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Chapter 1: Introduction to microplastics properties and toxicity in marine environment 

1.1 Abstract 

Plastic materials provide countless applications in every sector of human life, from food and health 

preservation to textiles and electronics industry (Cole et al., 2011;Thompson et al., 2009) which is resulting in 

huge amount of plastic waste. Recently, it was estimated that plastics account for the 80-90% of the whole 

marine litter (Derraik, 2002) and over 5 trillion microscopic plastic fragments are floating on the surface of the 

World Oceans (Eriksen et al., 2014).  

The predominant form of marine plastic litter is called “Microplastics (MPs)", terminology by Thompson et al. 

2004, used to indicate small plastic fragments, fibers and granules of microscopic size (1 μm to 5 mm in 

diameter). Being small in size, they are likely to be ingested and accumulate by different classes of organisms 

(Wright et al., 2013), even can be consumed by algae and bacteria (Mattsson et al., 2015; Bouwmeester et al., 

2015). Their presence, therefore, can represent a growing threat to ecosystems and to organisms for which it 

can represent a hazard (Galloway and Lewis, 2016).  

MPs are known to interact with a variety of chemicals in the environment through many sorption mechanisms 

(Yu et al., 2019). Owing to their ability to sorb xenobiotic chemicals, MPs are regarded as vectors of hazardous 

contaminants to aquatic organisms (Torres et al., 2021). The study of the interactions and the sorption 

mechanisms occurring between the sorbent (microplastic polymer) and sorbate (chemical contaminant) are 

important to improve our understanding of MP-mediated contaminant transfer as well as the impact of MPs 

on the marine environment, especially considering MPs from natural environment. MPs in natural 

environments undergo weathering processes due to physico-chemical interactions with environmental stress, 

including with biota. Over time, these stressors may lead to a progressive degradation of plastic polymers and 

affect their sorption capacity as well as their behavior in aquatic environments. In this context, it is key to 

know the bioavailable fraction able to determine a potential ecotoxicity in organisms, and to investigate the 

role of MPs in transferring bioavailable hazardous chemicals to aquatic biota. A multidisciplinary approach to 

evaluate the influence of the different factors altering plastic surface as well as to investigate the interactions 

behind the complex mixtures between toxicants and MPs should be considered. The aim of this chapter is to 

review the main MPs properties focusing particular reference on the sorption mechanisms of MPs, the factors 

that influence those mechanisms, the sorption behavior of a wide range of chemical contaminants and toxicity 

associated to combined exposures to MPs and pollutants. An overview of studies that allow relating toxicity 

to the sorption to MPs and help understand its importance for the bioavailability of chemical compounds is 

included. A pilot study carried out to evaluate the sorption, over time, of different metals and BDE-47 on a 

pristine model MP is described. Finally, the objectives of this thesis are presented. 
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1.2 Microplastics in the marine environment 

Marine litter from non-natural sources includes man-made items that have been produced or used by people 

and deliberately or not, released into the sea or on beaches. It includes also materials that were transported 

from land by rivers, drainage or wind and that reach the marine environment. Generally, marine debris consist 

of metal, glass, paper, fabric or plastic, but of these, plastic is considered the dominant type of debris in the 

marine environment (GESAMP, 2019). Due to the large production, the durability and versatility, it can 

therefore be expected that a wide portion of plastics ends up in the environment. The main classes of plastics 

that are commonly encountered in marine environment are represented by polyethylene PE (high and low 

density), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyurethane (PUR), and 

polyvinyl chloride (PVC).  

Plastics are increasingly used across the economy, serving as a key enabler for sectors as diverse as packaging, 

construction, transportation, healthcare and electronics. Plastics have brought massive economic benefits to 

these sectors, thanks to their combination of low cost, versatility, durability and high strength to-weight ratio 

(Rouch, 2021). Their high volume usage, specifically for packaging industry, reflect their production (figure 1.1) 

(Andrady, 2011). 

 

 

Figure 1.1 Plastics demand by polymer types. Source: Plastic Europe Market Research Group (PEMRG).  
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As a result of higher plastic demand, worldwide plastic production has largely increased in last decades (figure 

1.2) since 1950 up to 2018 (Geyer et al., 2017; Barra et al., 2018) is forecast to double by 2050 to reach about 

800 million tonnes annually (Galloway et al., 2015). Less than half of the plastic produced are consigned to 

landfill or recycled, but the remaining part in many cases can reach marine environment.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 1.2 Global production of plastics. Blu line indicate production since 1950 to 2018; red line indicate forec ast production since 2020 to 2050. 

Data from: Plastics Europe 2016 and 2019. Source: Rouch, 2021.  

 

 

1.3 Microplastics distribution 

Although initially, scientific attention was focused on macroscopic plastic debris, the presence of plastic 

microparticles in the marine environment was already described in the early 1970s (Carpenter et al., 1972).The 

disposal and breakup of consumer products and industrial waste in environmental areas can result in 

extremely small pieces of plastic debris, called Microplastics (MPs), whose effects on the marine environments 

have become an emerging issue of international concern. Microplastics are synthetic organic polymer particles 

with range in size is from a few microns to five millimeters in diameter (Thompson et al., 2004). They have 

been found in the oceans worldwide (Barnes et al., 2009), including remote regions such as Antarctica, 

sediments and wastewater effluents around the world (Derraik et al., 2002; Zarfl et al., 2010; Leslie et al., 

2013). Considering the high levels of MPs detected into the oceanic convergence zones (Andrady, 2011; Moore 

et al., 2001), the most of studies have been focused on marine environment. Large areas with high 

concentrations have been discovered in main oceanic gyres (figure 1.3) (Law et al., 2010; Eriksen et al., 2014; 

Cózar et al., 2015), especially close to industrial centers and metropolitan areas (Vianello et al., 2013; 
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Claessens et al., 2011) as well in enclosed or semi-enclosed seas such as the Caribbean and the Mediterranean 

Sea (de Borrero et al., 2020; Suaria et al., 2016). A study on total floating MPs in the world’s oceans estimated 

until to 35000 million tons with a size below 4.75 mm; differentiating microplastics and macroplastics 

estimated quantities are at least 5250 trillion plastic pieces weighing over 270.000 million tons and that are 

currently floating at sea (Ericksen et al., 2014). However, the data available are based on different numerical 

distribution models, and derived from the observations of just small surface areas of these high-concentration 

zones. For this reason, these numbers are likely to be an underestimation of the real extent of the plastic 

pollution due to the constant pollution of the marine environment with vast amounts of plastic debris 

(Jambeck et al., 2015) and sampling techniques that exclude small plastic fragments (Lindeque et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Plastic debris concentration in global ocean. Dark and light gray areas representing inner and outer accumulation zones, respectively , 

indicate five subtropical gyres. Source: Cózar et al., 2015. 

 

 

1.4 Defining microplastics: nomenclature  

It is unclear when the term “microplastic” was first used in relation to marine debris. It was mentioned by 

Ryan and Moloney (1990) in describing the results of surveys of South African beaches, and in cruise reports 

of the Sea Education Association in the 1990s and by Thompson et al. 2004, describing the distribution of 

plastic fragments in seawater. It has since become widely used to describe small plastic particles at first with 

a size not formally recognized (Gesamp, 2019). The size definition of MPs was defined by National Oceanic 

and Atmospheric Administration NOAA (Arthur et al., 2009) where it was suggested an upper size limit of 5 

mm in order to include a wide range of particles (including visible components of the small plastic spectrum) 

that could be ingested by biota, and to focus the microplastics discussion on possible ecological effects 
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associated with them. On the other hand, the lack of definition of a lower size limit together with the 

limitations of sampling and detection techniques, has led to a confusing use of the term “microplastic”. Varying 

from study to study, MPs have been attributed several size-range (see Table 1.1) from a diameter of <10 mm 

(Graham and Thompson, 2009), 2-6 mm (Derraik, 2002), <2 mm (Ryan et al., 2009) and <1 mm (Browne et al., 

2007; Browne et al., 2010; Galloway and Lewis, 2016). For example, Gregory and Andrady (2003), just to 

differentiate between small particles visible to human eye and those only discernible with use of microscopy, 

defined “microlitter” as the visible particles that range between 500 μm and ~60 μm, while particle larger than 

this were called “mesolitter”, a more scientifically definitions for plastic particles although not yet formally 

adopted by the international research community. Others, (Arthur et al., 2009) instead defined the 

microplastics as particles that range between 5 mm and 333 μm (recognizing 333 μm as a practical lower limit 

when plankton nets are used for sampling).  

This confusion in size-range appears problematic when in order to create a scientific standard for microplastic 

data, a comparison is not possible (Claessens et al., 2011; Costa et al., 2010). For this reason, on basis of the 

several nomenclatures used in literature, here we propose a general and clear size-range to define the 

different type of “microplastics” (figure 1.4). That issue also concerns the nano-scale plastic debris, defined as 

“nanoplastics” that constitute a very recent area of the environmental sciences. It has not yet been provided 

a clear definition in size for the term “nanoplastic”; therefore, could be correct to use the general definition 

used for nanomaterials implying that a plastic particle is said to be “nanoplastics” if its size is <100 nm (Klaine 

et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4: Size-range representation of nano- and microplastics based on the nomenclature used in literature (Refs). 
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Table 1.1: A comparison between plastics nomenclature used in several studies. 

 

Proposed definitions in 
literature 

Year Size Nomenclature 

Derraik 2002 2 - 6 mm Microplastic 

Gregory and Andrady 2003 
67-500 µm Microplastic 

>500 µm Mesoplastic 

Browne et al. 2007 

<1 mm Microplastic 

<1 µm Nanoplastic 

>5 mm Macroplastic 

Moore et al. 2008 
<5 mm Microplastic 

>5 mm Macroplastic 

Ryan et al. 2009 

<2 mm Microplastic 

2mm-2cm Mesoplastic 

>2 cm Macroplastic 

Arthur et al. 2009 <5 mm Microplastic 

Fendall&Sevell 2009 
<5 mm Microplastic 

>5 mm Macroplastic 

Costa et al. 2010 <1 mm Microplastic 

EU Commision 2011 1-100 nm Nanoplastic 

Hidalgo-Ruz et al. 2012 <5 mm Microplastic 

Claeesens et al. 2013 <1 mm Microplastic 

Desforges et al. 2014 1 µm - 5 mm Microplastic 

Kaposi et al. 2014 <1 mm Microplastic 

Hartmann et al. 2015 <1 µm Nanoplastic 

Cole et al. 2015 
<1 mm Microplastic 

<1 µm Nanoplastic 

Nobre et al. 2015 <5 mm Microplastic 

Mattsson et al. 2015 1-100 nm Nanoplastic 

Galloway and Lewis 2016 <1 mm Microplastic 

Bergami et al. 2016 
<5 mm Microplastic 

< 100 nm Nanoplastic 

Huvet et al 2016 < 100 µm Microplastic 

Brun et al. 2017 < 100 nm Nanoplastic 

Chen et al. 2017 
<5 mm Microplastic 

1-100 nm Nanoplastic 

Gambardella et al. 2017 
>5 mm Macroplastic 

1 µm - 5 mm Microplastic 

Karami et al 2017 1 µm - 1 mm Microplastic 

Manfra et al 2017 < 100 nm Nanoplastic 

Messinetti et al 2017 1 µm - 1 mm Microplastic 

Sleight et al 2017 <5 mm Microplastic 

Steer et al 2017 0.1 µm - 5 
mm 

Microplastic 

Capolupo et al 2018 <5 mm Microplastic 

Pitt et al 2018 1-100 nm Nanoplastic 

 

 

In view of the definition of nanoparticle (1–100 nm), (Commission European (2011) - Commission 

recommendation of 18 October 2011 on the definition of nanomaterial), in this thesis the term microplastics 

is used to describe plastic particles with a size between 100 nm and 1 mm. 

 

 

1.5 Sources of microplastics 

Microplastics found in the environment are a very heterogeneous group of particles differing in size, shape, 

chemical composition and specific density that originate from a variety of different sources. Depending on 

their origin, MPs can be defined as primary and secondary. That distinction is based on whether the particles 

were produced intentionally to be that size (primary) or whether they were degraded from larger plastic items 
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into smaller pieces (secondary) (Cole et al., 2011; GESAMP, 2019; Anderson et al., 2016). Primary microplastics 

include “scrubbers” products used for air-blasting technology or industrial cleaning products (Derraik, 2002), 

powders used in molding, microbeads used as exfoliants in personal care products (e.g. hand and facial 

cleaners or toothpaste (Lassen et al., 2015), plastic particles used in a wide type of industrial process and in 

medical applications as vector for drugs (Patel et al., 2009). Any of these forms of plastics, if not used in closed 

systems and disposed properly, has the potential to end up in municipal waste-water and freshwater systems 

(Doughty and Eriksen, 2014; Anderson et al., 2016) and subsequently reach marine environment. Secondary 

microplastics are small plastic fragments generated from breakdown and weathering of larger plastic materials 

present both in sea and on land (Ryan et al., 2009; Thompson et al., 2004). 

The inappropriately management of landfill sites together with natural disasters are considered the main 

routes of entry of plastic items into the marine environment (Desforges et al., 2014; Thompson et al., 2005). 

Once in the water, plastic debris undergo weathering degradation and progressive fragmentation into smaller 

particles. Over time, a combination of physical, biological and chemical process determines a reduction of 

mechanical integrity resulting in fragmentation (Browne et al., 2007). Weathering degradation is probably the 

most important process for the generation of secondary microplastics in the marine environment. Plastic 

debris exposed to solar ultraviolet (UV) radiation experience oxidation of the polymer matrix that leads to 

bond cleavage (Andrady, 2011; Barnes et al., 2009; Browne et al., 2007; Moore 2008; Rios et al., 2007). Over 

time, exposure to sunlight can result in plastic debris being discolored, weak and embrittle which, due to 

mechanical forces resulting from abrasion, wave-action, turbulence and biota activity, break into smaller 

fragments until generating MPs (Fendall and Sewell, 2009; Rios et al., 2007; Ryan et al., 2009; Cole et al., 2011). 

These reactions might further degrade the microplastic particles generated (Gregory and Andrady, 2003) and 

possibly progressing to yield plastic fragments in nano-scale (Al - Thawadi, 2020; Lambert and Wagner 2016). 

The identification of the sources of primary and secondary MPs is enables an assessment of their local 

distribution in the marine environment and to determine the better management measures to reduce their 

input. For example, primary MPs, used mainly in cosmetics and care products, can enter in the environment 

through domestic or industrial drainage systems (Derraik, 2002) and large quantity of them, pass through 

waste-water treatment plants and the filtration systems (Browne et al., 2007). In this way, the plastic debris 

that enter in the river system, with a unidirectional flow of freshwater system, are transported into the oceans 

(Browne et al., 2010). Other sources of plastics include fishing gears, polystyrene box and nylon nets and are 

the most commonly plastic debris found in marine environment (Andrady, 2011). Microplastics can also stem 

from plastic products industries and marine traffic, given an accidental loss of plastic products (granules and 

small pellets used as raw material) during the transport and/or a directly or indirectly outflow from production 

facilities can lead to the entry of them in marine ecosystem. Finally, tourism along beaches and coastal zones 

represents a critical source for plastic debris as observed in Huatulco Bay (Southern Mexico), where a higher 
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concentration of MPs was reported in relation to density and activities tourists and also effluents discharged 

from the hotels and restaurants located along the beaches (Retama et al., 2016). 

 

 

1.6 Sorption of chemical contaminants to MPs 

The high accumulation of MPs in the environments made them not only potential contaminants but also able 

to act as an extra compartment for chemicals transport and accumulation. MPs are known to interact with a 

variety of chemicals in the environment and to carry considerable amounts of them (Frias et al., 2010; Fries et 

al., 2013). These may be categorized into two principal groups. The first include plasticizers, monomers, by-

product and other additives which are incorporated into the plastic matrix during the manufacturing process 

in order to alter the physical plastic properties and give them more benefits and lifetime (Meeker et al., 2009; 

Lithner et al., 2011). The second group include substances sorbed from the surrounding seawater that may be 

categorized into organic pollutants and heavy metals. Among the organic pollutants Polycyclic Aromatic 

Hydrocarbons (PAHs), PolyChlorinated Biphenyls (PCBs), PolyBrominated DiphenylEthers (PBDEs), Persistent 

Bio-accumulative Toxic substances (PBTs), pesticides, and pharmaceuticals are generally found (Brennecke et 

al., 2016; Camacho et al., 2019; Li et al., 2018; Wang and Wang, 2018). Heavy metals, such as Cu, Pb, Hg, Cd, 

and Cr, are also found sorbed on MPs (Duan et al., 2020; Mahfooz et al., 2020; Holmes et al., 2012; Rochman 

et al., 2014a).  

The presence of organic pollutants sorbed to MPs has been reported in particles from different matrices 

including sediment, seawater and freshwater. Studies focused on determination of these contaminants sorbed 

to MPs reported very high concentration of them compared to surrounding medium. For example, PCBs, a 

series of organochlorine compounds used as cooling liquids in electrical appliances, as well pesticides (DDTs) 

were found to reach concentrations up to 159,67 ng/g and 156,01 ng/g, respectively, on MPs collected from 

beach sediments in Hong Kong (Lo et al., 2019). High concentrations (125,79 ng/g) of PBDEs, 

organobrominated compounds used as flame retardants, were found sorbed to MPs collected from seawater 

of urban Tokyo Bay areas compared to off shore areas. (Yeo et al., 2020). 

The sorption of chemical pollutants is generally related both to physical properties and to chemical properties 

of MPs. The most common polymers found in the environment are typically hydrophobic, such as PS, PE, PP 

or PET, and the organic pollutants shown a greater affinity for hydrophobic plastic surface if compared to 

seawater. Thus, given the higher surface area-volume ratio of MPs than larger plastic particles (Teuten et al., 

2007), they tend to accumulate on their surface organic and lipophilic pollutants concentrations a hundred 

times higher than those found in sediments or in seawater (Teuten et al., 2009). For example, PBTs being 

hydrophobic and having a low water solubility tend to partition out of the water column and onto another 
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environmental matrix with similar hydrophobic properties. Therefore, when PBTs are in contact plastic debris 

they tend to sorb to this material (Engler, 2012).  

Among the adsorbed toxic contaminants on MPs, heavy metals are key contaminants of inorganic nature 

(Khalid et al., 2018). The main sources of heavy metals in environmental MPs include (1) the production of 

plastic, during which heavy metals and their compounds are added to polymers to improve properties and 

performance of polymers (Mao et al., 2020; Cao et al., 2021); and 2) the surrounding environment (Ashton et 

al., 2010; Holmes et al., 2014). In natural environments, MPs have been confirmed to have a high affinity to 

heavy metals in aqueous phase (Ashton et al., 2010; Rios et al., 2007; Brennecke et al., 2016). Although, the 

knowledges about mechanism of metal adsorption on plastics are limited, accumulation of metals on marine 

plastic debris, may be explained by both the chemical components of the plastic (e.g. catalysts, fillers, 

plasticizers) and the degradation and fouling of aquatic plastic debris via microbial biofilms and colonization 

by algae or invertebrates that may generate active sites for the sorption and/or bioaccumulation of metals 

(Holmes et al. 2012; Tien and Chen 2013). For example, MPs sampled in the Celtis sea, the North Sea, and the 

English Channel showed a higher concentrations of Sb, Hg and Cr than surrounding environments. Significant 

high adsorption capacity for Cu and Zn was observed by PVC fragments and PS beads, even though some 

studies have found differences in the accumulation of metals between plastic types (Brennecke et al., 2016; 

Rochman et al., 2014a; Gao et al., 2019). 

The chemicals added in the production process are relatively stable and are retained physically within plastic 

polymer. Thus, they have a low tendency to migrate outside of plastic polymer. However, as plastic break into 

smaller sizes of fragment or pieces via physical abrasion, chemical oxidation or biodegradation (Hurley et al., 

2018; Song et al., 2017), there is potential for the constant migration of chemicals along a concentration 

gradient to the surface of MPs (Browne et al., 2013; Cao et al., 2021). In addition, the production of several 

plastic types is carried out polymerizing individual monomers that form the backbone of the polymer 

(Galloway, 2015). This type of process is rarely completed. Thus, unpolymerized residual monomers can 

migrate off the synthetic matrix plastic to other contact media because of low molecular weight (Lithner et 

al., 2011). The instability of these compounds, within plastic products facilitates their leaching and the high 

prevalence in aquatic environments (Vom Saal and Myers, 2008). This release can occur at all lifecycle stages 

and depends on how a specific chemical interacts with polymer matrix (Lambert et al., 2014) as for example 

low molecular weight additives weakly fixed in the polymer matrix and that will tend to migrate easily. The 

hazard potential of leachable chemicals will depend on different factors including concentration in the parent 

plastic, degree of plastic degradation and crystallinity of polymer chains structure. Based on ecotoxicological 

risk assessment, defined as a product of the intrinsic hazards of a substance combined with an estimate of its 

environmental exposure, risks associated with plastics not only come from the material itself but also from 

sorbed pollutants (Wang et al., 2016). The chemical pollutants sorbed from the surrounding environment are 
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not chemically bound to the surface of the microplastics. Therefore, they are known to leach from the plastic 

resulting in the release of potentially harmful chemicals for biota (Guart et al., 2011; Koelmans et al., 2014; 

Thevenon et al., 2014). Ingestion of plastics with sorbed pollutants has been previously suggested as a possible 

exposure pathway for pollutants to organisms (Fry et al., 1987; Ryan et al., 1988). Some studies suggested the 

transfer of plastic-derived chemicals from ingested plastics to the tissues of marine-based organisms (Tanaka 

et al., 2013). For example, greater concentrations of PCBs and PBDEs was found in fish fed with the marine 

plastic than those fed with the virgin plastic (Rochman et al., 2013a) therefore indicating that plastic debris 

can be a vector of sorbed pollutants to aquatic organisms. Further studies focused on bioavailability of sorbed 

pollutants showed an elevated bioavailability of pyrene after MPs ingestion in mussels (Avio et al., 2015). 

