24-1072 0.9986 -40

Mackerel 5-150 5.94-103+2.06-10* -9.73-103+ 1.78-1072 1.03-1072 0.9994 -27

DIBP Squid 1-150 2.49-10° £1.93-10° 1.39-102 + 1.54-10° 1.13-107 1.0000 -69

Tuna 1-150 5.71-103+£2.17-10* 2.76-10% £ 1.73-102 1.27-1072 0.9989 -29

Mackerel 1-150 8.94-103+£9.65-10* 3.35:102 £ 7.69-1072 5.65:1072 0.9913 18

DBP Squid 5-150 3.59-10° £ 5.47-10° -1.33-102+£4.71-103 2.72:1073 0.9999 -53
Tuna 10-150 8.15-103+1.18:10 9.85-102+1.11-10"! 4.52-102 0.9938 7

Mackerel 0.5-150 5.27-103 £ 6.34:107 -8.13-10° £ 4.73-1073 4.12:1073 0.9999 10

DIPP Squid 1-150 2.37-103 £2.89-10° 2.12-10° £2.30-1073 1.69-107 0.9999 -51
Tuna 0.5-150 5.09:-103 +£7.79-107 4.98-10°+£5.81-1073 5.07-107 0.9998 6

Mackerel 0.5-150 8.44-103 +£8.10-107 -6.26:10* £ 6.04-1073 5.27-107 0.9999 11

DNPP Squid 1-150 3.75:103 £ 3.96-10° 1.17-103 +£3.16-10 2.32:1073 0.9999 -51
Tuna 0.5-150 8.01-103+1.21-10* 1.10-10 £ 9.05-10° 7.89-107 0.9998 5

Mackerel 5-150 8.46-107 +1.47-10* 1.95-10°3 £ 1.27-10 7.34:107 0.9998 7

DHP Squid 5-150 4.13-10° £ 6.00-107 3.45-10% +£5.16-1073 2.99-1073 0.9999 -48
Tuna 5-150 8.62:10° £2.04-10* 4.91-10° £ 1.76-102 1.02:102 0.9997 9

BBP Mackerel 5-150 3.17-10° £ 1.74-10* 1.12-10° £ 1.50-102 8.67-103 0.9984 68
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Squid 5-150 1.72:103 £4.37-107 -2.01-104£3.77-107 2.18:10% 0.9997 -9
Tuna 5-150 3.72:1073 £ 1.64-10* -3.05-103 £ 1.41-10 8.16:107 0.9990 97
Mackerel 5-150 2.97-103 £5.50-107 4.44-10° £ 4.74-103 2.74-107 0.9998 15
DEHA Squid 5-150 1.42:103 £7.36-107 3.46-10° £ 6.34-1073 3.67-1073 0.9986 -45
Tuna 5-150 2.88:103 £ 6.14-107 3.07-10° £ 5.29-1073 3.06-1073 0.9998 11
Mackerel 5-150 6.02:10° +1.32-10* 1.02-1073 £ 1.14-102 6.60-1073 0.9997 17
DCHP Squid 5-150 3.08:103 £4.27-107 3.01:10° +£3.67-1073 2.13-10% 0.9999 -40
Tuna 5-150 6.26:107 £ 1.04-10* 9.30-10* £ 8.93-1073 5.17-1073 0.9999 22
Mackerel 5-150 7.57-103 £ 1.59-10* -1.46-102 £ 1.37-10 7.92:10°3 0.9998 5
DEHP Squid 5-150 3.98-10°3 £4.33-107 -2.95-102+3.73-107 2.16:103 0.9999 -45
Tuna 5-150 7.69-103 +£2.20-10* 2.69-102 £ 1.90-102 1.10-102 0.9996 6
Mackerel 5-150 1.23-102£2.79-10* -1.82-1073 £ 2.40-10 1.39:102 0.9997 10
DNOP Squid 5-150 5.57-107 £ 4.05-10* -1.45-102 £ 3.49-10 2.02:102 0.9973 -50
Tuna 5-150 1.29-102+1.88-10* -5.10-10°% £ 1.62-10%2 9.38:10° 0.9999 15
Mackerel 5-150 8.60-107 +2.86-10* -8.79-103 £ 2.47-1072 1.43-1072 0.9994 3
DINP Squid 5-150 3.70-10° £2.88-10* -9.69-1073 £ 2.48-1072 1.43-1072 0.9969 -56
Tuna 5-150 9.51-10° £ 6.88-10°° 2.99-102+£5.92-1073 3.43-10° 1.0000 14
Mackerel 5-150 7.28-10° £2.57-10* -8.11-103 +£2.21-102 1.28-1072 0.9994 -16
DIDP Squid 5-150 3.18-10°+ 4.15-10* -1.03-102+ 3.58-107? 2.07-102 0.9912 -63
Tuna - - - - - -