Similarly, heavy metals have been found easily desorbed from the MPs (Wang et al., 2019; Zhou et al., 2019), 

determining several potential ecological risks to organisms. 

 

 

1.7 Mechanisms of sorption 

Owing their ability to sorb chemical contaminants, MPs can accumulate pollutants from the surrounding 

environment, increasing their concentration by even several orders of magnitude. This phenomenon is related 

to one or many sorption mechanisms occurring between the sorbent (plastic polymer) and sorbate (chemical 

contaminant) (i.e., hydrophobic interactions, electrostatic interactions, Van der Waals forces, hydrogen 

bonds, and π- π interactions) (Yu et al., 2019).  

1) Hydrophobic and electrostatic interactions are the predominant mechanisms for the sorption of many 

chemical contaminants (Liao and Yang, 2019; Guo et al., 2018; Llorca et al., 2018; Wu et al., 2019). 

Hydrophobic interactions relate to the attraction between two non-polar molecules. Due to the hydrophobic 

nature of most environmental MPs (PS, PE, PP), this type of interactions is considered as one of the main 

mechanisms governing the sorption of hydrophobic organic pollutants to the non-polar MP surface (Hüffer & 

Hofmann, 2016; Tourinho et al., 2019).  

2) Electrostatic interactions represent the main adsorption mechanisms for heavy metal ions (Liao and Yang, 

2019) and relate to the attraction between oppositely charged molecules or the repulsion by molecules with 

the same charge (Tourinho et al., 2019). The pH of medium is reported to influence these type of attractions 

and specifically the surface electric potential (zeta potential) of plastic material (Xu et al., 2018). When the MP 

zeta potential, which describes the surface electric potential,  is lower than the pH of the medium, their 

surfaces become negatively charged and more easily attract positively charged chemicals (Liu et al., 2018; Guo 

et al., 2018). In addition, the polarity of the plastic surface can be altered by its physical and chemical 

properties as well as by the presence of charged contaminants or additives (Holmes et al., 2012). 
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3) Hydrogen bonds are weak interactions involving proton donor and acceptor groups (Torres et al., 2021). 

This mechanism is not predominant, but for some polymer types may significantly enhance their chemical 

sorption capacity. For example, polar polymers such as PA was found to have a greater sorption capacity for 

organic compounds (i.e antibiotics and 17ß-Estradiol). Being the presence of hydrophilic groups associated 

with a lower hydrophobicity, the sorption of the organic chemicals by hydrophobic interactions is reduced. 

Thus, sorption mechanism is associated to amide group in PA that forms hydrogen bonds with the hydrogen-

donor chemicals present (Liu et al., 2019; Li et al., 2018). 

4) Finally, other interactions that play a minor role on determining chemical sorption on MPs are Van der 

Waals forces and π- π interactions. Van der Waals forces are weak interactions occurring between molecules 

not involving covalent or ionic bonding, while π- π interactions mediate aromatic polymers associations 

(Müller et al., 2018; Hüffer et al., 2018). For instance, aromatic polymers such as PS showed a higher sorption 

of PCBs compared to other polymers as result of π- π and hydrophobic interactions that took place 

simultaneously (Velzeboer et al., 2014). 

 

 

1.8 Factors influencing chemical contaminants sorption 

Physical and chemical properties of microplastics, medium and contaminants 

The interaction mechanisms between MPs and chemical contaminants are dependent on the physical and 

chemical properties of the MPs, contaminants and medium where the sorption occurs (figure 1.5) (Torres et 

al., 2021; Fred-Ahmadu et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The physical and chemical properties influencing chemical contaminants sorption to MPs. 
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MPs properties 

Polymer type: among MPs properties, the polymer type play a key role in determining the different factors 

(i.e, crystallinity, polarity, and functional groups) affecting the sorption of chemical contaminants to MPs. The 

type of material in fact determines the interactions occurring on the MP surface (as discussed above), and 

sorption capacity can vary by several orders of magnitude among materials (Teuten et al., 2007; Brennecke et 

al., 2016; Velzeboer et al., 2014; Hüffer & Hofmann, 2016). However, the type of MP material should not be 

the only characteristic to be taken into account, as other characteristics have been found to interfere with the 

sorption process.  

Crystallinity: a major characteristic affecting sorption is the degree of crystallinity of the polymers. Based on 

alignment of molecular chains, plastic polymers can be more or less, crystalline. Crystalline domains consist of 

an ordinated and regularly aligned polymer chains structure, while domains characterized by not specific 

alignment constitute amorphous parts (Torres et al., 2021). The degree of crystallinity can influences physical 

properties such as density and permeability, which in turn drives their hydration and swelling behavior 

(Lambert et al., 2017). A higher degree of crystallinity indicates that the polymeric chain is more ordered and 

therefore a high energy is necessary for sorption of chemicals; while more disordered chains result in a greater 

proportion of amorphous regions and consequently, in a more easy chemical sorption (Tourinho et al., 2019).  

Size and shape: other factors that are significantly related with the sorption process include size and shape. 

Generally, particles with a higher area/volume ratio, such as small particles or their irregular shape, are 

expected to have a higher sorption capacity than bigger ones (Wang et al., 2018; Liu et al., 2018; Tourinho et 

al., 2019). For instance, decreasing PP polymer size from 5 to 0.18 mm increases PCB concentration on its 

surface area, as it becomes larger with decreasing particle size (Zhan et al., 2016). Similarly, a larger specific 

plastic surface area resulted in a higher sorption capacity of pyrene compared with plastic having a lesser area 

and same mass (Wang & Wang, 2018a). However, the influence of MP area in certain cases can be negligible 

due to other characteristics influencing sorption process. For instance, Xu et al., 2018 reported a higher 

sorption capacity of tetracycline for PS than PE, even though PE had a higher surface area and smaller size 

(150 µm) compared with PS (280 µm). In this case, the higher sorption observed was attribute to polar and π- 

π interactions between tetracycline and PS. 

Functional groups and polarity: additionally, the specific functional groups present on MPs play a pivotal role 

in determining the type and the number of sorption mechanisms described previously as well as in identifying 

polarity of plastic polymer itself. Overall, when MPs are in a virgin state, they mainly have hydrophobic 

surfaces and interact with organic pollutants because they possess high, specific surface areas and 

hydrophobicity. However, once in the environment, MPs undergo weathering process that may modifies their 

surface functional groups and, consequently, their sorption features as well MPs morphological properties 
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and their either physical (surface area, particle shape, particle size, and density) or chemical (leaching of 

additives, adsorption of pollutants) properties (Murphy, 2018; Zhao et al., 2020). The several environmental 

stressors can determine changes in crystallinity of the polymer particles, which become less crystalline and 

more amorphous (Endo et al., 2005; Yu et al., 2020). On the surface of plastic polymers new functional groups 

as ketones, esters, carboxylates, and hydroxyl groups may be generated decreasing their hydrophobicity and 

molecular weight and making them brittle and irregularly shaped (Alimi et al., 2018; Celina et al., 2013). 

Notably, the shift of sorption plastic surface from hydrophobic to hydrophilic leads to a creation of a dynamic 

system for contaminants bioavailability. Although on the one hand weathering conditions reduce the potential 

retention of chemicals (Mato et al., 2001), on the other hand due to separation of the chains and 

fragmentation in smaller particles, with higher flexibility and lower molecular weight, chemical sorption can 

increase (Jahnke et al., 2017; Arienzo et al., 2021). Some studies reported that fragmented MPs, as result of a 

mechanical and chemical degradation, increase on their specific surface area, which influences the sorption 

capacity of chemical pollutants (Torres et al., 2021; Wang et al., 2019; Li et al., 2019). Moreover, these changes 

in plastic surface chemistry make it more accessible for several organisms including diatoms, hydroids, 

filamentous algae and organic residues which provide an additional sorbent surface area. Thus, this fouling 

material (i.e biofilm) allows concentrations of chemical contaminants to increase over time (Zettler et al., 

2013; Oberbeckmann et al., 2015). 

 

Medium properties 

pH: pH is among the most significant factors influencing the sorption process. The sorption of tylosin to MPs, 

for example, is mediated by electrostatic interactions between positive charges of tylosin and negative charges 

on the polymers that lead to increase in sorption up to pH 7.1 (Guo et al., 2018). However, when the pH 

exceeds that value, a decrease in tylosin sorption occurs due to decrease of its cation species and to prevail of 

hydrophobic forces on electrostatic interactions. For metals, the pH influence is metal-dependent (Holmes et 

al., 2014; Turner & Holmes, 2015). Some studies showed that the adsorption of Cd was weak at acidic pH but 

increased with increasing pH values (Wang et al., 2019). Indeed, when the pH is > 7, the negatively charged 

surface of MPs favored adsorption toward Cd with positive charges. However, when the pH is acidic, the 

decrease in adsorption can be due to the electrostatic repulsion between the positively charged surface and 

the cationic Cd ions. Whilst, for other metal species such as Cr, sorption decreased with increasing pH, 

suggesting that Cr speciation produced negative forms like HCrO4- and CrO2
4- (Holmes et al., 2014; Turner & 

Holmes, 2015). 

Salinity: the contribute of salinity of the surrounding aquatic medium varies depending on the chemical 

contaminants and the sorption behaviors of them. High salinity levels generally alter the aqueous solubility of 

organic pollutants enhancing their addition to solid phases and leading to their greater sorption capacities (i.e 
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PAH and PCB) onto MPs (Turner, 2003; Alimi et al., 2018). However, for other organic contaminants such as 

BDE-47 salinity seem not influence sorption capacity (Wu et al., 2020). Moreover, a contrasting trend concerns 

the adsorption of heavy metals by MPs. For example, the sorption of Cd, Co, and Ni by PE was found to decline 

significantly with salinity increasing (Holmes et al., 2014). 

 

Chemical and physical properties of sorbates 

Hydrophobicity, ionic property, and functional groups: the chemical and physical properties of sorbates are 

also equally important in affecting its sorption on MPs (Zhan et al., 2016; Velzeboer et al., 2014). These 

properties are mainly hydrophobicity, ionic property, and functional groups (Mei et al., 2020; Wang et al., 

2020). For organic compounds hydrophobicity and molecular weight play a key role on sorption process. Given 

their high hydrophobic and lipophilic nature, they can interact with several non-polar surfaces, such as MPs, 

and suspended organic material and sediments (Rodrigues et al., 2019). The interaction is driven by their 

octanol-water partition coefficient (Kow) (O’Connor et al., 2016) and diffusive mass molecular diffusion 

(Hartmann et al., 2017). Notably, there is a positive and significant correlation between the distribution 

coefficient (lipophilicity) and octanol-water partition coefficient of different sorbates (hydrophobicity) (Hüffer 

and Hofmann, 2016; Torres et al 2021). Therefore, due to these features, plastics can accumulate POPs up to 

two-fold when compared to natural sediments and soil, and up to six-fold the levels in seawaters (Wright et 

al., 2013; Arienzo et al., 2021). For metals, their sorption can be driven by the formation of free cation species 

able to react with negatively charged region of MPs surface or by generation of organo- metallic complexes in 

the medium that can interact with the neutral areas of MP surfaces due to hydrophobic interactions (Holmes 

et al., 2014). 

 

Weathering factors 

Plastic debris in the environment undergo weathering processes, which lead to a gradual degradation of the 

plastic material. Through weathering, MPs become able to bind various organic and inorganic contaminants, 

which form an “ecocorona” on plastic surfaces, change their density and surface charge and consequently, 

their ways to interact with the surrounding environment (Galloway et al., 2017). Marine plastic material can 

undergo to different types of degradation process: biological, thermal, mechanical, and hydrolysis (Browne et 

al., 2007; Andrady, 2011; Singh and Sharma, 2008). Several synthetic polymers can absorb solar UV radiation 

and undergo photolytic, photo-oxidative, and thermo- oxidative reactions that result in a degradation and 

modification of polymer features (Gugumus, 1993; Andrady, 1993). For common polymers present in marine 

environment such as LDPE, HDPE, PP, and nylon, degradation start with UV-B photo-oxidation followed by 

thermo-oxidation (Andrady, 2011). These fragments can undergo further degradation (e.g., biological) where 
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carbon in the matrix is converted to carbon dioxide and incorporated into biomass, until complete 

mineralization which time required is estimated to be on the order of hundreds to thousands of years 

(Andrady, 1993 and 1998; Eubeler et al., 2009; Barnes et al., 2009). UV degradation is an efficient process in 

relation to plastics exposed in air or beached. However, when the same plastic items are floating in seawater, 

degradation is severely delayed due to the deficiency of the solar UV radiation and the low temperature that 

lead to a rate of degradation in the marine environment slower than in the terrestrial environment (Barnes 

and Milner, 2005; Ryan et al., 2009; Anderson, 2016). 

The effects of weathering of plastics on the sorption of contaminants are not clearly known, but several studies 

have highlighted that photo and oxidative degradation processes affect the plastic surface by creating new 

functional groups through reactions with -OH radicals, O, N oxides, and other photo-generated radicals 

(Chandra and Rustgi, 1998). Photo-oxidation leads to cascade chemical reactions (developing cross-linking, 

chain scissions, oxygen-containing groups) that, ultimately, cause cracks on plastic surface opening up new 

surfaces for further degradation processes to occur (Lambert et al., 2013 and 2016). This process on one side 

increase surface area and consequently enhance plastic adsorption capacity but, on the other hand, an 

increasing polarity by the reaction with oxygen could decrease affinity for hydrophobic compounds (Endo et 

al., 2005). Thus, the weathering makes polymers capable of interacting with organic chemicals in the one hand, 

and increases or decreases their retention on the other hand (Arienzo et al., 2021). Some studies retain that 

the main effect weathering-induced is related to increased crystallinity that lead to decreased chemicals 

sorption (Lee et al., 2014). Others reported that polymer fragmentation and crack lead to creation of new 

surface available to sorption (Rodrigues et al., 2019). To date, the debate on whether weathering process 

enhances or decreases chemical contaminants sorption to MPs is still open. 

Finally, environmental conditions play a very important rule also for metals adsorption, as observed in relation 

to a higher adsorption capacity for beached plastic pellets in comparison to the virgin counterpart (Holmes et 

al., 2012; Turner and Holmes, 2015). This condition would seem to be due to an increase polarity determined 

by weathering process and a biofilm development that leads to metals accumulation (Tien and Chen, 2013). 

 

 

1.9 The effects of microplastics in the marine environment: a special insight on contaminant 

bioaccessibility and bioavailability  

The potential toxicity of microplastics to marine organisms appears to be attributable to different pathways: 

microplastics ingestion as they may physically and mechanically affect organism; leakage of additives from 

plastics; action as vectors for hydrophobic pollutants (Andrady, 2011; Cole et al., 2011; Ross and Morales-

Caselles, 2015) or as substrate for organisms. Considering their small size and occurrence in both pelagic and 

benthic ecosystems, a wide range of marine organisms (Betts, 2008; Thompson et al., 2009) potentially ingests 
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MPs. Many of these organisms are unable to discriminate between MPs and food particles (Blarer et al., 2016; 

Iannilli et al., 2019). Specifically, the lower trophic level organisms, such as zooplankton and invertebrates, are 

particularly vulnerable to ingesting MPs since many of them are indiscriminate feeders and unable to 

distinguish plastic particles from food (Moore, 2008). The potential for microplastics to cause harm in marine 

organisms is likely to be governed by the susceptibility of species to ingest and/or interact with them. The 

degree of impacts seems to be related to the size, shape and number of the ingested particles besides foraging 

strategies and diet (Solomon, 2016) as suggested by studies in which different individuals with different 

feeding techniques were selectively ingesting plastic particles (Graham and Thompson, 2009).  

The presence of various chemical contaminants on MP surfaces represents an additional risk for biota. Indeed, 

once ingested, plastic particles can induce toxicity damage from chemicals leaching in addition to mechanical 

effects such as obstructions, blockages or clogging that hinder the transit of food towards the intestinal tract 

(Prichard et al., 2016; Tourinho et al., 2010). Several studies have raised the possibility that MPs represent a 

vector for transferring chemicals to aquatic organisms (Koelmans et al., 2016; Ziccardi et. al, 2016; Khan et al., 

2021). In the environment, only a portion of the total quantity of chemical present is potentially available for 

uptake by organisms. This concept is referred to as the biological availability (or bioavailability) of a chemical 

that, desorbing from MPs, becomes immediately available to cause harm to a living organism, after passing 

through the organism’s membrane (Casarett and Doull’s, 2001; Umeh et al., 2020). While, bioaccessibility 

describes the fraction of the chemical that desorbs from its matrix (e.g., soil, dust, wood) and is available for 

absorption and bioaccumulation in the tissue of an organism (Paustenbach et al., 1997). Thus, if MPs are 

ingested, the contaminants associated with them can desorb from MPs (bioaccessible fraction), and then can 

penetrate in cells chemically interacting with biological macromolecules (bioavailable fraction). The transfer 

of these chemicals to animal tissue increase their hazardous potential, since many plastic additives and 

persistent waterborne chemicals are capable of activating several signal transduction pathways in target 

tissues and altering metabolic and reproductive endpoints (Galloway et al., 2015; Koelmans et al., 2016; 

Rochman, 2015). Biota can sorb chemical contaminants transported by MPs by several pathways such as via 

the skin, gills, gut (Endo et al., 2005). For instance, chemical transfer can already occur by simple attachment 

of contaminated microplastics on epithelia of zebrafish where harmful effects of toxic substances on early life 

stages are been observed (Batel et al., 2018). Alternatively, a transfer of contaminants to biota MP-mediated 

can occur by indirect contact with desorbed contaminants in aqueous phase (Hartmann et al., 2017; Sleight et 

al., 2017; Batel et al., 2018). Moreover, contaminants on environmental MPs are seldom present as a single 

chemical but rather a complex mixture of pollutants. In most cases, the simultaneous exposure to several 

chemicals may results in variable levels of toxicity due to neutralizing, additive or synergistic effects (Ragusa 

et al., 2017; Wah Chu et al., 2002). To date, there are few studies assessing the adverse effects ascribable to 

the complex mixture of pollutants associated with microplastics reported liver toxicity, glycogen depletion, 
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tumor predisposition and endocrine disruption in fish (Rochman et al., 2013c). However, the questions on 

whether components of the mixture influence the uptake of other components have not been 

comprehensively addressed. 

Contaminants bioaccessibility and bioavailability by MPs are critical concepts to predict the adverse effects 

associated to MPs in the environment. Studies focused on the bioaccessibility of sorbed contaminants on MPs 

reported a higher bioaccumulation of fluoranthene in mussels exposed to PS-fluoranthene than in organisms 

exposed to the pollutant alone (Paul-Pont et al., 2016). On the other hand, other studies shown that organic 

contaminants, such as phenanthrene and fluoranthene, are able to impact marine organisms if they are 

present in aqueous phase rather sorbed to MPs (Sørensen et al., 2020). Therefore, bioaccessibility and 

bioavailability of contaminants sorbed to MPs is likely to relate to the physicochemical properties of MPs and 

contaminants associated to them (Bakir et al., 2012). Biomarkers are often used to evaluate bioavailability of 

contaminants associated with MPs as well as to assess biochemical, molecular, physiological, and 

morphological changes (Varò et al., 2019). Changes in expression of specific biomarker genes have been used 

to investigate bioavailability of phenanthrene and 17α-ethinylestradiol associated with MPs (Sleight et al., 

2017) and metals associated to engineered nanomaterials (Henry et al., 2013).  

The toxicological impacts on biota concerning MP-associated contaminants reveal quite numerous and 

concern oxidative stress via free radical production (Pittura et al., 2018), alteration of immunological 

responses (Tang et al., 2018), modification of gene expression profiles, reproductive toxicity, developmental 

neurotoxicity, modification endocrine activities in fish and mammals (Rochman et al., 2014b; Brandts et al., 

2018).  

 

 

1.10 Sorption of pollutants on microplastic-associated biofilm 

In the last years, interest into evaluate the formation, composition and likely effects of microplastic-associated 

microbial biofilms was increased. MPs can offer a substrate for microbiota, the so-called “plastisphere”, for 

attachment and settlement (Zettler et al., 2013). Plastisphere microorganisms have been suggested to play 

several roles in determining MPs and their associated contaminants bioaccessibility. Notably, the presence of 

biofilm changes the properties of microplastics surface (e.g., size, density, and surface roughness), which may 

influence the fate of microplastics as well as the sorption capacity of pollutants on microplastics (Chubarenko 

et al., 2016; Tu et al., 2020; Wang et al., 2020). This dynamic mixture influences density and surface charge of 

MPs, changing their ability to interact with surrounding environment (Monopoli et al., 2012; Tenzer et al., 

2013). For example, it has been demonstrated that a thick ecocorona reduces substantially the amount of UV 

light (∼90%) reaching plastic particles (O’Brine and Thompson 2010) and also reduces plastic hydrophobicity. 
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That reduction lead to an increase of particles sinking velocity influencing their accessibility for marine 

organisms that live in other levels of the water column (Li and Yuan, 2002). 

Some studies reported that MP-associated biofilm increases the affinity to pollutants than virgin ones (Guan 

et al., 2020). Therefore, biofilm on MPs surface can affect the transport of chemicals between plastics and 

water due to its sorptive properties and its ability to metabolize associated chemicals (Rummel et al., 2017). 

Several studies have investigated the sorption behaviors of metal ions and organic pollutants on microplastics 

but the question of whether sorption process is influenced by MP-associated biofilm represents the focus of 

recent studies. The few researches focused on sorption of metal ions on MPs with biofilm indicate that biofilm 

can enhance the sorption capacity of metal ions. 

Electrostatic interaction, ion exchange, surface complexion, and precipitation could mediate sorption of 

metals on MPs (Guan et al., 2020; Wang et al., 2020). On the other hand, the studies on the sorption of organic 

pollutants, such as antibiotics, hydrophobic organic contaminants HOCs, polycyclic aromatic hydrocarbons 

(PAHs), and polychlorinated biphenyls (PCBs) onto MP-associated biofilm reported contrasting results 

(Magadini et al., 2020; Jin et al., 2020). Thus, more evidence is needed to illustrate the influence of biofilm on 

the sorption capacity of organic pollutants onto microplastics. 

In addition to the role of MP-associated biofilm to act as vector of pollutants to aquatic environments and to 

organisms, the presence of biofilm influences the transport and deposition of bacteria (Bozorg et al., 2015). 

Indeed, likewise contaminated microplastics in marine environment, may be transported over long distances 

and may determine the transfer of contaminants between ecosystems (Zarfl and Matthies, 2010). Also 

microbial communities associated with microplastics, consisting of diatoms, coccolithophores, bryozoans, 

barnacles, dinoflagellates, invertebrate eggs, cyanobacteria, fungi and bacteria can be transported (Zettler et 

al., 2013; Reisser et al., 2014; De Tender et al., 2015; Eich et al., 2015; Quero and Luna, 2017). Several studies 

have verified that microorganisms in biofilms can be transferred to the environment (He et al., 2020; Hall-

Stoodley et al., 2004). Since it has been reported that biofilm on microplastics contains pathogens, such as 

Pseudomonas monteilii, Pseudomonas mendocina, Pseudomonas syringae, Vibrio spp, and Acinetobacter 

(Zettler e al., 2013; Kirstein et al., 2016) a role as additional vector for the dispersal of pathogens could be 

hypothesized. However, the investigation on the transfer of microorganisms from microplastics to water is 

still limited. 

 

 

1.11 The ecological aspect: potential effects on ecosystems 

The lack of knowledge of how impact on individual organisms might lead to population and ecosystem harms 

has hampered a reclassification as waste hazardous for microplastics (Rochman et al., 2013b). Most studies 

have been focused on harmful effects of microplastics at cellular and individual level leaving out the effects 
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related to higher levels of biological organizations (Galloway et al., 2017). Actually, there is an indication that 

MPs may not only affect species at the individual level but these harmful effects could be translated on 

population structure with potential impacts on ecosystem dynamics (Wright et al., 2013). For example, 

adverse effects on the photosynthesis capacity of primary producers or on the growth rate of secondary 

producers, could potentially result in a lower productivity of the whole ecosystem (GESAMP, 2019). Although 

the ecological impacts caused by micro- and nanoplastics in the marine environment are not clearly 

understood, responses evaluation at lower levels of biological organization can provide new and useful 

insights onto relationships between stressors and their effects at ecological level (Browne et al., 2015). One 

of the most important challenges of ecotoxicology is to understand the impact of a pollutant across all levels 

of biological organization. To develop an effective risk assessment for microplastics, was developed  the 

adverse outcome pathway (AOP) consisting in a series of measurable key events linked to another event by 

specific relationships (Ankley et al., 2010). Biochemical or molecular changes at subcellular levels may 

represent an initiating event of the interaction between a chemical with a biological macromolecule; as 

consequence, this interaction triggers new key events which may result in adverse outcome (AO) at the 

individual or population level (Allen et al., 2016; Villeneuve et al., 2014; Ankley et al., 2010; AOP, OECD, 2016). 

In this succession of events finding the link between ecological and subcellular levels in relation to a specific 

contaminant, is very hard. Individual behavioral changes represent one the main early warning signs to 

evaluate effects at ecosystem level since for many animals a behavior change is the first response to 

environment conditions changes (Weis et al., 2014; Wong et al., 2015). For example, ingested plastic 

substantially reduce the physiological condition of individuals, but is not likely to cause population-threatening 

shifts in population sizes (Marn et al., 2020). Indeed, the effect concentrations at population level can be lower 

than effect concentrations at individual level, although effect concentrations at population level remain higher 

than ambient microplastic concentrations (Everaert et al., 2022). Therefore, before performing a correct 

assessment of possible environmental risks caused by microplastics, several data gaps need to be filled in 

environmental risk assessment procedures have to be adapted.  

 

 

1.12 Pilot study: sorption of metals and BDE-47 to PS 

The present experiment represents a short preliminary study carried out to evaluate the sorption, over the 

time, of different metals and BDE-47 on a pristine model MP (PS microbeads, 6 µm) purchased from 

Polyscience (Warrington, PA, USA). Specifically, this study was designed to select the most suitable 

contaminants for the evaluation of the impacts of weathered MPs on their bioavailability in Paracentrotus 

lividus and Danio rerio. The sorption behaviors of different metal ions (Cd, Pb, Zn and Cu) and organic 

contaminant (BDE-47) were investigated evaluating the concentration of each contaminants sorbed on PS-
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MPs. Using filtered and autoclaved sea water, PS contamination was carried out following the experimental 

protocol used by Avio et al., 2015. Briefly, the sorption of metals to MPs was assessed  by mixing solutions of 

MPs (1 mg L-1 in seawater) with each metal ions dosed at final concentration of 500 µg L-1. The high metal 

concentration was selected in order to facilitate the analysis related to determination of fraction associated 

with microplastic. The mixing solutions were maintained in continuously rotating 50 mL glass bottles and 

samples were collected after 14 days for metals determination. Each metal test solution containing MPs was 

filtered on Whatman filter (pore size 0,45 µm) and filtration solution collected. Then, filters were digested in 

microwave with 5 mL 67% HNO3 , 1 mL H2O2 and 4 mL distilled water. The concentrations of Cd, Pb, Zn and Cu 

in the digestion and filtration solutions were determined by inductively coupled plasma-mass spectrometry 

(ICP-MS). The same exposure protocol of MPs to contaminant have been used for BDE-47 (10 µg L-1), although 

for the organic compound a different extraction protocol was followed (Rochman et al., 2013a). Then, BDE-47 

concentration was measured by gas chromatography–mass spectrometry (GC-MS). Quality assurance and 

quality control were tested by processing blank samples and blank filter membrane sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.6: Percentages of trace metals Cd, Zn, Cu, Pb (500 µg L-1) sorbed to MPs (1 mg L-1) after 14 days of exposure. SW=seawater; MP= PS 

microparticles (6 µm).  

 

MP+Pb
37.6%

SW+Pb
62.4%

MP+Zn
13.6%

SW+Zn
86.4%

MP+Cu

97.9%

SW+Cu

2.1%

MP+Cd 
0,2%

SW+Cd 

99,8%



 

 24 

 
The results showed that different heavy metals have different adsorption characteristics and for selected MPs 

the order of sorption was Cu > Pb> Zn> Cd (figure 1.6). Thus, PS showed a sorption capacity for different heavy 

metals (2,1% for Cu, 37,6% for Pb, 13,6% for Zn, and 0,2% for Cd). That sorption may be mediated by 

electrostatic interactions occurring between negative charge on PS surface and metal ions positive charge. 

However, the different metal ions sorption may be related to the physicochemical properties of the different 

metal ions themselves (Li et al., 2019; Mao et al., 2020). 

For BDE-47, an evaluation of its binding kinetics to MPs at different exposure times (over 14 days) was carried 

out. The results showed that BDE-47 sorption process was quick initially and almost completed in the first 2 

days (figure 1.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Long term exposure test. BDE-47concentration in SW and sorbed to MPs after 14 days of exposure. BDE-47 concentration used for 

experiment (10 µg L-1); MPs concentration (1 mg L-1). SW=seawater; MP= PS microparticles (6 µm).  

 

 

Thereafter, as the contact time increased, a plateau value (~0,2 µg/mg) was reached which remained 

unchanged after 11 days. Thus, since from batch experiments sorption of BDE-47 occurred rapidly in 48 hours 

after which reaching equilibrium, a short time exposure (48 h) was carried out (figure 1.8). The short time 

exposure results confirmed the adsorption capacity of MPs for BDE-47. Notably, the sorption of BDE-47 

occurred rapidly in 2 hours and reached equilibrium within 6 hours. 
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Figure 1.8: Short-term exposure test. BDE-47concentration a) sorbed to MPs and b) in SW after 48 h of exposure. BDE-47 concentration used for 
experiment (10 µg L-1); MPs concentration (1 mg L-1). SW=seawater; MP= PS microparticles (6 µm). BDE-47 concentration expressed as µg L-1. T0=time 
0; T1=2h; T2=4h; T3=6h; T4=24h; T5=30h; T6=48h. 

 

 

These results show that the adsorption capacity of microplastics increases with an increase in aging and the 

particle size of microplastics has an effect on its adsorption capacity (Ma et al., 2019). Although the influence 

of aging on the adsorption of pollutants by microplastics has been reported, a systematic study is needed on 

the influence of microplastics in different aging stages on pollutants and the influencing characteristics of 

different kinds of pollutants.  

Overall, these preliminary results showed the sorption capacity of MPs for the inorganic and organic chemicals 

tested. In the present study, to evaluate the influence of weathered microplastics on bioavailability of 

pollutants to model organisms, Cd, Cu and BDE-47 have been selected. The opposite sorption pattern showed 

by Cd and Cu prompted us to investigate on how aging process and biofoulant attachment on plastic surface 

may influence the sorption mechanism and bioaccessibility of these toxic metals. Cu and Cd represent the 

most common contaminants recorded in polluted areas (Baltas et al., 2017; Martínez-Soto et al., 2016). Thus, 

co-occurrence of these metals in combination with MPs is highly probable. The low sorption capacity of Cd to 

pristine MPs observed in preliminary tests highlights that Cd may have high bioaccessibility and consequent 

on bioavailability for animals present in aqueous phase, compared to other metals showing a higher sorption 

by MPs (i.e. Cu). Since after entering the environment, plastics polymers undergo aging process and biofoulant 

attachment that change their physicochemical properties, the interaction with pollutants by MPs in the 

environment will be more complex (Mao et al., 2020; Guo et al., 2018). Thus, knowing the sorption 

characteristics of Cd as well as of Cu by MPs and analyzing their environmental behavior when alterations of 

plastic surface occur, are important factors clarifying the impact of MPs on the sorption of pollutants as well 
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on their bioavailability and toxicity for animals. In addition, since MPs were shown to sorb PBDEs, in the 

present study congener BDE-47 was selected as hydrophobic organic pollutant to examine the influence of 

weathered microplastics on its bioavailability. BDE-47 is one of the most abundant PBDE congeners detected 

in animal and human tissues showing a widespread accumulation and a high concentration in the aquatic 

environments (Ge et al., 2018; Shao et al., 2018). 

 

 

1.13 Thesis Objectives  

To summarize, the identification of the interactions between MPs and co-contaminants as well as the 

characterization of mechanisms influencing these interactions represents a key factor for a proper MPs risk 

assessment. After entering the environment, plastics can go through changes in their physico-chemistry due 

to several factors (i.e., aging process, residence time and biofilm) which influence sorption capacities of 

chemical contaminants alter their bioaccessibility. There is a need to investigate the sorption behavior of 

several contaminants and to assess the multiple interactions of two or more contaminants simultaneously 

under realistic scenarios. Indeed, although the scientific research regarding the fate and effects of MPs on 

marine biota is growing, the knowledge gaps related to the complex mixture of contaminants associated on 

MPs surface and the effects associated to uptake are open. The evaluation of sorbed chemical contaminants 

bioavailability represents a highly relevant and sensitive tool to investigate the potential role of MPs in the 

incorporation of different type of environmental contaminants and provides important new information 

towards understanding sorption phenomena. Finally, it is important to note that a contaminant is not 

necessarily harmful, since contamination refers simply to the presence of a substance where it should not be, 

while pollutant is always a harmful substance. In this thesis, the terms are used as synonymous since the 

organic substances used are pollutants as well as contaminants, while the heavy metals as Cu, although 

normally present in biotic system being used at high concentrations were considered pollutants. 

The present thesis aimed to assess the impacts of weathered microplastics on the bioaccesibility and 

bioavailability of pollutants to Paracentrotus lividus and Danio rerio through  molecular and ecotoxicological 

approaches. In particular, the influence of artificially aging and MPs biofilm-associated on sorption of different 

types of contaminants in Early Life Stages (ELSs) of model invertebrate and vertebrate organisms was 

evaluated. Specifically, the thesis objectives were: 

1. Evaluation of the impacts of biofilm on MP-sorbed co-contaminants bioavailability. Two different 

model compounds, Cadmium and benzo[a]pyrene, were selected to assess the effect of the presence 

of biofilm on sorption/desorption of them to High-Density PolyEthylene (HDPE-MPs) in aqueous 

phase. Differences in sorption of these contaminants to MPs in the presence or absence of an 
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associated biofilm were assessed using changes in expression of specific biomarker genes (mt2 and 

cyp1a) in early-life stages zebrafish (Danio rerio). The experiments on sorption of Cd and B[a]P on MPs 

(HDPE) through an ecotoxicological approach in addition to a metagenomic characterization of 

microorganisms constituting biofilm on MPs is presented in Chapter 2. 

 

2. Investigation of the effects of polymer artificially aging on the sorption of different pollutants to 

Mediterranean sea urchin embryos (Paracentrotus lividus). The sorption of two different metal ions 

(Cd and Cu) and BDE-47 was assessed to analyze the effect of plastic artificial aging (via UV radiation) 

on their bioavailability to Paracentrotus lividus embryos. In addition, two plastic polymer, polyamide 

6.6 (PA66) and PS, different in type as well as in size were considered. A chemical approach was used 

to investigate changes in polymer surface (i.e. particle size, hydrophobicity and polarity) occurred after 

MPs photoexposure. Changes in expression profile of target genes in embryos P. lividus exposed to 

aged MPs alone or in mixture with different chemical contaminants were analyzed using a molecular 

approach. Thus, co-contaminants bioavailability was assessed by analysis of mRNA levels of members 

of P. lividus Gene Regulatory Networks (GRN) involved in stress response (Mt4, hsp60, hsp70), 

skeletogenesis (sm50, p16, msp130) and endo-mesodermal specification (foxa, hox11/13b). The 

transcriptional profiles emerged sea urchin embryos at 24 hpf (hours post fertlization)exposed to 

artificially aged MPs and MP-sorbed co-contaminants is presented in Chapter 3. Additionally, changes 

in co- contaminants sorption arise from artificially aging process are also described. 
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Hüffer, T., Weniger, A.-K., Hofmann, T., 2018. Sorption of organic compounds by aged polystyrene microplastic 

particles. Environ. Pollut. 236, 218-225. https://doi.org/10.1016/j.envpol.2018.01.022  

 

Hurley, R., Woodward, J., Rothwell, J.J., 2018. Microplastic contamination of river beds significantly reduced 

by catchment-wide flooding. Nat. Geosci. 11 (4), 251-257. https://doi.org/10.1038/s41561-018-0080-1  

 

Huvet, A., Paul-Pont, I., Fabioux, C., Lambert, C., Suquet, M., Thomas, Y. et al., 2016. Reply to Lenz et al.: 

Quantifying the smallest microplastics is the challenge for a comprehensive view of their environmental 

impacts. Proc. Natl. Acad. Sci. U. S. A., 113, Article E4123 https://doi.org/10.1073/pnas.1607221113  

 

Iannilli, V., Pasquali, V., Setini, A., Corami, F., 2019. First evidence of microplastics in- gestion in benthic 

amphipods from Svalbard. Environ. Res. 179, 108811. https://doi.org/10.1016/j.envres.2019.108811   

 

Jahnke, A., Arp, H.P.H., Escher, B.I., Gewert, B., Gorokhova, E., Kühnel, D., Ogonowski, M., Potthoff, A., 

Rummel, C., Schmitt-Jansen, M., Toorman, E., MacLeod, M., 2017. Reducing uncertainty and confronting 

ignorance about the possible impacts of weathering plastic in the marine environment. Environ. Sci. Technol. 

Lett. 4, 85e90. https://doi.org/10.1021/acs.estlett.7b00008  

 

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R., Law, K.L., 2015. Plastic 

waste inputs from land into the ocean. Science (80-. ) 347, 768–771. 

https://doi.org/10.1126/science.1260352.  

 

Jin, M., Yu, X., Yao, Z., Tao, P., Li, G., Yu, X., Zhao, J., Peng, J., 2020. How biofilms affect the uptake and fate of 

hydrophobic organic compounds (HOCs) in microplastic: Insights from an In situ study of Xiangshan Bay, China. 

Water Res., 184, 116118. https://doi.org/10.1016/j.watres.2020.116118  

 

Kaposi, K., Mos, B., Kelaher, B.P., Dworjanyn, S.A., 2014. Ingestion of microplastic has limited impact on a 

marine larva. Environ. Sci. Technol. 48, 1638–1645. https://doi.org/10.1021/es404295e  

https://doi.org/10.1016/j.marchem.2014.06.001
http://doi.org/10.1016/j.envpol.2016.04.018
https://doi.org/10.1016/j.envpol.2018.01.022
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1073/pnas.1607221113
https://doi.org/10.1016/j.envres.2019.108811
https://doi.org/10.1021/acs.estlett.7b00008
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.watres.2020.116118
https://doi.org/10.1021/es404295e


 

 38 

 

Karami, A., Groman, D.B., Wilson, S.P., Ismail, P., Neela, V.K., 2017. Biomarker Responses in Zebrafish (Danio 

Rerio) Larvae Exposed to Pristine Low-Density Polyethylene Fragments. Environmental Pollution, 223:466-475. 

http://doi.org/10.1016/j.envpol.2017.01.047  

 

Khalid, N., Hussain, M., Young, H.S., Boyce, B., Aqeel, M., Noman, A., 2018. Effects of road 

proximity on heavy metal concentrations in soils and common roadside plants in 

Southern California. Environ. Sci. Pollut. Res. 25, 35257–35265. https://doi.org/10.1007/s11356-018-3218-1  

 

Khan F.R., Patsiou D., Catarino A.I., 2021. Pollutants Bioavailability and Toxicological Risk from Microplastics. 

In: Rocha-Santos T., Costa M., Mouneyrac C. (eds) Handbook of Microplastics in the Environment. Springer, 

Cham. https://doi.org/10.1007/978-3-030-10618-8_19-1  

 

Kirstein, I.V., Kirmizi, S., Wichels, A. et al., 2016. Dangerous hitchhikers? Evidence for potentially pathogenic 

Vibrio spp. on microplastic particles. Mar Environ Res 120:1–8. 

http://doi.org/10.1016/j.marenvres.2016.07.004  

 

Klaine, S. J., Koelmans, A. A., Horne, N., Handy, R. D., Kapustka, L., Nowack, B., et al., 2012. Paradigms to assess 

the environmental impact of manufactured nanomaterials. Environmental Toxicology and Chemistry, 31, 3–

14. http://doi.org/10.1002/etc.733  

 

Koelmans, A. A., Besseling, E., Foekema, E. M., 2014. Leaching of plastic additives to marine organisms. 

Environmental Pollution, 187, 49–54. http://doi.org/10.1016/j.envpol.2013.12.013  

 

Koelmans, A.A., Bakir, A., Burton, G.A., Janssen, C.R., 2016. Microplastic as a vector for chemicals in the aquatic 

environment: Critical review and model-supported reinterpretation of empirical studies. Environ. Sci. 

Technol., 50, 3315–3326. https://doi.org/10.1021/acs.est.5b06069  

 

Lambert, S., Wagner, M., 2016. Characterisation of nanoplastics during the degradation of polystyrene. 