b: slope; sp: standard deviation of the slope; a: intercept; sa: standard deviation of the intercept; R%: determination coefficient; syx: standard deviation of the estimate.
*Also equivalent to ng/g in real samples. ““Calculated following the equation used by Kwon et al. (Kwon et al., 2012).
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Table S3.4 of the Supplementary Data also shows the analogous data obtained for
solvent calibration which was obtained in order to calculate the ME using the following
equation: ME (%) = (slope of matrix-matched calibration curve — slope of pure solvent-based
calibration curve)/(slope of pure solvent-based calibration curve) x 100 (Kwon, Lehotay, &
Geis-Asteggiante, 2012). ME values are also shown in Table 3.1, though they have also been
represented for each matrix in Figure 3.2 vs the retention time of each PAE. Negative ME
values mean that a signal suppression is taking place, while positive values correspond to a
signal enhancement. When the percentage ranges between —20 and 20%, a soft ME takes place
and matrix-matched calibration is not required. However, ME in the ranges between —20 and
—50% or between 20 and 50% correspond to a medium ME while values higher than 50 or
lower than —50% correspond to a strong/significant ME. In both cases, matrix-matched
calibration is necessary. From the figure, it is clear that for both mackerel and tuna samples a
soft ME takes place for most of the selected PAEs, though for few of them ME is medium and
mainly caused by signal suppression. On the contrary, for squid samples, an important signal
suppression (strong/significant in most cases) can be observed which clearly indicates the need
to develop matrix-matched calibration, though, in general, ME percentages are not extremely

high.
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Figure 3.2 Distribution of the ME (%) vs the retention time (min) of each PAE and DEHA for mackerel, squid
and tuna matrix after the application of the QUEChERS-GC-MS method.

3.3. Trueness

In order to evaluate the trueness of the method, a recovery study was carried out at three
concentration levels by developing five consecutive extractions at each level. Samples were
spiked with the analytes and ISs and let to stand for at least 20 min at room temperature before
the application of the QUEChERS method. Concentration of level 1 was 5 ng/g (except for DBP
in tuna which was 10 ng/g), 75 ng/g for level 2 and 150 ng/g for level 3 in the three types of
samples. The three levels covered low, medium, and high concentrations of the linearity range
of the target compounds. Table 3.2 shows the relative recovery values obtained at each level in
which it can clearly be seen that acceptable recovery values, between 70 and 120% with relative
standard deviation (RSD) values below 20% were obtained for most of the target PAEs and
levels, similar values were also obtained for absolute recovery values, which clearly shows the
high extraction efficiency and precision of the method. Though, as can be seen in Table 3.2,
few of those values are outside this range (which have been marked in the table in bold), RSD
values are also consistent, since they are lower than 20%. Moreover, if mean recovery values

of the three levels are considered for each sample, it can be seen that they range between 70
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and 117% with RSD values <20%, which are also acceptable criteria according to SANTE
guidelines (SANTE/12682/2019, 2020). To better appreciate this issue, mean RSD values have
been plotted versus mean recovery values as shown in Figure 3.3, and the range 0—-20% for

RSD values and 70-120% for recovery values have been marked.

Table 3.2 Relative recovery and RSD values of the target analytes in mackerel, squid, and tuna (n = 5 at each
spiking level).

Level 1 Level 2 Level 3 Mean
Analytes Sample Recovery % Recovery % Recovery % Recovery %
(RSD %) (RSD %) (RSD %) (RSD %)
Mackerel 106 (5) 110 (6) 103 (4) 107 (5)
DPP Squid 131 (6) 105 (6) 122 (2) 117 (11)
Tuna 136 (4) 106 (2) 110 (4) 114 (11)
Mackerel 69 (12) 106 (7) 107 (3) 94 (20)
DIBP Squid 72 (14) 100 (6) 93 (1) 89 (15)
Tuna 86 (5) 99 (3) 107 (5) 97 (10)
Mackerel 89 (6) 96 (2) 97 (4) 94 (6)
DBP Squid 79 (6) 101 (1) 85 (11) 90 (13)
Tuna 59 (13) 96 (3) 98 (0) 87 (20)
Mackerel 99 (2) 98 (4) 97 (4) 98 (3)
DIPP Squid 103 (5) 104 (2) 99 (1) 102 (3)
Tuna 83 (3) 104 (1) 111 (1) 100 (13)
Mackerel 96 (1) 96 (3) 95 (4) 96 (3)
DNPP Squid 94 (3) 102 (1) 95 (1) 97 (4)
Tuna 772) 104 (1) 109 (1) 97 (15)
Mackerel 95 (1) 95 (4) 94 (4) 95 (3)
DHP Squid 93 (2) 103 (2) 100 (5) 99 (5)
Tuna 81 (3) 103 (1) 108 (1) 97 (13)
Mackerel 97 (1) 91 (5) 96 (4) 95 (4)
BBP Squid 68 (1) 96 (5) 86 (13) 86 (16)
Tuna 64 (1) 102 (3) 107 (3) 95 (19)
Mackerel 90 (4) 79 (5) 81 (7) 83 (8)
DEHA Squid 84 (10) 92 (2) 88 (1) 88 (6)
Tuna 85 (6) 94 (2) 96 (2) 92 (6)
Mackerel 97 (2) 95 (5) 97 (4) 96 (4)
DCHP Squid 93 (3) 104 (1) 100 (5) 99 (6)
Tuna 78 (3) 104 (2) 109 (2) 97 (15)
DEHP Mackerel 114 (7) 101 (5) 97 (4) 104 (9)
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Squid 72 (6) 102 (2) 100 (6) 93 (16)