Chemosphere 145, 265–268. https://doi.org/10.1016/j.chemosphere.2015.11.078  

 

Lambert, S., Sinclair, C.J., Bradley, E.L., Boxall, A.B.A., 2013. Environmental fate of processed natural rubber 

latex. Environ Sci Process Imp 15(7):1359–1368. https://doi.org/10.1039/C3EM00192J  

 

http://doi.org/10.1016/j.envpol.2017.01.047
https://doi.org/10.1007/s11356-018-3218-1
https://doi.org/10.1007/978-3-030-10618-8_19-1
http://doi.org/10.1016/j.marenvres.2016.07.004
http://doi.org/10.1002/etc.733
http://doi.org/10.1016/j.envpol.2013.12.013
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1016/j.chemosphere.2015.11.078
https://doi.org/10.1039/C3EM00192J


 

 39 

Lambert, S., Sinclair, C.J., Boxall, A.B.A., 2014. Occurrence, degradation and effects of polymer-based materials 

in the environment. Rev Environ Contam Toxicol 227:1–53. https://doi.org/10.1007/978-3-319-01327-5_1  

 

Lambert, S., Scherer, C., Wagner, M., 2017. Ecotoxicity testing of microplastics: Considering the heterogeneity 

of physicochemical properties. Integr Environ Assess Manag. May;13(3):470-475. 

https://doi.org/10.1002/ieam.1901  

 

Lassen, C., Hansen, S.F., Magnusson, K., Norén, F., Hartmann, N.B., Jensen, P.R., Nielsen, T.G., Brinch, A., 2015. 

Microplastics: occurrence, effects and sources of releases to the environment in Denmark, Danish 

Environmental Protection Agency. http://mst.dk/service/publikationer/publikationsarkiv/2015/nov/rapport-

om-mikroplast  

 

Law, K.L., Morét-Ferguson, S., Maximenko, N.A., Proskurowski, G., Peacock, E.E., Hafner, J., Reddy, C.M., 2010. 

Plastic accumulation in the North Atlantic subtropical gyre. Science 329(5996): 1185–1188. 

http://doi.org/10.1126/science.1192321  

 

Lee, H., Shim, W. J., Kwon, J. H., 2014. Sorption capacity of plastic debris for hydrophobic organic chemicals. 

Sci. Total Environ., 470, 1545–1552. https://doi.org/10.1016/j.scitotenv.2013.08.023  

 

Leslie, H. A., Van Velzen, M. J. M., & Vethaak, A. D., 2013. Microplastic survey of the Dutch environment—

Novel data set of microplastics in North Sea sediments, treated wastewater effluents and marine biota. IVM 

Institute for Environmental Studies Final Report R-13/11, Free University, Amsterdam. 

https://science.vu.nl/en/Images/IVM_report_Microplastic_in_sediment_STP_Biota_2013_tcm296-

409860.pdf  

 

Li, X.Y., Yuan, Y., 2002. Collision frequencies of microbial aggregates with small particles by differential 

sedimentation. Environ Sci Technol., Feb 1;36(3):387-93. http://doi.org/10.1021/es010681d  

 

Li, J., Zhang, K., Zhang, H., 2018. Adsorption of antibiotics on microplastics. Environ. Pollut. 237, 460–467. 

https://doi.org/10.1016/j.envpol.2018.02.050  

 

Li, X., Mei, Q., Chen, L., Zhang, H., Dong, B., Dai, X., He, C., Zhou, J., 2019. Enhancement in adsorption potential 

of microplastics in sewage sludge for metal pollutants after the wastewater treatment process. Water Res. 

157, 228–237. https://doi.org/10.1016/j.watres.2019.03.069  

https://doi.org/10.1007/978-3-319-01327-5_1
https://doi.org/10.1002/ieam.1901
http://mst.dk/service/publikationer/publikationsarkiv/2015/nov/rapport-om-mikroplast
http://mst.dk/service/publikationer/publikationsarkiv/2015/nov/rapport-om-mikroplast
http://doi.org/10.1126/science.1192321
https://doi.org/10.1016/j.scitotenv.2013.08.023
https://science.vu.nl/en/Images/IVM_report_Microplastic_in_sediment_STP_Biota_2013_tcm296-409860.pdf
https://science.vu.nl/en/Images/IVM_report_Microplastic_in_sediment_STP_Biota_2013_tcm296-409860.pdf
http://doi.org/10.1021/es010681d
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.watres.2019.03.069


 

 40 

 

Liao, Y.L., Yang, J.Y., 2019. Microplastic serves as a potential vector for Cr in an in-vitro human digestive model. 

Sci. Total Environ. 703, 134805. https://doi.org/10.1016/j.scitotenv.2019.134805  

 

Lindeque, P.K., Cole, M., Coppock, R.L., Lewis, C.N., Miller, R.Z., Watts, A.J.R., Wilson-McNeal, A., Wright, S.L., 

Galloway, T.S., 2020. Are we underestimating microplastic abundance in the marine environment? A 

comparison of microplastic capture with nets of different mesh-size. Environ. Pollut., 265 (114721). 

http://doi.org/10.1016/j.envpol.2020.114721  

 

Lithner, D., Larsson, A., & Dave, G., 2011. Environmental and health hazard ranking and assessment of plastic 

polymers based on chemical composition. Science of the Total Environment, 409, 3309–3324. 

https://doi.org/10.1016/j.scitotenv.2011.04.038  

 

Liu, X., Zheng, M., Wang, L., Ke, R., Lou, Y., Zhang, X., Dong, X., Zhang, Y., 2018. Sorption behaviors of tris-(2,3-

dibromopropyl) isocyanurate and hexabromocyclododecanes on polypropylene microplastics. Mar. Pollut. 

Bull. 135, 581–586. https://doi.org/10.1016/j.marpolbul.2018.07.061  

 

Liu, X., Xu, J., Zhao, Y., Shi, H., Huang, C.H., 2019. Hydrophobic sorption behaviors of 17Β- estradiol on 

environmental microplastics. Chemosphere 226, 726–735. 

https://doi.org/10.1016/j.chemosphere.2019.03.162  
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Chapter 2: Evaluation of Microplastic-associated Biofilm on bioavailability of Cadmium and 
Benzo[a]pyrene through analysis of biomarker gene expression in larval zebrafish 
 

2.1 Abstract 

The accumulation of Microplastics (MP) in the environment is continuous and persistent, posing a concern for 

potential adverse effects on biota. Since environmental MPs can carry considerable amounts of diverse 

substances (co-contaminants), the combined exposure to MPs and other contaminants represents one of the 

most important aspects. The presence of a biofilm on MPs surface can potentially change co-contaminant 

bioavailability to organisms. The aim of this study was to investigate if the presence of a biofilm on the surface 

of MPs (High Density Polyethylene, HDPE) altered the sorption of benzo [a] pyrene (B[a]P) and its 

bioavailability to zebrafish (Danio rerio) larvae (ZF). Since in environmental conditions, organisms are exposed 

to multiple stressors and toxic chemical mixtures, a mixture of B[a]P with Cadmium (Cd) was also investigated. 

The bioavailability of B[a]P and Cd were assessed by measuring fold changes in the expression of biomarker 

gene transcripts for these toxicants (cyp1a and mt2, respectively) in larval zebrafish. The bioavailability of 

B[a]P and Cd was reduced by more than 50% when there was biofilm on MPs surface, although a stronger 

association of B[a]P compared to Cd emerged. A significant reduction and induction of cyp1a and mt2 

transcripts (p<0.001), respectively, were found in zebrafish larvae exposed to the mixture of co-contaminants 

with MPs, also when there was a biofilm on their surface. These data indicated that additional interactions 

and active sites between MPs and B[a]P were provided by biofilm on MPs surface, reducing its bioavailability. 

A competition mechanism promoting B[a]P sorption and reducing availability of sorption sites for Cd 

interactions occurred when mixture of contaminants in presence of a MP-associated biofilm was tested. 

Therefore, when plastic materials were exposed to mixture of Cd and B[a]P, the interactions between them 

resulted in pattern of bioavailability not overlapping to those arose by single contaminant. Data also indicated 

that biofilm microbial structure included hydrocarbon-degrading bacteria able to metabolize hydrophobic 

chemicals and to use them as alternative carbon and energy sources supporting the metabolic biosynthesis 

pathways. Therefore, a potential microbial role by biofilm into influence benzo[a]pyrene bioavailability to 

zebrafish larvae was suggested. 

 

 

2.2 Introduction 

Microplastics contamination has gained the public concern, and in some instances have even considered them 

as a potential “planetary boundary threat” (Galloway and Lewis, 2016; Jahnke et al., 2017). In the aquatic 

environment, MPs are ubiquitously present in seas and rivers (Horton et al., 2017; Eriksen et al., 2017) offering 

several and constant routes of exposure for aquatic biota, and potentially to humans via ingestion (Boyle et 

al., 2020; Senathirajah et al., 2021). It has been documented that MPs contamination reaches remote locations 
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(i.e. Polar Regions) (Peeken et al., 2018; Kesy et al., 2019), in addition to their distribution in beaches, 

shorelines, lakes (Imhof et al., 2013) and ocean gyres (Browne et al., 2011). Considering that the projections 

related to the accumulation of plastic debris in the aquatic environment by 2050 are on the order of trillions 

particles (Eriksen et al., 2014) there is an urgent research need to better understand the adverse effects of MP 

exposure at all trophic levels. This prevision are due to the increasing use of single-use plastic products, 

uncontrolled disposal of waste and recycling practices, and that the estimates of human consumption of 

plastic exceeding 10,000 particles for year (Catarino et al., 2018).  

Several studies have demonstrated that MPs induce negative of effects on marine organisms (Wright et al., 

2013; Wagner et al., 2014; Eerkes-Medrano et al., 2015). The main negative effects induced by MPs are stress 

of ingestion derived from physical blockage, leaching of additives from plastic particles, and exposure to co-

contaminants associated with MPs (Wright et al., 2013; Anderson et al., 2016; Hermabessiere et al., 2017; 

Sleight et al., 2017). Although in the last years the scientific community have investigated effects of MPs (Paul-

Pont et al., 2018; Cole et al., 2011), the potential toxic effects linked to transport hazardous co-contaminants 

sorbed on their surface remain poorly understood. Due to their chemical properties, MPs can adsorb 

persistent organic pollutants (POPs), such as polycyclic aromatic hydrocarbons (PAHs), either during the 

manufacturing process or from the environment contributing to MPs hazard effects (Gallo et al., 2018).  

Laboratory-based assessments have indicated that plastic-mediated transfer of POPs to the organisms can 

take place, and that the mechanisms on how MPs interact with substances affects their bioaccessibility by 

organisms and consequent bioaccumulation and bioavailability (Trevisan et al., 2019). For example, the co-

exposure of nanoplastics (50 nm) and Bisphenol A (BPA) enhances BPA accumulation in zebrafish tissues after 

3 days of exposure if compared with BPA alone treatment (Chen et al., 2017). In a simulated natural food chain 

from Artemia nauplii to zebrafish, a transfer of MPs spiked with Benzo[a]pyrene (B[a]P) was observed in 

addition to an induction of cyp1a transcription (Batel et al., 2016). A cyp1a induction was also detected upon 

exposure to MPs spiked with oxybenzene (BP3) or B[a]P (Cormier et al., 2019). Other authors reported a higher 

bioaccumulation of fluoranthene after depuration in mussels exposed to PS-fluoranthene than in organisms 

exposed to the pollutant alone (Paul-Pont et al., 2016). 

Microplastics can physically or chemically interact with metals and influence their uptake, bioaccumulation, 

and bioavailability to zebrafish (Lu et al., 2018; Zhang et al., 2020; Holmes et al., 2012). For instance, Khan et 

al., 2015 demonstrated that adult zebrafish exposed to silver (Ag) incubated PE-MPs significantly reduced 

metal uptake, influenced its  localization in zebrafish tissues as well as its toxicity. Lu et al., 2018 found that 

combined exposure of Cd and MP enhanced the toxicity of Cd as well as induced oxidative damage and 

inflammation in adult zebrafish tissues.  

Although it has been demonstrated that co-exposure of MPs with co-contaminants enhances the toxicity when 

compared to individual contaminant exposure (Qiao et al., 2019; Alessio et al., 2018; Avio et al., 2015); some 
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studies reported a reduction in bioavailability and toxicity when MPs are mixed with co-contaminants (Sleight 

et al., 2017; Herzke et al., 2016). For this reason, since the retention of toxicants on MPs represents a key 

factor to predict their environmental risks, more data is required on the bioavailability of sorbed co-

contaminants to organisms, especially in relation to interactive effects derivable from complex mixtures 

between toxicants (de Zwart and Posthuma, 2005).  

In addition to this complex process, several studies have demonstrated that the surface of MPs acts as an 

anthropogenic substrate for phylogenetically and functionally distinct communities of microorganisms called 

“biofilm” or “epiplastic community” (Reisser et al., 2014; Zettler et al., 2013). Epiplastic microbiota appears to 

play a key role in the fate and ecological impacts of plastic pollution and in the last years microbiologists are 

investigating these communities present on MPs surfaces. For instance, Zettler et al., 2013 using a molecular 

approach based on next-generation sequencing, shown an exclusive and complex plastics-associated 

community (i.e. diatoms, ciliates and bacteria) collected from offshore zones of North Atlantic. Although 

research directed to such study is still limited, knowledge about community structure and function may 

elucidate the impact of plastic pollution on different environments (Carpenter, 1972; Goldstein et al., 2012; 

Zettler et al., 2013). This organic layer can act as a reservoir for pollutants, affecting the adsorption of 

chemicals for organisms ingesting MPs with unpredictable effects on the co-contaminants ecotoxicity 

(Rummel et al., 2017; Flemming et al., 1995). Due to the biofilm  sorption characteristics and ability to degrade 

organic chemicals (Writer et al., 2011; Wen et al., 2015), the presence of biofilm on microplastic surfaces can 

influence plastic-mediated transfer of pollutants to organisms. Although several studies have suggested that 

a contaminant transfer in organism can occur (Chua et al., 2014; Rochman et al., 2014; Browne et al. 2013; 

Gaylor et al., 2012), it is still unclear how biofilms interact with plastic-associated chemicals and consequently 

their bioavailability for organisms ingesting MPs (Rummel et al., 2017). 

The goal of this study is to assess: 

1) the bioavailability of two model contaminants [Benzo[a]pyrene (B[a]P) and Cadmium (Cd), in single 

substance solutions and in combination] in early-life stage (ELS) of zebrafish (Danio rerio);  

2) the potential of biofilms to modify fluxes of these contaminants plastic-associated and consequently their 

bioavailability in zebrafish larvae (ZF);  

3) the structure and function microbial community forming biofilm on plastic surfaces used for exposure tests. 

 

To have an indication on the bioavailability of MPs co-contaminants, defined as a measure by which a chemical 

penetrates cells and chemically reacts with biologically important molecules (Semple et al., 2004), a well-

characterized organism-response is required. For instance, changes in expression of specific biomarkers have 

been used in several studies to assess bioavailability of pollutants or xenobiotics (Souza et al., 2013; Henry et 
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al., 2013; Oliveira et al., 2013), but also associated with MPs, as observed in few studies measuring 

phenanthrene (Phe) and 17 α-ethynylestradiol (EE2) bioavailability in zebrafish larvae after co-exposure with 

MPs (Sleight et al., 2017; Chen et al., 2017). In this study, the bioavailability of B[a]P and Cd were assessed by 

measuring the expression of related biomarker genes such as Cytochrome P450 1A (cyp1a) and 

Metallothionein 2 (mt2), respectively.  

Zebrafish, selected as exposure model, has been widely used in toxicological studies of MPs. Boyle et al. (2020) 

found that MPs exposure release additive that become bioavailable in zebrafish through analysis of biomarker 

gene expression. Batel et al., (2018) showed that MPs could transfer pollutants via ingestion, attachment to 

epithelia or via the water column to zebrafish based on enzymatic biomarker analysis. Early life stages - 

embryos, larvae, neonates, juveniles - (ELS) of aquatic species display a higher vulnerability and sensitivity to 

external challenges and chemical pollutants than adult fishes (Beiras et al., 2018). Therefore, in this study, not 

free-feeding zebrafish larvae (72 hours post fertilization, hpf) were employed to assess bioavailability of MP-

sorbed co-contaminants, focusing attention on potential role of MPs as a vector for contaminants rather than 

on physical aspect of them. 

 

 

2.3 Materials and Methods 
 

2.3.1 Experimental fish 

Brood stock zebrafish (Wild type line – WIK) were maintained in an aquarium facility at Heriot-Watt University, 

Edinburgh, UK and fish welfare regulations were followed for all experimental procedures. Adult fish were 

kept in recirculating tank systems with a 12:12 light/ dark photoperiod and temperature between 27 and 29 

°C. The water used in all experiments and for culturing stock fish (also used in the aquarium water) was 

prepared following OECD guidelines (Test 201; Organization for Economic Co-operation and Development 

2011) adding to reverse osmosis purified water reagent grade salts. The final concentrations of salts in the 

water were: 0.294 mg L-1 CaCl2 · 2H2O, 0.123 mg L-1 MgSO4, 7H2O, 0.0647 mg L-1  NaHCO3, 0.0057 mg L-1 KCl 

and the water was at pH 8.0. Water quality was routinely monitored (e.g. for total ammonia, nitrate and 

nitrite) and part-refreshed on a twice weekly basis or more frequently if required. Fish were fed newly hatched 

brine shrimp Artemia spp. and a commercial zebrafish diet (ZM Fish Food, ZM Systems, Winchester, UK), daily. 

To obtain larvae for experiments, pairs of zebrafish (one male and one female) were separated from stock 

tanks and gently transferred to 1 L breeding tanks (Mbk Installations Ltd, Nottingham, UK) fitted with a 

partition to separate the fish, overnight. The following morning, the water in the breeding tanks was refreshed, 

the partitions were removed, and fish proceeded to spawn. Approximately 60 min later, the adult fish were 

transferred back to stock tanks and all embryos from multiple spawning pairs were pooled and distributed 

between Petri dishes at a density of approximately 50 embryos per dish. Zebrafish were left to develop until 
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72 hour post-fertilization (hpf) and hatched larvae were then used in experiments. The duration of fish 

exposure was 24 h and all larvae were 96 hpf when they were sacrificed at the end of the experiments. At this 

stage of development of zebrafish larvae were not able free feeding (aged < 120 hpf), so they have been used 

without any specific permissions, using only the number necessary for robust statistical analysis. 

 

 

2.3.2 Microplastics model and preparation of stock solutions 

This work was carried out using High-Density Polyethylene (HDPE) microparticles that were sieved to a size 

range of 250 – 125 µm. HDPE was selected in this study both because is one of the most commonly found 

polymers in the marine environment (Ajith, N. et al., 2020) and because it has a high sorption capacity for 

hydrophobic organic chemicals (Lee et al., 2014; Ziccardi et al., 2016). The HDPE concentration was set at 500 

mg L-1 for all experiments according to previous MP co-contaminants sorption studies (Bakir et al., 2012; 

Sleight et al., 2017; Boyle et al., 2020). Stock solutions of Benzo[a]pyrene (B[a]P, Sigma-Aldrich, DE) and 

Cadmium Chloride (CdCl2, Sigma-Aldrich, DE) were prepared before addition to fish water to achieve the target 

nominal concentrations. The B[a]P stock solution was prepared in dimethyl sulfoxide (DMSO, ≥ 99.5%, Sigma-

Aldrich), while Cd stock solution was prepared in ultrapure water (Milli-Q, Merck Millipore, UK) at 50 and a 10 

mg L-1 concentrations, respectively. The final concentrations of DMSO in testing solutions did not exceeded 

0.01% (v/v) (Kais et al., 2013). The concentration of B[a]P (5 µg L-1) was selected on basis of previous data that 

suggested a 10-fold increase in expression of cyp1a at this concentration after 24 h exposure of zebrafish 

larvae at 72 hpf. The Cd concentration (0.24 mg L-1) was chosen according to previous studies testing acute 

molecular response to Cd. 

 

 

2.3.3 Experimental design 

Sorption of B[a]P and Cd on HDPE microplastics (indicated as HDPE-MPs) was assessed by a bioavailability 

assessment. The experiment carried out in the present study investigated the activity of well-known 

biomarkers [Cytochrome P450 1A (cyp1a), metallothionein (mt2)] for the evaluation of B[a]P and Cd 

bioavailability, respectively, in larval zebrafish with and without biofilm formation on HDPE-MPs(figure 2.1). 

Each experiment (both B[a]P alone and in mix with Cd) included three replicate beakers (the experimental 

replicates, n=3 treatment-1) with 20 larvae in each replicate. A negative control (no HDPE-MPs, media) and a 

negative control treatment (media and vehicle (DMSO) solution) were included in the analysis.  
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Figure 2.1 Experimental design and timeline of the present study featuring the experimental steps to assess the bioavailability of B[a]P and B[a]P and 

Cd mixture from HDPE-MPs to zebrafish larvae with and without (+/-, respectively) the presence of a biofilm. Time “day 0” indicates the start of biofilm 

formation which for 6 days. B[a]P and Cd have been equilibrated with HDPE-MPs for 24 h, and finally, zebrafish larvae (ZF at 72 hpf) have been exposed 

for 24 h to HDPE-MPs. In total the experimental steps took 8 days, at the end of which zebrafish samples were collected. 

 

 

2.3.4 Biofilm formation 

For biofilm formation (figure 2.2), 20 mg of HDPE-MPs were weighted and added directly into each (n = 11) 

clear 20 mL borosilicate vials with screw top containing water (20 mL). The water used for this step, was 

collected from the water reservoir of zebrafish recirculating system. Prior collection, bioballs (the substrate of 

the biofilter of the water system) in the box were agitated using an acid washed beaker. Water was collected 

and filtered two times through two filter with different size (125 µm and 100 µm) to avoid larger detritus and 

then pipetted into each of the experimental vial. To protect the biofilm forming treatments from light and 

prevent algal growth, vials were covered with aluminum foil and then incubated at 27 - 29 °C for 6 days. After 

incubation with media, HDPE-MPs were collected by filtration (100 µm Celltric® filters) and transferred into 

new vials containing 20 mL of filtered ZF media. Of the vials (n = 11) used in the biofilm formation step, n = 3 

vials have been used as control HDPE-MPs with biofilm for the following test exposures and n = 2 vials have 

been used for metagenomic analysis to evaluate the taxonomic composition of the biofilm attached on HDPE-

MPs (HDPE-MPs + BF). Finally, remaining vials (n = 6) have been pre-incubated with co-contaminants. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Biofilm formation phases: (a) Box from which water has been collect to form biofilm; (b) Vials on the roller  covered with aluminum foil in 

incubation for 6 days 
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2.3.5 Co-contaminants pre-incubation 

B[a]P and Cd have been pre-incubated with HDPE-MPs for 24 h before exposure to zebrafish. Pre-incubation 

concerned three treatment groups including: 1) HDPE-MPs without biofilm (HDPE-MPs), 2) HDPE-MPs with 

biofilm (HDPE-MPs + BF, figure 2.3) and 3) positive controls B[a]P, Cd and mixture of them (without HDPE-

MPs). The adsorption of contaminants on MPs was obtained weighing 20 mg of HDPE-MPs into each (n = 6 for 

each treatment group – B[a]P and Cd alone and mixture of them) clear borosilicate vials with screw top and 

adding 20 mL of filtered zebrafish media. For the HDPE-MPs treatment groups (HDPE-MPs + B[a]P and HDPE-

MPs + Cd), 4 μl of B[a]P and 960 μl of Cd stock solutions (50 mg L-1 of B[a]P in DMSO, ≥ 99.5%, Sigma-Aldrich; 

10 mg L-1 of Cd) have been solved  to reach 10 µg L-1 and 0.48 mg L-1, respectively. After pre-incubation (24 h), 

the concentration has been diluted by half, adding filtered zebrafish media and bringing the volume to 40 mL. 

The same pre-equilibration procedure has been applied to Cadmium and mixture treatments, including 

positive controls and HDPE-MPs + BF. All treatments were placed in a roller system for 24 h and then used for 

the exposure experiments. Finally, after 24 h incubation, from 3 (n) vials (for each treatment group), aqueous 

and MPs phases were collected chemical and trace metal analysis. 

 

 

 

 

 

 

 

Fig. 2.3 Schematic representation of biofilm and co-contaminants: Cadmium and Benzo[a]pyrene lining HDPE-MPs. 

 

 

2.3.6 Zebrafish exposure 

For each experiment involving B[a]P, Cd and mixture B[a]P/Cd test, pre-incubation solutions (20 mL) were 

poured into pre-acid washed (5% HNO3) 50 mL glass beakers. After bringing the volume to 40 mL with filtered 

zebrafish media, zebrafish larvae at 72 hpf were gently collected from Petri dishes with a transfer pipette and 

added to the preincubation and control solutions (Table 2.1). Each beaker (n = 3 treatment-1) contained 20 

larvae. After 24 h of exposure, larvae from each beaker were pooled, placed in a microcentrifuge tube, the 

exposure media removed with a pipette tip and finally the tubes containing larvae were immediately stored 

at -80°C until RNA extraction. During all exposure tests, no developmental toxicity associated with HDPE-MPs 

and co-contaminants, and no mortality were observed.  

 

HDPE - MPs Biofilm Biofilm and co-contaminants 
on HDPE - MPs 

Co-contaminants  
(Cd and B[a]P) 
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Exposure group Contaminant 
concentration 

Treatment type 

Fish media  Not Pre-incubation 

DMSO 0.01% (v/v) Not Pre-incubation 

HDPE 500 mg L-1 Not Pre-incubation 

HDPE+BF  Biofilm formation 

Cd 0.24 mg L-1 Pre-incubation 

B[a]P 5 μg L-1 Pre-incubation 

Cd+B[a]P 0.24 mg L-1+5 μg L-1 Pre-incubation 

HDPE+Cd 500 mg L-1+ 0.24 mg L-1 Pre-incubation 

HDPE+B[a]P 500 mg L-1+ 5 μg L-1 Pre-incubation 

HDPE+Cd+B[a]P 500 mg L-1+0.24 mg L-1+ 5 μg L-1 Pre-incubation 

HDPE+BF+Cd 500 mg L-1+ 0.24 mg L-1 Biofilm formation + Pre-incubation 

HDPE+BF+B[a]P 500 mg L-1+ 5 μg L-1 Biofilm formation + Pre-incubation 

HDPE+BF+Cd+B[a]P 500 mg L-1+0.24 mg L-1+ 5 μg L-1 Biofilm formation + Pre-incubation 

 
Table 2.1: Exposure groups used in this study. Details of concentrations used in single and mixture exposures 

 

 

2.3.7 Gene expression analysis 

Expression of genes that are biomarkers of the bioavailability of organic xenobiotics, Cytochrome p450 1 a 

(cyp1a) and metals, Metallothionein 2 (mt2), were evaluated in zebrafish larvae from two experiments carried 

out (with B[a]P and mixture of B[a]P/Cd). After sample homogenization with a motor-driven hand 

homogenizer, total RNA was extracted (RNeasy Mini Plus Kit, Qiagen, UK) from pooled zebrafish larvae (20 

larvae in each sample). A treatment with DNase (15 min, Qiagen, UK) was used to eliminate any genomic DNA 

contamination, and 30 µL of RNase/DNase-free water was added for elution of RNA. The concentration and 

quality of RNA were evaluated spectrophotometrically through NanoDrop (ND-1000, Thermo Fisher Scientific, 

UK). Each sample was diluted to 100 ng µL-1 total RNA and cDNA was synthesized using 2 μg RNA in 10 μL 

reactions according to the manufacturer’s instructions (Precision nanoScript 2 Reverse Transcriptional Kit, 

Primer Design, UK). Primers for amplification of zebrafish transcripts of cytochrome P450 1a (cyp1a), 

metallothionein 2 (mt2) and ß-actin (Table 2.2) had been previously described according to Sleight et al., 2017; 

Henry et al., 2009; Henry et al., 2013. Quantitative Polymerase Chain Reaction (qPCR) was carried out in 20 µL 

of total volume for each real-time PCR reaction. cDNA was diluted with nuclease free water (1:25) and mixed 

with SYBR Green qPCR mastermix (PrecisionPLUS qPCR MasterMix Primer Design, UK) and 300 nM gene 

specific primers. Fluorescence was detected over 40 cycles using a PCR machine (StepOne Real-Time PCR 

System, Applied Biosystems, Warrington, UK) with the following conditions: 2 min of initial enzyme activation 

at 95°C followed by 40 cycles of denaturation at 95°C for 15 s and primer-specific annealing at 60°C for 1 min. 

All samples reactions were repeated in triplicate with appropriate no-template controls included in each run 

and with dissociation analysis performed within the qPCR run to verify the specificity of the primer pair use. 
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Table 2.2: Gene specific primers for cytochrome P450 1a (cyp1a), metallothionein 2 (mt2) and ß-actin reference gene used in early life-stage zebrafish. 

Reference sequence numbers from NCBI and amplicon length in base pair (bp). 

 

 

The efficiency (between 90 - 110%) of the reaction was checked through an evaluation of the slope of the 

standard curve prepared for each gene transcript for which 10-fold serial dilutions of cDNA were tested. 

Relative quantification of mRNA transcripts was calculated by comparative CT method that takes into account 

of normalization of the change in expression of the gene of interest to that an internal housekeeping gene. 

Since no differences in expression of ß-actin was observed between treatment and control, including vehicle 

(DMSO) control, this gene transcript was therefore considered appropriate as an internal reference for all 

experiments. Data analysis was performed in normalized values to expression of control treatment groups 

namely subtracting the CT value of cyp1a or mt2 from that of ß-actin in the same sample (ΔCT). The ΔΔCT value 

was obtained from subtracting the mean ΔCT of control groups and ΔCT of each sample in all treatment groups. 

The gene expression fold change was calculated using the 2−∆∆CT method [Livak et al., 2001]. 

 

 

2.3.8 Metagenomic analysis 

DNA from microplastic particles was extracted with the Powersoil DNA Isolation kit (Mo Bio Laboratories, Inc., 

Carlsbad, CA, United States) according to the manufacturer’s recommendations. To prepare the samples for 

metagenome sequencing library, the total nucleic acid extractions from two biofilm samples was quantified 

using a Qubit HS (high sensitivity) dsDNA kit. The library preparation was achieved using the Swift Biosciences 

Accel-NGS 2S Plus DNA Kit, as per the manufacturer’s instructions. Using a Covaris S220 ultrasonicator, 

fragments were sheared to ~ 450 bp, prior to adding barcodes using the Swift Biosciences 2S dual indexing kit. 

The subsequent libraries were checked for fragment length using a Bioanalyser DNA 7500 chip and 

quantification was performed using a picrogreen fluorescence assay. Libraries were then standardized to 4 

nM as verified by qPCR (Kapa Biosystems Library Quantification kit, Applied Biosciences). An equimolar pool 

of all samples was generated and sequenced on Illumina HiSeq 2500 rapid runs (10-11 pM: V2 rapid 

sequencing chemistry), yielding reads of 251 bp paired-end sequences. 

Gene Accession # Primer Nucleotide sequence (5’ – 3’) Amplicon (bp) 

cyp1a NM_131879.2 
Forward AGGACAACATCAGAGACATCACCG 

174 
Reverse GATAGACAACCGCCCAGGACAGAG 

mt2  NM_001131053.2  
Forward TGTTCTCAATCTTGTCTGTTTAATG 

108 
Reverse CATCTCGTGATAGTCTTATTTGC 

ß-actin NM_131031.1 
Forward ACA CAG CCA TGG ATG AGG AAA TCG  

138 
Reverse TCA CTC CCT GAT GTC TGG GTC GT  
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The metagenomic sequence analyses was done using Shotgun sequencing reads, which were assessed for 

quality, and adapters were removed using the Trim Galore package (v0.6.4_dev). Low quality ends were 

removed from sequences with a phred score lower than 20. Paired reads were merged using PandaSeq (v2.11), 

using default settings. The resulting countigs were randomly sub-sampled, which resulted in 2.2 million reads 

per sample. Metagenome merged reads were de-novo assembled by passing the merged reads into megahit 

(v1.2.9), thus generating meta-contigs. Taxonomic identification of the adapter trimmed reads was performed 

by comparison to the Maxikraken2 database 38, using the Kraken2 package (v2.0.8_beta) and visualized as 

Sankey plots using the Pavian Package (Breitwieser, 2016) in R (v1.2.0). Gene annotation of the Meta-contigs 

was conducted using Prokka (1.13) and these were examined for functional identification using Microbe 

annotator (v2.0.5) (Seemann, 2014; Ruiz-Perez et al., 2020). 

 

 

2.3.9 Statistical analysis and data handling 

All data presented are means ± standard deviation (SD) and all statistical analysis were performed using R 

software v. 3.5.0 (R Core Team, 2018). Bioavailability data were tested for normality and homogeneity of 

variances using Shapiro-Wilk test and Leven’s test, respectively. Statistically differences between datasets 

were analyzed using a one-way analysis of variance (ANOVA) followed by Tukey’s test (for a p value < 0.05, 

differences were considered significant) in order to make multiple comparisons. 

 

 

2.4 Results  

2.4.1 Sorption of B[a]P or Cd on HDPE-MPs and bioavailability in ELS zebrafish  

The sorption of contaminants onto all MPs tested in the present study is showed by reduced cyp1a gene 

expression in zebrafish larvae exposed to different conditions test. Compared to co-contaminant exposure 

without MPs (positive control with only B[a]P – 6.5-fold) mRNA expression of cyp1a gene was significantly 

reduced (up to 2.5-fold) (one-way ANOVA, p < 0.05) when HDPE-MPs were present into the medium (figure 

2.4 a). Considering change in expression of cyp1a, in zebrafish larvae exposed at the same concentration of 

B[a]P, the presence of MPs reduced bioavailability of B[a]P by up to 60.6%. However, zebrafish larvae exposed 

to HDPE-MPs with biofilm attached on their surface, shown a reduction of B[a]P bioavailability by up to 75.5% 

and a cyp1a gene expression more significantly reduced (one-way ANOVA, p < 0.001), than B[a]P exposure 

without MPs.  

A similar trend was observed for Cd exposure, where the reduction in Cd bioavailability in zebrafish larvae co-

exposed to HDPE-MPs and Cd was 25,4%. Here, a significant reduction of mt2 mRNA expression (p<0.01) 

compared to positive control (only Cd without HDPE-MPs) was found (figure 3.4 b). Co-exposure to HDPE-MPs 
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with an associated biofilm and Cd resulted in a decrease of Cd bioavailability, as emerged by the significant 

reduction of mt2 mRNA expression (p<0.05) was found than where there was no biofilm (HDPE-MPs + Cd). For 

both individual contaminants tested, no significant change in expression of cyp1a or mt2 in zebrafish larvae 

exposed to HDPE-MP alone or HDPE with biofilm attached was observed (p>0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Relative fold change (FC) in gene expression of a) cyp1a and b) mt2 in ZF larvae exposed to 5 µg L-1 of B[a]P and 0.24 mg L-1 of Cadmium, 

respectively, in water, after 24 h pre-equilibration with 20 mg HDPE-MPs (HDPE+B[a]P or HDPE+Cd), and after 24 h pre-equilibration with 20 mg HDPE-

MPs with 6 days biofilm formation (HDPE+BF+B[a]P or HDPE+BF+Cd). Concentration of HDPE-MPs in suspensions was 500 mg L-1. Expression was 

normalized to control larvae (CTL) consisting of aquarium ZF media (no HDPE-MPs or contaminant was added). Data are presented as means ± SD (n = 

3). Significance differences between treatment groups are indicated by asterisk above error bars (*: p < 0.05; **: p < 0.01; ***: p < 0.001; one-way 

ANOVAs with Tukey’s test) 

 

 

2.4.2 Sorption of B[a]P and Cd mixture on HDPE-MPs and bioavailability of them in ELS zebrafish 

The co-exposure of B[a]P and Cd was evaluated in relation to each single toxicant exposures used as positive 

controls by assessing the expression levels of biomarker gene transcripts for these toxicants (cyp1a and mt2, 

respectively) in larval zebrafish at 72 hpf. However, although cyp1a and mt2 were commonly employed as 

specific biomarkers of organic xenobiotics (Batel et al., 2016; Sleight et al., 2017) and metals exposures (Henry 

et al., 2013), respectively, a cross analysis between both specific biomarkers for the mixtures of these 

contaminants was required. The expression of biomarker genes (cyp1a and mt2) related to each individual 

chemical treatments (B[a]P and Cd, respectively) were similar to what observed previously (figure 2.4 a and b; 

figures 2.5 a and b). 

*
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Considering cyp1a gene expression (figure 2.5 a), a significant induction was observed for both individual 

treatments with B[a]P and Cd (p<0.001). For both individual treatments of B[a]P and Cd, mRNA expression of 

cyp1a gene was significantly reduced in presence of HDPE-MPs (HDPE + B[a]P, p<0.001; HDPE + Cd, p<0.05 

respectively), if compared to positive controls (treatments without HDPE-MPs). Based on changes in 

expression of cyp1a, the presence of HDPE-MPs reduced bioavailability of each contaminant by up to 42% and 

to 73% for Cd and B[a]P, respectively. However, although a significant reduction of cyp1a expression (p<0.001) 

in zebrafish larvae exposed to HDPE-MPs with biofilm was observed for B[a]P (HDPE+ BF + B[a]P) if compared 

to positive control (only B[a]P), a different result was observed for Cd (HDPE+ BF + Cd), where a significant 

increase of cyp1a expression (p<0.05, 2.81-fold) by up to the positive control level was detected in comparison 

to HDPE with Cd but without biofilm (HDPE+Cd, 1.8-fold). Concerning co-exposure with Cd and B[a]P, a 

significant reduction of cyp1a expression (3.15-fold, p<0.05) was observed in comparison to individual 

treatment with B[a]P (7.2-fold) (figure 2.5a). Unlike the reduction of expression level of cyp1a biomarker 

observed for each contaminant associated with HDPE-MPs (HDPE + Cd and HDPE+ B[a]P), for the mixture 

(HDPE+Cd+B[a]P) no relevant change in bioavailability was observed, compared to positive control related to 

mixture without MPs. Finally, a significative difference for treatment groups that differed for presence of 

biofilm (HDPE+BF+B[a]P+Cd and HDPE+Cd+B[a]P) was emerged. In particular, a significative reduction in cyp1a 

expression (p<0.001) was observed for the mixture in presence of biofilm (HDPE+BF+B[a]P+Cd, 1.4-fold) if 

compared to the same treatment without biofilm (HDPE + B[a]P +Cd, 3.5-fold) or to single exposure with Cd, 

HDPE-MPs and biofilm (HDPE + BF + Cd, 2.8-fold). Instead, no change in bioavailability was observed from the 

comparison between single exposure with B[a]P and the mixture Cd/B[a]P in presence of HDPE-MPs and 

biofilm (HDPE+BF+B[a]P and HDPE+BF+B[a]P+Cd). 
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Figure 2.5 Relative fold change (FC) in gene expression of a) cyp1a and b) mt2 in ZF larvae exposed to 5µg L-1 of B[a]P or to 0.24 mg L-1 of Cd or to a 

combination of B[a]P and Cd, in media, after 24h pre-equilibration with 20 mg HDPE-MPs (HDPE+B[a]P or HDPE+Cd or HDPE+B[a]P+Cd), and after 24 h 

pre-equilibration with 20 mg HDPE-MPs with 6 days biofilm attached (HDPE+BF+B[a]P or HDPE+BF+Cd or HDPE+BF+B[a]P+Cd). Concentration of HDPE-

MPs in suspensions was 500 mg L-1. Expression was normalized to control larvae (CTL) consisting of aquarium ZF media (no HDPE-MPs or contaminant 

was added). Data were presented as means ± SD (n = 3). Significance differences between treatment groups are indicated by asterisk above error bars  

(*: p < 0.05; **: p < 0.01; ***: p < 0.001; one-way ANOVAs with Tukey’s test). 
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No change in mt2 mRNA expression was observed in zebrafish larvae exposed to single B[a]P treatment, whilst 

a strong induction of biomarker (4.5-fold) resulted after Cd treatment (figure 2.5b). However, a significant 

reduction (p<0.001) was found after Cd/B[a]P co-exposure if compared with individual treatment with Cd. For 

all treatments involving individual exposure to B[a]P (HDPE + B[a]P and HDPE + BF + B[a]P) no differences were 

detected in comparison to negative and positive control, whilst for co-exposure with B[a]P and Cd in 

combination with HDPE-MPs (HDPE + Cd + B[a]P), an induction of mt2 transcript comparable to individual Cd 

treatment (positive control) was observed.  

A significant induction of mt2 mRNA expression (p<0.05) also emerged from Cd/B[a]P treatment in presence 

of HDPE-MPs and biofilm (HDPE+BF+Cd+B[a]P, 2.6-fold) than positive control of mixture (Cd+B[a]P). However, 

such induction was found reduced compared that detected after exposure to the mixture of contaminants 

with HDPE-MPs but without biofilm (HDPE+Cd+B[a]P, 4.2-fold). Finally, from the comparison between 

treatment groups that differed for Cd presence (such as HDPE+BF+B[a]P and HDPE+BF+Cd+B[a]P), a significant 

induction was observed (p<0.001) (figure 2.5b). 

 

 

2.4.3 Taxonomic analysis and metabolic profiling of biofilm lining the HDPE-MPs 

Taxonomic assignment of shotgun metagenomic merged reads revealed that the biofilm lining the HDPE-MPs 

(HDPE + BF) was mainly composed by Bacteria (95.6 %), whereas only a small fraction of reads was associated 

to Eukaryota (2.2 %), Archaea (1.9 %) and Viruses (0.2 %) (figure 2.6 a). The microbial community were 

composed in majority by the phylum Proteobacteria (77 %), followed by Actinobacteria (15.8 %), FCB-Bacteria 

(2.2 %), PVC-Bacteria (1.8 %), Nitrospirae (1.2 %) and Firmicutes (1.1 %), which appeared less represented 

(figure 2.6 b). The phyla with <1% of total reads was grouped as Others (0.6 %), while Unclassified represented 

only 0.04%. Three classes of Proteobacteria (Alpha, Beta and Gamma) were identified but among them the 

order of Burkholderiales, belonging to Betaproteobacteria class, was the most represented (figure 2.6 c). 