Tuna 77 (10) 103 (2) 114 (8) 98 (18)

Mackerel 92 (2) 90 (4) 92 (5) 91 (4)

DNOP Squid 89 (3) 108 (2) 96 (1) 98 (9)

Tuna 82 (4) 105 (3) 109 (2) 99 (13)

Mackerel 92 (6) 80 (5) 83 (6) 85 (8)

DINP Squid 77 (4) 99 (2) 87 (2) 88 (11)

Tuna 78 (4) 93 (3) 98 (2) 90 (10)

Mackerel 112 (5) 79 (6) 80 (6) 89 (18)

DIDP Squid 55 (11) 83 (4) 71 (2) 70 (18)
Tuna - - - -

Level 1: 5 ng/g of w.w. except for DBP in tuna which was 10 ng/g of w.w.; level 2: 75 ng/g of w.w.; and level 3:
150 ng/g w.w. for all the analytes. Data outside the 70-120% range for recovery values and 0-20% for RSD
values are in bold.
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Figure 3.3 Overall RSD values (%) vs relative recovery (%) of each PAE and DEHA in each matrix after the
application of the QUEChERS-GC-MS method. Compounds with RSD less than 20% and relative recovery
values in the 70-120% range are in the indicated box.
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Figure 3.4 shows a chromatogram of the separation of a squid sample spiked at the
medium concentration level, while Figure 3.5 shows a GC—-MS chromatogram of (Figure 3.5A)
DIBP in a squid sample, (Figure 3.5B) DBP in a squid sample, and (Figure 3.5C) DEHP in a
mackerel sample. As can be seen, in all cases, the analytes could be perfectly identified and
quantified. Similar chromatograms were obtained for the rest of the samples except, as

previously mentioned for DIDP in tuna.
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Figure 3.4 GC-MS chromatogram of a spiked squid sample at 75 ng/g level after the application of the
ammonium formate version of the QUEChERS method. Peak identification: DPP (1), DIBP (2), DBP (3), DBP-
d4 (4, 1S), DIPP (5), DNPP (6), DNPP-d4 (7, IS), DHP (8), DHP-d4 (9, IS), BBP (10), DEHA (11), DCHP (12),
DEHP (13), DEHP-d4 (14, I1S), DNOP (15), DINP (16), DIDP (17).
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Figure 3.5 GC-MS chromatogram of A) DIBP in a squid sample, B) DBP in a squid sample, and C) DEHP in a
mackerel sample after the application of the ammonium formate version of the QUEChERS method. All three
PAEs have m/z 149 as the quantification ion (black line). For DIBP and DBP the qualifier ions are 205 (red line)
and 223 (green line), while for DEHP they are 167 (red line) and 279 (green line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Real sample analysis

Once the method was validated, it was applied to the analysis of ten samples of each
type. For this purpose, the complete muscle of each individual was cut, frozen with liquid
nitrogen and homogenized until a fine powder was obtained. Afterwards, a portion of 5 g of
each sample was analysed in duplicate. At the same time, the water content of each sample was
determined, which ranged between 65.7 and 75.2% for mackerel, between 83.9 and 87.8% for
squid and between 70.5 and 71.9% for tuna samples. Table 3.3 shows the results of the analysis

of the 30 samples expressed as ng/g of w.w.
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Table 3.3 Results of the analysis of mackerel, squid, and tuna samples after the application of the QUEChERS-
GC-MS method.