Whilst, the taxonomic characterization related to Actinobacteria phylum highlighted Actinobacteria as the 

most predominant class, with Corynebacteriales as the most abundant order (figure 2.6 d). Also Sankey 

diagram related to the microbial community composition based on relative species abundance for the two 

samples analyzed, showed that Betaproteobacteria and Actinobacteria were the most numerically abundant 

group in the community (figure S1, Appendix A). 
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Figure 2.6 Taxonomic profiles of the biofilm lining the HDPE-MPs (HDPE + BF). a) Composition at domain level obtained by shotgun analysis; b) Bacterial 

composition at phylum level inferred from shotgun analysis. For lower values (<1 %), the sum of the relative percentages of phyla and orders is indicated 

as “Others”. Relative composition related to the predominant phyla Proteobacteria c) and Actinobacteria d) indicated as Relative Abundance (%) and 

classified by class and order levels. Only the percentage values more than 1 % of the total reads obtained are considered as specific phyla b) or orders 

c, d) in the figures  

Metabolic pathway prediction through MicrobeAnnotator (figure S2, Appendix A) clustered the majority of 

reads in the “Biosynthesis of other secondary metabolites, “Drug resistance”, “Enediyne biosynthesis”, 

“Macrolide biosynthesis” and “Type II polyketide biosynthesis”. Note the high similarity in metabolic pathways 

exhibited by both genomes analyzed. For the purpose of analyzing the metabolic potential of the microbial 

community, in the  heatmap showing module completeness for specific pathways, the completeness level of 

all modules recovered is identical or almost identical for the examined genomes (figure S3, Appendix A). 

Barplots of modules with completeness above 80% grouped by the category (pathway) shown a high similarity 
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in metabolic pathways by genomes analyzed, as not differences were evident due to overall similar metabolic 

potential encoded. 

 

 

2.5 Discussion 

In this study, short-term B[a]P and Cd sorption to MPs resulted in lower bioavailability of co-contaminants to 

zebrafish larvae, compared to treatment group of each individual co-contaminant where there were no MPs. 

Thus, we hypothesize that a sorption process of each contaminant on MPs has been occurred. MPs and their 

characteristics (i.e. surface topography or surface area charge) are expected to be same for all contaminant 

exposures. Although zebrafish co-exposure to MPs and co-contaminants resulted in similar bioavailability 

patterns of B[a]P and Cd , based on gene expression data, the presence of MPs reduced B[a]P and Cd 

bioavailability by up to 60% and 25%, respectively. Thus, B[a]P appeared more strongly associated with the 

MPs than Cd. The different bioavailability detected could be ascribable to differences in contaminants physico-

chemistry that influence sorption by MPs. In addition, the concentrations of B[a]P and Cd were different (5 µg 

L-1 and 0.24 mg L-1, respectively) and each specific biomarker gene could show differences in response profile 

(i.e. expression of cyp1a may be more sensitive than expression of mt2). Thus, the greater sorption of B[a]P 

to MPs indicated by lower relative bioavailability (cyp1a expression) may associated to a lower concentration 

of B[a]P present compared to Cd. The stronger association of B[a]P with MPs compared to Cd may be 

dependent by polymer and contaminants physico-chemistry properties. Indeed, since most microplastic 

polymers found in the environment are hydrophobic structure, the hydrophobic interactions between non-

polar (or slightly polar) molecules to the non-polar MP surface are considered one of the main mechanisms 

governing the sorption of hydrophobic organic chemicals to MPs (Wang et al., 2015; Tourinho et al., 2019). 

On the other hand, although plastics are generally considered inert, medium conditions and/or plastic 

additives can alter their surface leading to electrostatic interactions (Liao and Yang, 2020). It is known that MP 

surface can become negatively charged due to the pH of point of zero charge (pHpzc) being lower than most 

environmental pHs (Liu et al., 2018; Xu et al., 2018; Zhang et al., 2018). As a result, the negative net charges 

on the MP surface are likely to attract positively charged species (Tourinho et al., 2019). So, overall, 

electrostatic interactions may have led to Cd association with MPs albeit a predominant effect of hydrophobic 

interactions on electrostatic interactions could be hypothesized. 

A lower bioavailability of co-contaminants to zebrafish larvae resulted after short-term B[a]P and Cd sorption 

to MPs with an associated biofilm. Different from expectation, B[a]P appeared more strongly associated to 

HDPE-MPs with biofilm than Cd. Based on previous reports, plastic biofilms in aquatic environment showed 

maximum metal sorption, and over time, as biofilms continuously accrue to the surface of plastic, the sorption 

of metals is likely continually enhanced (Tien and Chen, 2013). In addition, the presence of biofilms generally 
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increases the charge, roughness, porosity and hydrophilicity of the plastic surface (Artham et al., 2009). As 

consequence, the presence of hydrophilic groups that are associated with a lower hydrophobicity, limit the 

enrichment of organic molecules (i.e, B[a]P) by means of hydrophobic interactions (Liu et al., 2019). Here, 

biofilm formation occurring in 6 days, was not enough to alter the surface of the plastic physically. However, 

the stronger sorption to MPs of B[a]P compared to Cd could be related to additionally interactions (such as 

Van der Waals forces, π-π and hydrogen bonding) promoting the sorption of organic contaminants, besides 

hydrophobic dominating interaction. This suggests that the bioavailability of co-contaminants sorbed to MPs 

cannot be predicted by co-contaminant physico-chemistry alone. Our results indicate that the sorption is 

influenced by biofilm sorptive properties able to promote additional interactions between sorbent 

(microplastic polymer) and sorbate (chemical contaminant) and to generate additional active sites for sorption 

of B[a]P that, consequently, reduce its bioavailability. 

The presence of several pollutants simultaneously in the aquatic environment can produce interactive effects 

between toxicants resulting in changes in their bioavailability compared to individual exposure. It has been 

shown that several pollutants, usually present simultaneously in the aquatic environment, may produce either 

neutralizing, additive or synergistic effects, thus resulting in variable degrees of toxicity (Di Natale et al., 2019; 

Ragusa et al., 2017). The short-term interactive results of Cd and B[a]P co-exposure were generally in 

accordance with previous studies (van der Hurk et al.,2000; Costa et al., 2010; Risso-De Faverney et al. 1999). 

Simultaneous co-exposure of these contaminants suppressed the induction of cyp1a gene expression caused 

by B[a]P exposure alone (Sorrentino et al., 2005). As in the present study, inhibitory influences on fish MT 

responses have been recorded by several other investigators after B[a]P and Cd mixed exposure (Sandvick et 

al., 1997). These results suggest that the co-occurrence of different stressors, which simultaneously trigger 

different pathways, may result in gene expression profiles of cyp1a and mt2 slightly related to those activated 

by a single contaminant at a time. Moreover, regulatory mechanisms can act differentially in protecting larvae 

from increased oxidative stress activated by a single contaminant (Di Natale et al., 2019). 

The presence of MPs in the B[a]P and Cd mixed exposure resulted in different patterns of bioavailability 

between cyp1a and mt2. The expression of cyp1a did not highlight reduction in co-contaminants bioavailability 

compared to positive control. In contrast, an opposite pattern was observed for both co-contaminants 

bioavailability by assessment of mt2 expression. This opposite trend, consisting in mt2 transcript induction, 

could be most likely be due to the different sorption capacity of the co-contaminants. The chemical fraction 

analysis related to both contaminants sorbed to HDPE microparticles was not used in this study, due to 

difficulty in detecting such low concentrations. It was not the objective of this study, to investigate the toxicity 

nor bioaccumulation of B[a]P, Cd and MPs or mixture toxicity of these substances. However, previous studies 

have demonstrated that HDPE tended to accumulate lesser concentration of metals (including Cd) than other 

plastic types (Rochman et al., 2014). Based on bioavailability data of this study, B[a]P may be more strongly 
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associated with the MPs than Cd in mixture exposure. The lower sorption of Cd to MPs indicated by the higher 

relative bioavailability (mt2 expression) may be a consequence of a competition mechanism occurred between 

both co-contaminants. Thus, by competing with metal ions for the adsorbing sites, the organic contaminant 

(i.e, B[a]P) may contribute to reduce on plastic polymer sorption sites available for Cd interactions. This 

suggests that short-term co-presence of different contaminants simultaneously may influence their 

bioavailability to ELS zebrafish. Therefore, unpredictable toxicological effects may occur if long-term impacts 

are considered. 

The bioavailability pattern shown after exposure to Cd and B[a]P mixture in presence of MPs with an 

associated biofilm, indicated a reduced co-contaminants bioavailability compared to treatment groups 

without biofilm, as emerged by cyp1a and mt2 gene expression data . A strong sorption of both contaminants 

by MPs may be suggested given the lower co-contaminants bioavailability detected by reduction in cyp1a 

expression. However, the high mt2 induction observed may likely to be due to weak association of Cd by MP 

compared to B[a]P. Thus, in fish larvae co-exposed to mixture of Cd and B[a]P, biofilm presence could promote 

B[a]P sorption reducing the availability of sorption sites for Cd interactions. As result, a higher Cd bioavailability 

may have occurred. Additionally, although in individual Cd exposure the presence of an associated biofilm 

determined a reduction in Cd bioavailability to ELS zebrafish, co-occurrence of both contaminants 

differentially influenced its bioavailability. Therefore, the data herein presented suggest that when plastic 

materials are exposed to different mixtures of chemical pollutants the interactions between them may result 

in patterns of bioavailability not overlapping to those arose by a single contaminant. This means that 

contaminated MPs might accumulate higher amounts of several contaminants from polluted areas but, due 

to biofilm presence that over time continuously accrue to the surface of plastic, could become potentially 

bioavailable to aquatic animals in clear areas. Further analyses with high-precision chemical determination of 

concentrations of adhering chemicals appear necessary to definitely conclude if contaminants bioavailability 

through microplastics poses a significant exposure pathway in natural environments. Longer exposure times 

would be necessary to investigate the long-terms effect of biofilm and bioavailability of these contaminants. 

Moreover, since different plastic surface may have different sorption capacities for different metal ions (Li et 

al., 2019), an assessment of interactive effects of B[a]P with other metals on HDPE-MPs matrix could be 

important. 

The characterization of the biofilm lining the HDPE-MPs used in this study, carried out through shotgun 

metagenome sequencing, showed the massive prevalence of organisms from the group of Bacteria. Consistent 

with previous studies (Vaksmaa et al., 2021; Basili et al., 2020; Turrini et al., 2020), Proteobacteria and 

Actinobacteria are the predominant phyla, both comprising bacteria with high diversity in relation of number 

of classes and orders. Among the microbial community, we identified several genera previously described to 

include hydrocarbon-degrading bacteria (HCB), dominantly belonging to the Burkholderiales order, some of 
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which were very abundant reaching around 4% of all sequencing reads. These included Mycolicibacterium, 

Nocardioides, Streptomyces, Nitrospira, Aquabacterium, Acidovorax, Variovorax, Solimonas, Perlucidibaca, 

Pseudomonas, Polaromonas, Limnohabitans, Hydrogenophaga, Sphingobium and Sphingomonas. HCB use 

linear, branched, or aromatic hydrocarbons as sole energy, and carbon source and are often found in oil 

reservoirs, oil seeps, or oil spills (Joye et al., 2014), contaminated sediments (Kimes et al., 2013) and coal beds 

(Beckmann et al., 2019), but they are also found ubiquitously in the marine environment (Yakimov et al., 2007; 

Erni-Cassola et al., 2020; Thompson et al., 2020). HCB comprise >175 genera (Prince et al., 2010) and feature 

enzymes such as mono- and dioxygenases or peroxidases (Brzeszcz and Kaszycki, 2018). In principle, these 

might be able to attack the primary polymer structure of plastic and/or further degrade daughter products 

generated through weathering of the primary polymers (Wayman and Niemann, 2021). Previous studies have 

found HCB on different polymer types (Zettler et al., 2013; Oberbeckmann et al., 2016; Erni-Cassola et al., 

2020) as well as higher abundance of them in the early stages of biofilm formation (Dussud et al., 2018; Erni-

Cassola et al., 2020). Microbial degradation of PAHs depends on various environmental conditions, such as 

nutrients, number and kind of the microorganisms, nature as well as chemical property of the PAH being 

degraded. The identification of abundant hydrocarbon degraders lead to consider their potential role within 

biofilm into influence benzo[a]pyrene bioavailability to zebrafish larvae. The metabolic predictions inferred 

from shotgun metagenomic data grouped the metabolic modules with completeness above 80% in 

biosynthesis pathways, specifically “Biosynthesis of other secondary metabolites, “Drug resistance”, 

“Enediyne biosynthesis”, “Macrolide biosynthesis” and “Type II polyketide biosynthesis”. Other modules with 

completeness above 50% highlighted clustered in “aromatic degradation” pathway. Overall, these metabolic 

information could support the hypothesis that the biofilm microbial composition on HDPE-MPs includes 

microbial organisms able to metabolize chemical compounds, such as hydrophobic hydrocarbons. Thus, the 

microbial (Archaea, Bacteria, and Fungi) diversity of biofilm may using them as alternative carbon and energy 

sources need to support the different biosynthesis pathways. 

 

2.6 Conclusion 

Our results indicate that the biofilm associated with MPs differentially influences co-contaminants 

bioavailability to ELS zebrafish. Short-term B[a]P or Cd sorption to MPs reduced bioavailability of both 

contaminants. However, combined co-contaminants exposure showed patterns of bioavailability 

unpredictable and not overlapping to the bioavailability of each contaminant. A stronger MPs association of 

B[a]P compared to Cd occurred, especially in the presence of an associated biofilm and when mixture of both 

contaminants was tested. Therefore, it could be hypothesized that biofilm sorptive properties might create 

additional active sites promoting B[a]P sorption and higher Cd bioavailability to zebrafish larvae. The microbial 

community forming biofilm may play a pivotal role in affecting co-contaminants bioavailability as a wide range 
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of microorganisms within biofilm are able to degrading hydrophobic organic compounds sorbed by serving as 

a nutrient source. Metabolic microbial pathways acting within biofilm may also affect the bioavailability 

pattern observed for organic chemical as the microbial diversity of biofilm are able to metabolize hydrophobic 

organic compounds by serving as a nutrient source. This demonstrates the high relevance of biofilms for the 

accumulation and/or removal via metabolization of plastic-associated chemicals, which may affect their 

bioavailability for consumers ingesting MP. In this study, the exposure scenarios applied highlighted that 

multilateral and additional factors as mixture of different contaminants, polymer and chemicals properties, 

and micro-surroundings of the organisms may act into affecting contaminants bioavailability. Here, the effects 

on bioavailability are attributed only to bioavailable B[a]P and Cd fractions released from the MPs and not the 

particles themselves, since only early-life stage and not free-feeding zebrafish were considered. This allowed 

to evaluate the influence of biofilm on co-contaminants bioavailability discarding the possibility to have 

environmentally unrealistic exposure concentration able to induce any morphological, physiological or 

developmental disturbances. 

Differently from individual exposure, the biomarker expression patterns generated by organisms exposed to 

mixture of contaminants suggested that the presence of a MP-associated biofilm can affect chemicals 

bioavailability in a contaminant-dependent manner. At the same time, since biofilm, accruing to the surface 

of plastics can change their physicochemical properties, desorption process may occur over time differentially 

influencing co-contaminants bioavailability with unpredictable ecotoxicological effects at long-term. Overall, 

these factors may lead to faster uptake and release of chemicals into polymeric phase through the metabolic 

microbial pathway need to be considered further to predict a more realistic scenario for environment risk 

assessment of MP.  
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Chapter 3: How artificially aging influences bioavailability of metals and BDE-47 by microplastics 

on P. lividus embryos: a dual approach 

 

 

3.1 Abstract 

A potential environmental risk of MicroPlastics (MPs) is associated with their ability to interact with diverse 

environmental chemicals. Once reached marine environment, MPs are affected by several biotic and abiotic 

factors, which may alter their surface structure as well their sorption behavior. Aging process plays a key role 

in influencing the interactions with environmental chemicals and adds complexity to the vector role of MPs. 

The present study aimed to improve understanding of the sorption of different type of chemicals by 

microplastics and to clarify the importance of MP-mediated contaminant transfer exposing organisms to 

significant ecotoxicological risk, especially when more realistic conditions (i.e. mixture of chemicals and aging 

conditions), are simultaneously considered. Two different polymers - polystyrene microparticles (PS) and 

polyamide fibers (PA) – and two different kinds of environmental pollutants - 2,2’,4,4’-tetrabromodiphenyl 

ether (BDE-47) and metal ions (Cd and Cu) alone or in mixture – have been used as sorbent and sorbate. A 

dual approach integrating chemical and molecular investigations was followed to investigate the influence of 

artificially aging (via seawater soaking and UV radiation) on the sorption of these model contaminants and to 

provide estimations of the role of MPs on the bioavailable fractions of these compounds. A high decrease of 

molecular weight for both polymers emerged after photo-oxidation process. The effects of aging on sorption 

process of contaminants by MPs were found to depend by contaminant type and, in a lesser way, by polymer 

type. No change in the association with Cd for polymers have been detected. On the other hand, a strong 

release of Cu but not BDE-47 was observed for both polymers tested after photo-exposure. In addition, a 

competition mechanism affecting the sorption of Cu by PS microparticles but not PA fibers in the blend 

Cu/BDE-47 have been also observed. The evaluation of the effects of these contaminants in combined 

exposures with microplastics did not highlighted specific morphological effects on P. lividus embryos; 

however, significant changes in gene expression of members belonging to stress response pathway and 

skeletogenic and endodermal Gene Regulatory Networks (GRNs) were observed. Changes in the interactions 

between sorbent and sorbate occurred after aging process led to establishment of molecular mechanisms 

perturbing the canonical developmental program as well as the oxidative status. This study provides insights 

to shed light on mechanisms and the potential hazards of MPs in marine environments after photodegradation 

 

 

 

 



 

 84 

3.2 Introduction 

The distribution of microplastics (MPs) - plastic particles with size ranging from 1 μm to 5 mm - in the marine 

environment has received an increasing attention over recent years. The widespread distribution in several 

areas of worldwide (including oceans, rivers, lakes, sediments and even in Artic sea ice) (De la Torre et al., 

2020; Zhao et al., 2020) together with their small size, makes microplastics readily bioavailable to marine biota. 

As consequence, MPs can be considered an issue to ecosystems and to human health (Hodson et al., 2017; 

Vethaak et al., 2016). Microplastics can affect species of marine organisms with different feeding strategies, 

from suspension and filter-feeders to deposit feeders (Cole et al., 2013; Wright et al., 2013). However, their 

potential ecological risk is not only related to MPs ingestion process but also to chemical pollutants adsorbed 

on them (Nobre et al., 2015). Microplastics are widely known to interact with several kind of organic pollutants 

present in environments (such as polycyclic aromatic hydrocarbons (PAHs), polybrominated diphenyl ethers 

(PBDEs), polychlorinated biphenyls (PCBs), pesticides and pharmaceuticals as well as metal ions (Brennecke et 

al., 2016; Camacho et al., 2019). Sorption of chemicals onto MPs has led to considered them as vectors of 

bioavailable hazardous chemicals into aquatic biota (Teuten et al., 2009; Hirai et al., 2011) as emerged from 

studies reporting bioaccumulation of chemicals in tissues of marine organisms in addition to xenobiotic 

toxicity (Avio et al., 2015; Batel et al., 2018). However, studies suggested a negligible vector role for MPs, since 

chemical bioaccumulation from a MP-mediated chemical exposure pathway is very low compared to other 

exposure pathways, such as uptake via food, suspended organic material or aqueous exposure (Gouin et al., 

2011; Koelmans et al., 2016, 2013). Although the contribute of plastic to chemical distribution and 

accumulation in aquatic environment seems to be of minor importance (Koelmans et al., 2016), they become 

relevant in the areas with increasing load of MPs or in MPs hot spots; therefore, the question on whether MPs 

will significantly alter the impacts of pollutants on organisms remains unclear. 

The knowledge of data regarding the interactions and the sorption mechanisms occurring between the 

sorbent (microplastic polymer) and sorbate (chemical contaminant) is crucial to improve our understanding 

on MP-mediated contaminant transfer as well as the impact of MPs on the marine environment. Partitioning 

of environmental chemicals into MPs is highly dependent on the physical and chemical properties of polymer 

matrix, such as polymer type, crystallinity, functional groups as well as surface area, size and molar masses 

distribution (Torres et al., 2021). For example, small plastic particles having a high surface area, tend to have 

an higher sorption coefficient (Kd) than larger ones as emerged in studies on the sorption behavior of organic 

compounds on polystyrene (PS) particles that differed from size (Wang et al., 2019; Li et al., 2019). Plastic 

polymers with higher crystallinity, such as PS, make contaminant access into the plastic more difficult than 

amorphous ones, such as polypropylene (PP) and polyethylene (PE), thus favoring the interaction of chemicals 

onto their surface (adsorption process) rather than into the matrix (absorption process) (Zhao et al., 2020; 

Rodrigues et al., 2019). Also, peculiar properties of sorbate, including hydrophobicity and functional groups, 
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influence chemical sorption on plastic polymer as well as desorption processes, governing the influx of 

chemical contaminants in aquatic biota (Mei et al., 2020).  

To date, most studies on sorption of chemical pollutants to MPs were focused mainly on virgin plastic particles 

(Zhang et al., 2019; Wang and Wang, 2018; Xu et al., 2018). When MPs are in virgin state, their hydrophobic 

surface interacts with several hydrophobic organic pollutants (POPs). However, MPs in natural environments 

undergo weathering processes and biofoulant attack that over time may lead to a progressive degradation of 

plastic polymers and affect their sorption capacity as well as their behavior in aquatic environments (Velez et 

al., 2018). The dominant cause of degradation of plastics outdoors is solar UV radiation, which causes a 

sequence of chemical reactions involving free radicals generation by breaking of C - H bonds inside the chains 

of the polymers and oxygen-containing functional groups increase (i.e. hydroxyl and carbonyl groups) 

(Andrady 2011; Celina, 2013). Consequently, the interaction between free radicals with oxygen, lead to 

creation of new functional groups on plastic surface, decreasing their hydrophobicity and reducing the 

potential retention of hydrophobic chemicals (Endo et al., 2005; Alimi et al., 2018). However, during advanced 

stages of degradation and under oxidizing conditions, plastic polymers experience molecular modifications 

due to cross-linking reactions and/or chain scissions. The occurrence of these processes whose mechanisms 

depends on the polymer nature, can lead to macromolecular fragmentation in particles having lower 

molecular weight, with consequent higher surface area prone for chemicals sorption (Frias et al., 2010; 

Rodrigues et al., 2019). Studies focused on the effect of UV aging on sorption of POPs highlighted how not all 

polymers have the same resistance to weathering depending on their intrinsic characteristics but also on 

chemicals characteristics. For example, aging of PP had no effect on benzene, toluene, ethyl benzene and 

xylene sorption (BTEX) compared to aged PS, for which a decreased sorption has been observed (Fisner et al., 

2017). Some other studies reported higher phenanthrene and difenoconazole sorption on weathered PP 

pellets (Karapanagioti and Klontza, 2008; Geodecke et al., 2017).  

Currently, the uptake and distribution of chemicals onto virgin and aged plastic particles is increasingly being 

investigated, although few studies have focused on their transfer and toxicity in aquatic organisms (Bejgarn 

et al., 2015; Rochman et al., 2014). From an ecotoxicological point of view, the portion of compounds that can 

be desorb from plastics represents the bioaccessible fraction able to determine a potential ecotoxicity 

(Ortega-Calvo et al., 2015). Since this accessible fraction may undergo alterations due to aging of plastic 

particles, more data is required on the bioaccessible fraction of co-contaminants to organisms, especially 

when complex mixtures formed by toxicants and MPs are considered. Among hydrophobic organic chemicals 

found sorbed to MPs, polybrominated diphenyl ethers (PBDEs) commonly used as flame retardant in several 

products, including electronic appliances, textiles, plastics and many other consumer goods (Hites, 2004), are 

the most detected in the environment and commercially produced POPs (Guan et al., 2007; Hassanin et al., 

2004). Likewise, other organic pollutants, having a relative high log K0w, PBDEs show a greater affinity for 
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hydrophobic surface of plastics compared to seawater, establishing with them hydrophobic interactions. 

PBDEs could have several negative impacts on aquatic invertebrates, including neurotoxicity, genotoxicity, 

developmental defects and endocrine disrupting properties (Breitholtz and Wollenberger, 2003; Díaz-

Jaramillo et al., 2016). Studies focused on evaluating the concentration of PBDEs sorbed to microplastics from 

seawater or other matrices showed that these were mostly composed of lower-brominated PBDEs (Guan et 

al., 2007; Hassanin et al., 2004; Yeo et al., 2020), especially BDE-47, the main congener detected in biological 

samples and in marine environments (Ge et al., 2018; Shao et al., 2018). Although it has been shown that MPs 

and PBDEs can change the dynamics of bioaccumulation of different PBDEs congeners (Chua et al., 2014), to 

date, no studies reported the effects of co-exposure to these pollutants, individually and in combination, with 

respect to transcriptional profile response of specific genes. Likewise, organic compounds, also MPs pollution 

and their interactions with heavy metal (HMs) ions have gained global concern (Guo and Wang, 2020). Several 

studies reported interactions between the different types of polymers (i.e. PE, PP, PS, PA, PVC) and metals 

(such as Cr, Co, Ni, Cu, Zn, Cd, Pb, Ag and Hg). It seems that the lack of surface modifications on the 

original/virgin MPs would make their sorption negligible (Tang et al., 2020) in comparison to 

beached/eroded/weathering MPs (Turner and Holmes, 2015). Several laboratory studies showed a sorption 

capacity of Cd, Pb, Cu, and Zn ions onto the aged MPs several times higher than virgin ones (Guo and Wang, 

2020; Brennecke et al., 2016; Bandow et al., 2017). Thus, the influence of aging on metals sorption process 

should be considered. To date, what properties (size, shape, or type) of MPs enhances or mitigates the impact 

of HMs to test organisms appears unclear. Studies distinguishing between the effects of the aged/real 

synthetic polymer itself and related sorbed chemicals are still scarce (Huang et al., 2021, Cao et al., 2021).  

The findings on toxic effects arising from MPs focus on organisms able to ingest MPs with co-contaminants 

(Koelmans et al., 2016, Oliveira et al., 2012), there is missing information about organisms unlikely to ingest 

them but have them in surroundings. The use of planktonic early life stages to evaluate the chemical toxicity 

associated to pollutants sorbed onto MPs is important to help in the understanding of the impacts on critical 

biological processes such as larval development, which could change the structure of populations and 

communities. In light of this, the echinoderm Early Life Stages (ELSs) are generally recognized as the most 

vulnerable phases for sea urchin life cycle and extremely sensitive to chemical pollutants, including organic 

toxicants and HMs (Pagano et al., 2017; Masullo et al., 2020; Anselmo et al., 2011). Thus, their regular 

development process is frequently used to evaluate the effects of many contaminants and for an assessment 

of pollution in marine environment. 

The aim of this study was to investigate the influence of artificially aging of two different type of virgin plastic 

polymers on sorption of two model contaminants. Polyamide 6.6 - PA66 - microfibers and polystyrene 

microspheres (PS), polybrominated diphenyl ethers – PBDEs - congener 2,2′,4,4′-tetrabromodiphenyl ether - 

BDE-47-  and trace metals such as  Cadmium - Cd- and Copper - Cu have been used. Consequently, their 
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bioavailability in Paracentrotus lividus embryos was analyzed. The sorption capacities and behavior of these 

chemicals on virgin and aged MPs have been evaluated through a chemical approach. A molecular approach 

has been used to unveil possible variations in the transcriptional profile of members of the P. lividus Gene 

Regulatory Networks (GRN) involved in skeletogenesis (sm50, p16, msp130) and endo-mesodermal 

specification (foxa, hox11/13b). In addition, stress response genes (hsp70, hsp60) and metal scavenging (mt4) 

at 24 h post- fertilization (hpf) corresponding to the blastula/gastrula stage were investigated. After exposure, 

the morphology of embryos was also analyzed to evaluate developmental defects and skeletal malformations 

induced by co-contaminants available fraction. In addition, since the simultaneous exposure of organisms to 

different contaminants may result in variable levels of toxicity due to neutralizing, additive or synergistic 

effects (Ragusa et al., 2017b; Wah Chu and Chow, 2002), mixture of the selected co-contaminants were also 

explored. 

 

 

3.3 Materials and methods 

3.3.1 Overview of study 

Two series of experiments were carried out to investigate how the presence of two types of MPs, PS 

microparticles (Experiment 1) and PA fibers (Experiment 2), both virgin and artificially aged, modify acute 

effects of three different environmental pollutants Cd, Cu and BDE-47 on the larvae of the sea urchin P. lividus. 

The acute effects were measured by differential gene expression profile of sea urchin embryos, whilst 

differences in sorption of trace metals as well as organic chemicals to MPs aged or non-aged were measured 

in aqueous phase using ICP-MS and GC-MS, respectively. 

 

 

3.3.2 Microplastics and chemicals 

This study was carried out using virgin plastic polymers to simplify the matrix of contaminant adsorption. 

Polystyrene (PS) microparticles were selected in this study both for their high occurrence in marine ecosystems 

and for the high sorbing capacity of hydrophobic chemicals as well as metal ions (Ziccardi et al., 2016). Whilst 

Polyamide (PA) or Nylon 66 fibers were chosen not only for their widely distribution in natural environments 

but also for their high susceptibility to degradation and weathering in the natural environment (Thomas and 

Hridayanathana, 2006). Virgin (additive free) PS microplastics (hereafter PS-MP) with particle size ranged from 

1 to 1.49 µm (cat. N° PP10-10-100) were purchased from Spherotech Inc. (IL-USA). PA 66 fibers, having size 

from 300 µm until to ~566 µm, were kindly gifted from Dr Mariacristina Cocca of Institute for Polymers, 

Composites and Biomaterials, National Research Council of Italy (Naples). A list with some characteristics of 

plastic materials used in this study is showed in Table 3.1 (MPs materials).  
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Table 3.1: Details of microplastic materials used in the experiments 

MP 
material 

Supplier Polymer Type Form Size (µm) 
Density 
(g/cm3) 

PS Spherotech Inc. Polystyrene 
microspheres 

Aqueous (10% 
w/v) 

1 –  1.49 1.05 

PA 66 IPCB-CNR Polyamide fibers Solid 566 1.31 

 

 

Analytical grade cadmium and copper chloride (99,9 % purity) purchased from Sigma-Aldrich (Germany) were 

used as cadmium and copper sources. Stock solutions of Cadmium and Copper chloride with a Cd and Cu 

concentrations of 1000 μg L-1 were prepared in Artificial Sea Water (ASW). A stock solution of 2,2′,4,4′-

tetrabromodiphenyl ether (BDE-47,purity ≥97.0%, Sigma-Aldrich, Germany) was prepared at concentration of 

1000 μg L-1. Considering very low PBDE solubility in seawater, dimethyl sulfoxide (DMSO, ≥99,5 %, liquid, 

Sigma-Aldrich, St. Louis, MO, USA) was used as a co-solvent; however, the final concentration of DMSO (0.01%, 

%v/v) never exceeded the NOEC previously found for this chemical for each testing organism. 

 

 

3.3.3 Aging experiments 

The PS particles and PA fibers were artificially irradiated through a photo-oxidative aging process. Before UV 

light exposure, for each of the polymers types investigated (PS and PA), six different treatment groups (twelve 

groups in total) were prepared: 1) control group (PS or PA alone); 2) MPs + Cd group; 3) MPs + Cu group; 4) 

MPs + BDE-47 group; 5) MPs + BDE-47 + Cd group; 6) MPs + BDE-47 + Cu group. Another set including six 

treatment groups for each polymer (PS and PA) without UV exposure were also set up for comparison. The 

exposure solutions were prepared by adding a volume of 100 μL of 10% w/v aqueous suspension (PS 

microparticles) and an amount of 10 mg (PA fibers) into each glass vials with 20 mL of artificial seawater (ASW) 

(Instant Ocean Aquarium System), salinity 35 ± 1‰. The MPs concentration chosen (0.5 mg mL-1) was similar 

to that used in previous MP sorption studies (Bakir et al., 2012; Boyle et al., 2020; Sleight et al., 2017). MPs 

were spiked with selected contaminants (Table 3.2); briefly, the exposure solution for MPs + Cd group was 

prepared by adding a volume of 100 μl Cd stock solution (1000 μg L-1) to 20 mL ASW containing MPs, in order 

to reach a final concentration of 5 μg L-1. The same volume was also taken from Cu and BDE-47 stock solution 

to prepare the other exposure solutions. For the mixture solution, consisting of combinatorial exposure to Cd 

and BDE-47 or Cu and BDE-47, we used the same contaminants concentrations as for single exposures (Table 

3.2). After that, treatments groups (aging conditions) have been subjected to accelerated photo-oxidative 

degradation; parallel, the other treatments groups (non-aging conditions) were covered with aluminum foil. 
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Positive controls (contaminants- Cd, Cu, BDE-47, Cd/BDE-47 mix and Cu/BDE-47 mix without MPs) were also 

included in each aging and non-aging conditions tested. 

 

Table 3.2 Concentrations of selected contaminants 

Treatment [µg L-1] 

Cd 5 

Cu 5 

Zn 5 

Mix* ∑*(5+5+5) 

*Mix consist of all the contaminants at the same concentrations 
used for single exposure. 

 

 

 

3.3.4 Photo-oxidative aging of MPs 

Photo-oxidative aging was carried out on a QUV PANEL (figure 3.1 a) apparatus at 60 °C with continued 

exposure to UV radiation for up to 21 days with an irradiance of 0.7 W/m2/nm. This exposure roughly 

corresponded to a 6-months exposure at the latitude of Arizona area considered a benchmark location due to 

high annual UV and high year-round temperatures (Fedor, G. R., and Brennan, P. J., 1996). The irradiance of 

the UV lamps (UVA 340 lamps) has a broad band with a maximum at 340 nm. Since glass vials containing 

microplastics in seawater were used to simulate the exposure, only the part of the spectrum from 350nm to 

420 nm was responsible for aging phenomena. For each plastic material (PS and PA 66), two set of samples 

(exposure experiments and chemical analyses) were prepared in experimental replicate (n=3 treatment-1), for 

two different times of exposure: 0 (T0) and 21 days (T21). At least two separate samples were analyzed at each 

exposure time. A reference sample containing only artificial seawater was included in addition to control 

DMSO and control samples for each plastic type selected. After 21 days of exposure, one set of glass vials 

containing aged MPs (figure 3.1 b) was collected and then used for the exposure experiments, while the 

second set of aged MPs was collected for physico-chemical analysis. 
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Figure 3.1: QUV PANEL system used for photo-oxidation of MPs (a) Glass test vials with aged MPs used for exposure experiment. 

 

 

3.3.5 Sea urchin sampling and embryo exposure to co-contaminants and MPs 

Adult P. lividus were collected in the South- Western coast of Sicily, nearby Capo Granitola, Trapani, Italy 

(Latitude 37° 34′ 25.3” N; Longitude 12° 38′ 22.3” E) and transported to the laboratory within 1 h after 

collection. The animals were acclimated for 15 days in an aquarium with ASW, with 12 h:12 h light: dark 

photoperiod, continuous aeration and temperature 17.0 ± 1.0 °C and pH 7.80 ± 0.10 monitored daily. During 

the acclimation, individuals were fed ad libitum every day with dehydrated macroalgae (Sera Marin Gourmet 

Nori), and feeding was interrupted 2 days before experimental sampling. The health status of the sea urchins 

was monitored through continuous observation and no mortality occurred during the acclimation period. 

After acclimation, gamete release was induced by vigorously shaking ripe organisms, followed by an injection 

of 0.5 M KCl for stubborn adults. Sperm from each male was pooled and maintained dried in an Eppendorf in 

cold conditions (+ 4°C) until fertilization, while eggs were filtered through 100 μm mesh to remove debris and 

shed into a beakers previously filled with ASW. Spawned oocytes were left to settle , washed three times with 

ASW and then diluted to a final concentration of 95000 oocytes mL-1. Once sperm mobility had been checked, 

sperm was then diluted into artificial seawater (1:500) and the fertilization was executed by gently mixing the 

sperm and egg suspension with a sperms/eggs ratio corresponding to 100:1. Finally, fertilized eggs before the 

first cleavage were then added to each treatment (aging and non-aging conditions) glass vials, at a density of 

1000 embryos mL-1, and left to develop in a static incubator at 18°C on a 12:12 light dark cycle until the pluteus 

stage, approximately 48 hours post fertilization (hpf). Three replicates per treatment were tested. 

 

 

a b 
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3.3.6 Morphological analysis 

To qualitatively assess the toxicity of chemical combined exposure (MPs, HMs, BDE-47 alone or mixture of 

them), the development was followed using the Olympus BX50 optical microscope and live images of a sub-

sample of embryos from each treatment at 24 and 48 hpf were taken. Embryos showing morphological 

deviations from untreated ones (i.e. embryos that do not reached the pluteus stage of development or not 

showed fully developed skeletal rods and/or archenteron) were considered abnormal. The percentages of 

embryos indicating normal and abnormal phenotype were then determined by counting about 100 

embryos/replicate in each treatment using the Olympus BX50 optical microscope. 

 

 

3.3.7 Cd and Cu determination by ICP-MS analysis 

Metal concentrations were determined with an ICP/MS Nexion 300X (Perkin Elmer Inc. Waltham, 

Massachusetts, U.S.A.) using the kinetic energy discrimination mode (KED) for interference suppression. Prior 

analysis, samples were diluted, acidified with nitric acid, and added with the internal standards required for 

the determination. Each determination was performed three times. The accuracy of the analytical 

determination was confirmed by measuring a standard reference material, ERM-CA403 seawater, without 

observing an appreciable difference. The sensitivity for cadmium and copper determination was 100 ppt. 

 

 

3.3.8 BDE-47 determination by GC-MS 

BDE-47 concentrations were determined using a GC/MS system (GC-2020, Shimadzu Corporation), coupled 

with a triple quadrupole mass spectrometer (Mass Detector TQ8040, Shimadzu Corporation) as detector. Each 

sample has been introduced into gas chromatograph through an autosampler for liquid sample AOC-20i 

(Shimadzu Corporation). Chromatography separation was carried out injected 1 µL of each sample into a DB-

5ms column with an internal thickness of 0,25 µm, a diameter of 250 µm and a length of 30 m. The 

temperature of injector was 250 °C in spitless mode. Calibration curve for BDE-47 analysis (figure 3.2, table 

3.3) was obtained through internal standard method, within the concentration range of 20-250 µg L-1 for BDE-

47 in hexane solution. For each sample, 15 mL were extracted with two 15 mL aliquots of hexane, brought to 

dry and suspended again with 500 µL of deuterated internal standard diluted solution (BDE-47 Mass Labeled- 

2,2',4,4'-tetrabromo [13C12] diphenyl ether). The recovery percentage of extraction procedure was found to 

be 40%. 
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Figure 2.5: Calibration       

 

 

 

 

 

 

 

Figure 3.2: Calibration curve and the best-fit line for BDE-47 GC-MS analysis.  

 

 

3.3.9 Analytical methods to characterize weathered plastic polymers  

The microscopic structure of microplastics used in this study was characterized before and after irradiation by 

Scanning Electron Microscope (SEM). MPs were placed on a sticky sample holder and coated with a thin layer 

of gold (<10nm) to impart them conductivity. The coated samples were analyzed with a Thermo Phenom ProX 

Generation 5 microscope using a Secondary Electron Detector (SED) as detector and a 10 kV acceleration 

voltage. The molecular weight measurements of polymers after photodegradation exposure, were 

determined using Size-Exclusion Chromatography (SEC) applied to separate particles in a sample by size (Flavel 

et al., 2013). SEC analyses were performed on a Waters 600 A apparatus, equipped with five Ultrastyragel 

columns (7.8 × 300 mm, in the order 105, 103, 500, 104, and 100 Å pore size) connected in series, and a Waters 

R401 differential refractometer. Then 90 µL of a THF polymer solution was injected and eluted with a THF flow 

rate of 1 mL min-1. The molar masses of PS samples were determined by using Polymer Lab Caliber software. 

The calibration curve was obtained with a set of primary polystyrene standards. An Ubbelhode viscometer 

was used to determine the medium molar mass of PA 66. Intrinsic viscosity [η] measurements were performed 

at 25 °C and PA 66 (0.5 g/dL) was dissolved in formic acid (90%). Molecular weights were calculated using 

Mark-Houwink-Kuhn-Sakurada (MHKS) equation [η]=KMv
α, where η is the intrinsic viscosity , K and α are 

constants for a particular polymer solvent  system, and Mv  is Molecular weight. In addition, a Matrix Assisted 

Laser Desorption/Ionization Mass Spectrometry (MALDI-MS) analysis was performed to give valuable 

information about degradation products, end groups and monomeric repeat unit. 

 

  Value Error (σ) % Error 

Slope 0.0038 0.0001 1.39% 

Intercept -0.0671 0.0072 -10.70% 
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Table 3.3 Slope and intercept values of calibration curve used 

for BDE-47 GC-MS analysis 
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3.3.10 RNA extraction and first cDNA synthesis 

Total RNA was extracted from control and exposed P. lividus embryos (~1000 embryos mL-1) at 24 hpf using 

TRIzol Reagent (Invitrogen Corporation, Carlsbad, USA) according to the manufacturer's instructions. RNA 

concentrations and purity were spectrophotometrically verified using Qubit® 2.0 Fluorometer. RNA integrity 

was evaluated using a 1.5% agarose denaturing gel and RNA was stored at −80 °C for future use. The 

subsequently treatment of samples with DNase (Deoxyribonuclease I, Amplification Grade, Sigma-Aldrich) 

removed any residual genomic DNA contamination, while DNase I was inactivated by adding 25 mM EDTA. 

The synthesis of cDNA was carried out using SuperScript VILO cDNA Synthesis Kit (Invitrogen Corporation, 

Carlsbad, USA) on 500 ng DNase I treated RNA, according to the manufacturer’s instructions. A 1:10 cDNA 

dilution was then tested by Polymerase Chain Reaction using 18S rRNA and after that diluted 1:10 in nuclease 

free water before to use it in Quantitative PCR experiments. 