Analytes (ng/g) wet weight

Sample Sampling date

DIBP DBP DEHP

1 June 21%, 2021 n.d. n.d. n.d.

2 June 21%, 2021 n.d. n.d. n.d.

3 June 22", 2021 n.d. n.d. n.d.

4 June 22", 2021 102+34 n.d. n.d.

5 June 23%, 2021 7.24 +3.39 n.d. 442 +2.1

Mackerel 6 June 23%, 2021 5.82+3.40 n.d. 432+2.1

7 June 24%, 2021 n.d. n.d. n.d.

8 June 24t 2021 n.d. n.d. n.d.

9 June 24t 2021 n.d. n.d. n.d.

10 June 24t 2021 n.d. n.d. n.d.

1 July 10, 2021 2.95+0.80 n.d. <LCL

2 July 10, 2021 6.70 = 0.80 <LCL <LCL

3 July 10, 2021 2.92+0.80 <LCL <LCL

4 July 10, 2021 1.17 +0.80 n.d. <LCL

5 July 10t 2021 n.d. <LCL <LCL
Squid

6 July 10t 2021 n.d. n.d. 5.32+1.06

7 July 10t 2021 n.d. <LCL n.d.

8 July 10t 2021 n.d. 109+1.5 <LCL

9 July 10t 2021 n.d. <LCL <LCL

10 July 10, 2021 n.d. <LCL <LCL

1 July 21%, 2021 <LCL n.d. 245+28

2 July 23,2021 <LCL <LCL n.d.

3 July 23, 2021 <LCL n.d. n.d.

4 July 237, 2021 <LCL n.d. n.d.
Tuna 5 July 23, 2021 <LCL n.d. n.d.

6 July 23%, 2021 n.d. n.d. n.d.

7 July 23,2021 n.d. n.d. <LCL

8 July 23,2021 <LCL n.d. n.d.

9 July 23,2021 n.d. n.d. <LCL

10 July 23,2021 n.d. n.d. n.d.
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As can be seen in the table, only DIBP and DEHP were found above the LCL in some
mackerel samples, as well as DIBP, DBP and DEHP in some squid samples and DEHP in tuna
samples. Since some of the samples were collected in the same date as they were analysed, the
concentration for some of them are quite similar, being DEHP the one with the highest
variability. Among the PAEs found, TDIs have only been established for DEHP while no
maximum residue limits have been stablished in Europe for these compounds and matrices. If
an average consumption of 125-150 g of fish fillets or 200250 g of whole fish with 2—4
servings/week is considered (advisable dietary intake in Spain (Guidelines, 2021)), the TDI of
DBP and DEHP of 50 pg/kg of b.w. is not exceeded in any case, neither individually nor
considering the group TDI established for DBP, BBP, DEHP and DINP. As an example,
the ingestion of 150 g of the mackerel with the highest concentration of DEHP (44.2 £ 2.1 ng/g

of w.w.) means a single ingestion of less than 7 pg per person.

Besides, in some of the squid samples, also the PAEs DBP and DEHP were found below
the LCL while for some tuna samples DIBP, DBP, and DEHP were found below such levels
too. Among them, TDI values have only been established for DBP, but since the concentration

are below the LCLs, its TDI is not exceeded either.

Regarding previous works in which similar samples have been analysed, similar
concentration ranges of PAEs were also found. Castro-Jiménez and Ratola (Castro-Jiménez &
Ratola, 2020) found total PAEs concentrations of 19-83 ng/g for Atlantic bonito Sarda
sarda and European hake Merluccius merluccius. Xu et al. (Xu et al., 2018) found in different
fish samples (species were not indicated) similar PAEs to the ones of our work, in particular,
DIBP, DBP and DEHP in the range 38.47-763.22 ng/g of w.w. Very recently, Hidalgo-
Serrano et al. (Hidalgo-Serrano et al., 2021) analysed different samples of European
squid (Loligo vulgaris) and fish (Atlantic salmon Salmo salar, Atlantic mackerel Scomber

scombrus and sole Solea solea) finding concentrations up to 978 ng/g of d.w. In this case,
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DEHP, DBP and BBP together with other PAEs not in common with this work were also found

though in most cases below the limits of quantification of the method.

4. Conclusions

The application of the ammonium formate version of the QUEChERS method to extract
12 PAEs and the adipate DEHA from two species of fish (Scomber colias and Katsuwonus
pelamis) and one of squid (Loligo gahi) resulted satisfactory in terms of linearity (matrix-
matched calibration) and recovery values, except in the case of DIDP which could not be
perfectly quantified in tuna samples as a result of an important chromatographic interference.
ME was negligible for most analytes in the case of fish samples, though for squid a
moderate/high signal suppression was found. The analysis of 10 samples of each species
revealed the presence of DIBP, DBP and DEHP above the LCLs in some of the samples, as
well as other PAEs below such level. Even though, the TDIs for those PAEs for which such
limit has been established were not exceeded in any case. The application of this version of the
method, as previously reported, is highly advantageous from an instrumental point of view,

being still so simple and easy to apply as expected for the QUEChERS method.

Supplementary data

Supplementary  data to  this chapter can be found online at

https://doi.org/10.1016/j.foodchem.2022.132174 and in Appendix B of this document.
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