 

 

3.3.11  Gene expression by real-time quantitative polymerase chain reaction (RT-qPCR)  

The qPCRs were performed using a PCR machine ABIPRISM 7500 System (Applied Biosystems, Forster City, 

USA) with Power SYBR Green as detection chemistry (Applied Biosystems, Forster City, USA). The 18S 

ribosomal RNA was selected as control gene based on its expression stability in all tested conditions 

(Stamateris et al., 2010; Ragusa et al., 2013; Vergara-Amado et al., 2017; Di Natale et al., 2019). Primer 

sequences used in this study were Forkhead box transcription factor a (foxa), Homeodomain containing 

transcription factor (hox11/13b), Metallothionein 4 (mt4), heat shock protein 70 and 60 (hsp70 and hsp60), 

Spicule matrix protein (sm50), Biomineralization protein (p16) and Mesenchyme-specific cell surface 

glycoprotein (msp130) (Table 3.4). A normalization factor based on geometric averaging of the expression level 

of these reference genes was also calculated and used to quantify the expression levels of the target genes as 

reported elsewhere (Nicosia et al., 2018). PCR efficiency of the target and reference genes, serial dilutions of 

pooled cDNAs from both control and treated samples were carried out (data not shown). Each reaction was 

repeated in triplicate with appropriate no-template controls included in each run and with dissociation 

analysis performed within the qPCR run to verify the specificity of the primer pair used. Quantitative real-time 

PCRs were conducted according to the manufacturer's recommended procedures and data analysis was 

performed according to the 2−∆∆CT method (Livak et al., 2001). The amplification conditions included: initial 

denaturation at 95 °C for 10 min and 40 cycles of 95 °C for 30s and 60 °C for 50s, followed by a melting curve 

from 60 to 95 °C. Amplicons were detected by agarose gel analysis after each PCR to confirm the amplification 

of the specific gene. Differently from chapter 2, as the fold-change values (both for downregulation – values 

under “0” and up-regulation – values above “0”) obtained were more high and difficult to clearly represent by 
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barplot, data fold-changes have been represented in log (e)-transformed values. Therefore, relative 

expression for control treatments has been calculated as 0. 

 

Table 3.4: Genes and oligonucleotide primers used in this study 

Gene name Gene symbol Primer sequence (5’ – 3’) 

Forkhead box transcription factor a foxa 
CAGGTATGGGAAGCATGGGA 
GCGTATCTCATCGACATGGC 

Homeodomain containing 
transcription factor  

hox11/13b 
TTGCGACGTTCACAACAACT 
GTGAGATCGAGAGCCTGTGA 

Spicule matrix protein 50 sm50 
GATGGCACACCAGCTTATCC 
CTGACGCTTCATGACTGGAG 

Biomineralization protein p16 p16 
AGCAGGAGCAGTCGGAGATAC 
CATCATCACTTCCCATATCGC 

Mesenchyme-specific cell surface 
glycoprotein 

msp130 
ATACATGGCAACCCAAGAAG 
CGATTCCAACGAAGATGAGT 

18S ribosomal RNA  18s 
GAATGTCTGCCCTATCAACTTTCG 
TTGGATGTGGTAGCCGTTTCTC 

Metallothionein 4 mt4 
GCTCAAAATCTTCAACATGGCTAATGA 
AGCACTTTCCAGTTTCACAACAAGC 

Heat shock protein 70 hsp70 
GGGTACGACCTATTCCTGTGTTG  
CTTAGCAGCATCTCCAATCAGTC 

Heat shock protein 60 hsp60 
GAATATCCAGTGTACTCCGAC  
GCATCAGCTAAGAGGTCAACAC  

 

 

3.3.12 Statistical analysis 

Gene expression results were presented as mean value ± SD. Graphs and statistical analyses were performed 

using  R software v. 3.5.0 (R Core Team, 2018). All data were tested for normality and homogeneity of variances 

using Shapiro-Wilk test and Leven’s test, respectively. Significant differences between values of different 

treated groups and the reference control groups were determined by one-way analysis of variance (ANOVA) 

followed by Tukey’s test. The p values lower than 0.05 were considered statistically significant. 

 

 

3.4 Results 

3.4.1 Characterization of the aged microplastics 

The SEM micrographs of virgin and aged PS microparticles are shown in Figure 3.3. The surface of virgin PS 

microparticles was relatively smooth and appeared spherical in shape, while the surface of aged PS has 

undergone some changes. Particularly, for aged PS, a decrease in mean size of particles was observed (from 

900 to 800 nm) in addition to a loss of sphericity and to appearance of halo. Conversely, the electron 

micrographs did not evidence signs of tear and crack lines on the micro-spheres surface. 
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Figure 3.3: SEM images of virgin (upper) and aged (lower) PS microparticles exposed to photo-degradation for 21 days. 

 

The weight-average molecular weight (Mw) and number-average molecular weight (Mn) of PS microparticles 

decreased after being exposed to 21 days of light irradiation (Table 3.5). At the end of photodegradation, the 

Mn of the weathered PS microparticles decreased by 43.2 %. The potential influence of contaminants into 

oligomers generation and MMs decrease was also evaluated. Co-presence of contaminants, such as Cd, Cu or 

BDE-47 or a mixture of them, in addition to MPs, highlighted a change in molar mass distribution for PS only 

for Cu. A higher decrease of MMs (almost 50%) emerged, in fact, after 21 days of photo-degradation, when 

Cu was present in the solution with PS, both alone and in mixture with BDE-47 (Table 3.5). On the other hand, 

no change in MMs or a particular influence on degradation process was observed by BDE-47 and Cd 

contaminants on PS microparticles, as well as on PA fibers. 
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Table 3.5: Molecular weights and molecular weights distribution of PS microparticles alone or in presence of the selected contaminants, before 

and after photo- exposure (0, 21 days).  

 

* Mn = number-average molecular weight; Mw = weight-average molecular weight; Mn/Mw = Index polydispersity. 

 

 

The viscometry measurements used to obtain the connected molecular weights (Mv) of PA fibers on basis on 

quantitative relationships between their viscosity and molecular weight showed a values decrease of the 36% 

after 21 days of light irradiation (Figure 3.4). Intrinsic viscosity [η] at different times (0, 7 and 21 days) of photo-

exposure. was [η]=35,3 x10-3 • Mv
0,786 .  

 
 

 
 

Figure 3.4: Intrinsic viscosity and Molar Mass of PA fibers obtained by viscometry analysis at different times of photo-exposure. Measuring temperature, 

25 °C; PA concentration, [0.5 gr/dL]; solvent for viscometry analysis, 90% formic acid. 

 

 

New peaks, not observed in virgin sample, appeared by MALDI-MS analysis at 928.08, 944.06, 960.08, 1072.22, 

1142.32 m/z for photo-oxidized PA fibers (figure 3.5 a-b). These new peaks were attributed to four new 

structures (Table S1 showed, Appendix B), some of which have amide or carboxylic as end groups.  However, 

the MALDI spectrum of aged PS (Figure 3.6) collected after photo-exposure, generated photo-degradation 

products having similar structure to virgin PS (Table S2 showed, Appendix B). 

 

 

0 days

7 days

21 days

70

80

90

100

110

27,500 21,300 17,600

IN
TR

IN
SI

C
 V

IS
C

O
SI

TY
   

MOLAR MASS (MV)

[η]

Plastic 
type 

Aging time 
(days) 

Mn  
(g/mol) 

Mw  
 (g/mol) 

Weight after aging 
time (%) 

PDI 
 (Mn/Mw) 

PS 0 37946 212246  5.59 
21 21551 119596 43.2 5.54 

PS+BDE 0 37612 212013  5.49 
21 21231 116586 43.5 5.64 

PS+ Cu 0 37521 212464  5.66 
21 19150 114210 48.9 5.96 

PS+BDE+ 
Cu 

0 37261 213970  5.74 
21 18712 113775 49.7 6.08 
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Figure 3.5: MALDI spectra of a) virgin and b) aged PA 6,6 fibers, recorded in positive reflectron mode. 

 
 

 
Figure 3.6: MALDI spectrum of PS microparticles after 21 days of photo-exposure. In the enlarged part is reported the mass range 1750-1850 m/z. 

 

a) 
 

b) 
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3.4.2 Effects of aging on sorption process of contaminants on microplastics 

The results related to Cu concentration in the solutions containing non-aged or aged PS and PA showed that 

the concentrations of Cu in the combined Cu-PS solutions decreased in a significative way for both virgin and 

aged PS microparticles in comparison to single Cu solutions, although for aged PS that decrease appeared to 

be lower (Figure 3.7 a). In addition, co-presence of Cu and BDE-47 in the mixture with virgin and aged PS did 

not change the result obtained for single Cu-PS solutions, although a higher release of Cu in solution emerged 

in photo-exposed PS microparticles when compared to single Cu-aged PS ones. A significant decrease in Cu 

concentration was also observed in the solutions with virgin PA fibers (Figure 3.8 a), although the decrease 

detected was greater for PS microparticles if compared to PA fibers; however, after 21 days of photo-oxidative 

aging, the concentration of Cu significantly increased reaching levels comparable to single Cu solutions. On 

the contrary of PS microparticles, the addition of BDE-47 to the mixture with Cu to PA fibers seemed slightly 

to influence its sorption process as revealed from the greater release of Cu in the aqueous phase; however, 

after photo-exposure, the Cu level reached values similar to those of single Cu-aged PA solutions (Figure 3.8a). 

No evidence of sorption of Cadmium both for PS microparticles and PA fibers emerged before and after photo-

exposure, if not a slightly decrease in Cadmium concentration for single Cd- aged PA solutions (Figure 3.7 and 

3.8 b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Determination of a) Cu and b) Cd concentrations alone or in mix with BDE-47 in solutions containing non-aged (T0) and aged (T21) PS 

microparticles; Cu, Cd and BDE-47 concentrations were 5 μg L-1, PS concentration was 0.5 mg L-1. 
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Figure 3.8: Determination of a) Cu and b) Cd concentrations alone or in mix with BDE-47 in solutions containing non-aged (T0) and aged (T21) PA fibers; 

Cu, Cd and BDE-47 concentrations were 5 μg L-1, PA concentration was 0.5 mg L-1. 

 

 

Finally, a decrease of BDE-47 concentration emerged from GC-MS analysis in all treatments (non-aged and 

aged) with either PS microparticles and PA fibers, as the BDE levels found were below the instrument detection 

limit (Figure 3.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Determination of BDE-47 concentrations alone or in mix with Cu or Cd in solutions containing non-aged (T0) and aged (T21) PS a) or PA b). 

Cu, Cd and BDE-47 concentrations were 5 μg L-1, PA and PS concentrations were 0.5 mg L-1. Red line indicates the instrument detection limit (1,5  μg L-

1). 
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3.4.3 Morphological changes induced by co-contaminants and MPs treatments 

Control group embryos (organisms without MPs and contaminants) observed at 24 hpf shown a morphological 

structure corresponding to the gastrula stage (Figure 3.10). Delay in endoderm invagination in Cd exposed 

embryos and abnormal embryos were evident after Cu exposure; while BDE 47 exposure does not provide 

evident aberrant phenotypes. Conversely, joint exposures to BDE 47, Cd and/or Cu more severely affected the 

developmental process, and additionally combined exposure to BDE47 and Cu appear to accelerate the 

development since at 24 hpf some embryos showing a prima-like phenotype appeared. PA and PS exposures 

do not alter embryo morphology resulting in embryos with the proper invagination of a canonical gastrula 

(Table 3.6). 

 

 
 
 Table 3.6: Description of morphological changes observed 
for each exposure group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.10: Phenotypic comparison of P. lividus embryos at 24 hours post fertilization, corresponding to gastrula stage. Embryos showed, correspond 

to different exposure conditions, including controls (without MPs), non-aged PA fibers and PS microparticles in combination with the individual selected 

contaminants or whit a mixture of them. 
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3.4.4 Pathway-focused mRNA expression analysis  

Expression profiles of genes involved in stress response and metal scavenging 

The embryos exposed to cadmium or copper, alone or in mixture with BDE-47 in association with non-aged or 

aged PS microparticles, showed a great variation in HSPs gene expression (Figure 3.11 a-c and 3.12 d, e) with 

respect to control groups. In details, among the stress genes, hsp60 and hsp70 were significant up-regulated 

(p<0.05)  in embryos exposed to individual cadmium and copper solutions compared to negative control 

(Figure 3.11 a and b); while mt4 resulted downregulated. In particular, no changes in expression after Cd with 

non-aged or aged PS were observed (Figure 3.11 a) as well as with non-aged or aged PA fibers exposures (see 

Figure S1 a, Appendix A, Supplementary material). However, a significant reduction of up-regulation of hsp60 

and hsp70 mRNA levels (p<0.001)  occurred in embryos exposed to Cu and non-aged PS microparticles, 

although in presence of aged PS/Cu that reduction was less significant (p<0.05) (Figure 3.11 b). Embryos 

exposed to PS microparticles showed no significant difference between aged and non-aged PS, except for a 

significant transcriptional upregulation of hsp70 mRNA level (p<0.05) in embryos exposed to aged PS emerged 

(Figure 3.11 a-c and 3.12 d, e). This hsp70 overexpression did not occur in aged PA fibers treatment, since all 

three genes appeared downregulated (Figure S1 a-c, Appendix B). 

The transcriptional profile of mt4, hsp60 and hsp70 was also analyzed in embryos exposed to organic 

contaminant BDE-47 (Figure 3.11 c). Unlike exposure to metals, embryos treatment with BDE-47, showed a 

significant upregulation of mt4, hsp60 (p<0.05) and hsp70 (p<0.01) genes compared to untreated control. The 

combinatorial exposure to PS microparticles and BDE-47 resulted in 2 different transcriptional profiles related 

to non-aged or aged microparticles. Indeed, although the upregulation of mt4, hsp60 and hsp70 mRNA levels 

in embryos exposed to aged PS microparticles with BDE-47 was maintained without significant changes in 

expression, the exposure in presence of non-aged PS microparticles led to a switch from an upregulation to a 

significant downregulation (p<0.05). However, in the combinatorial exposure to non-aged PA fibers/BDE-47, 

the upregulation observed in the individual treatment with BDE-47 was maintained (see Figure S1 b, Appendix 

B). 
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Figure 3.11: RT- qPCR results showing the mRNA levels of metallothionein 4, mt4, and heat shock proteins, hsp60 and hsp70, with respect to reference 

gene 18S, in embryos at 24 hpf (gastrula stage) exposed to a) Cd or b) Cu or c) BDE-47 without or in association with non-aged or aged PS. Data are 

reported as a fold difference in the expression levels of the analyzed genes, compared to controls (mean ± SD), in a logarithmic scale. Values were 

considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way ANOVAs with Tukey’s test. 
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The transcript levels of mt4 and HSPs genes were also evaluated in embryos exposed to mixture of each metals 

with BDE-47. The qPCR analyses revealed that co-exposure differentially affected the expression of examined 

transcripts in the 2 mixtures selected (Figures 3.12 d and e) in comparison to single metal exposure (Figure 

3.11 a and b). Specifically, in embryos exposed to Cd/BDE-47 and Cu/BDE-47 mixtures, all the 3 transcripts 

appeared upregulated or downregulated, respectively, than untreated control. However, a significant 

reduction of the hsp60 (p<0.001) and hsp70 (p<0.01) mRNA levels was observed when non-aged PS 

microparticles were added into Cd/BDE-47 mixture (Figure 3.12 d). That reduction, in presence of aged PS 

microparticles, changed in a significant down-regulation (Figure 3.12 d). Contrarily, for Cu/BDE-47 mixture, 

although addition of non-aged PS microparticles did not change gene expression profile, with aged PS 

microparticles a significant upregulation of mt4 (p<0.001) and hsp70 (p<0.001) occurred, compared to 

exposure without PS (Figure 3.12 e). No change in gene expression profiles after exposure to Cd/BDE-47 

mixture with both unaged and aged PA fibers was observed (Figure S1 c, Appendix B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: RT- qPCR results showing the mRNA levels of metallothionein 4, mt4, and heat shock proteins, hsp60 and hsp70, with respect to reference 

gene 18S, in embryos at 24 hpf (gastrula stage) exposed to the mixture of each metals d) Cd or e) Cu with BDE-47 without or in association with non-

aged or aged PS. Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls (mean ± SD), in a logarithmic 

scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way ANOVAs with Tukey’s test. 
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Expression profiles of developmental regulators of skeletogenic differentiation 

The mRNA levels of members of the P. lividus GRN involved in the skeletogenic differentiation (sm50, p16 and 

msp130) were analyzed in embryos exposed to individual co-contaminant selected (Figure 3.13 a-c) or to 

mixture of each metal with BDE-47 (Figure 3.14 d, e) in association with non-aged or aged PS microparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: RT- qPCR results showing the mRNA levels of spicule matrix protein 50, sm50, biomineralization protein, p16, and mesenchyme-specific cell 

surface glycoprotein, msp130, in embryos exposed to a) Cd or b) Cu or c) BDE-47 without or in association with non-aged or aged PS, with respect to 

18S at 24 hpf (gastrula stage). Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls (mean ± SD), 

in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way ANOVAs with Tukey’s test. 
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No significant differences emerged from the comparison between aged or non-aged conditions, except for a 

significant upregulation of sm50 transcript (p<0.05) observed only in embryos exposed to aged PS. This sm50 

over-expression did not occur in aged PA fibers treatment, since all three genes appeared downregulated 

(Figure S2 a-c, Appendix B). Among the skeletogenic genes, the expression of spicule matrix protein 50, sm50, 

in embryos exposed to Cd or Cu alone or with aged or non-aged PS, appeared down-regulated or up-regulated, 

respectively. 

The embryos exposed to BDE-47 with aged or non-aged PS microparticles, showed a different transcriptional 

profile of all 3 genes investigated as a down-regulation was observed for non-aged PS microparticles if 

compared with aged PS microparticles (Figure 3.13 c). However, in the combinatorial exposure to BDE-47 and 

non-aged PA fibers, no down-regulation emerged; rather, a general up-regulation of all 3 genes was observed 

(Figure S2 b, Appendix B). The biomineralization protein p16, p16, was down-regulated in almost all the 

exposures tested, except for embryos exposed to BDE-47 alone or in association with aged PS. Its expression 

was significant reduced (p<0.001) in embryos exposed to non-aged PS/BDE-47 compared to control without 

PS. However, no significant changes in p16 mRNA levels emerged after exposure to aged PS/BDE-47 (Figure 

3.13 c). A general up-regulation of msp130 mRNA levels was found, although in presence of aged or non-aged 

PS its expression was reduced. In particular, a significant reduction of p16 mRNA transcript was found in non-

aged or aged PS/Cu co-exposures (p<0.001 and p<0.01, respectively) as well as in non-aged PS/BDE-47co-

exposure compared to exposures without PS (Figure 3.13 c). 
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Figure 3.14: RT- qPCR results showing the mRNA levels of spicule matrix protein 50, sm50, biomineralization protein, p16, and mesenchyme-specific cell 

surface glycoprotein, msp130, with respect to reference gene 18S, in embryos at 24 hpf (gastrula stage) exposed to the mixture of each metals d) Cd 

or e) Cu with BDE-47 without or in association with non-aged or aged PS . Data are reported as a fold difference in the expression levels of the analyzed 

genes, compared to controls (mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 

(***); one-way ANOVAs with Tukey’s test. 

 

 

The qPCR analyses of embryos exposed to mixture of each metals with BDE-47 showed that co-exposure 

differentially affected the expression of examined transcripts in the 2 mixture selected (Figures 3.14 d and e). 

Significant differences emerged from the comparison between aged or non-aged conditions as observed in 

embryos exposed to Cd and BDE-47 mixtures, where the presence of PS microparticles significantly reduced 

the transcript levels of sm50 and p16 genes (p<0.001) in non-aged treatments and of all transcripts in aged 

ones (p<0.001) (Figures 3.14 d). However, in embryos exposed to Cd/BDE-47 mixture with aged PA fibers, the 

upregulation of sm50, p16 and msp130 was maintained (Figure S2 c, Appendix B). In the mixture of Cu and 

BDE-47, although the presence of non-aged PS microparticles determined no significant changes in mRNA 

transcripts compared to control without PS, a significant upregulation of sm50 and p16 genes (p<0.001) 

occurred in embryos exposed to the same mixture with aged PS microparticles (Figures 3.14 e). 
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Expression profiles of developmental regulators of endodermal specification 

The transcriptional profile of members of the P. lividus GRN involved in the endodermal specification, including 

foxA and hox11/13b, was analyzed in embryos at 24 hpf exposed to non-aged or aged PS microparticles in 

association with cadmium, copper as well as BDE-47, tested individually or in mix (Figure 3.15 a-e). 

The expression of both genes was differentially affected in embryos exposed to metals individually tested. In 

particular, an overall significant transcriptional upregulation of foxa and hox11.13b mRNA levels (p<0.05) 

emerged in embryos exposed to individual Cd treatment compared to untreated controls. In presence of aged 

PS a significant downregulation of hox11.13b (p<0.001) was observed compared to control exposure without 

PS (Figure 3.15 a). That downregulation involved also foxa transcript level in the co-exposure to aged PA fibers 

and Cd (Figure S3 a, Appendix B). 

Embryos exposed to Cu showed a different transcriptional profile for both genes, since they were 

downregulated (Figure 3.15 b). A different transcriptional profile between aging and non-aging conditions was 

observed after BDE-47 treatment. Specifically, embryos co-exposed to non-aged PS/BDE-47 foxa and 

hox11.13b mRNA were significantly down-regulated (p<0.001) than exposure without PS. However, no 

significant changes for both genes occurred in aged PS/BDE-47 co-exposure compared to exposure without PS 

in aging conditions (Figure 3.15 c). 

Similarly to what observed in the other transcriptional pathways investigated, once again RT-qPCR analysis 

revealed a positive fold change in mRNA levels (significant induction of foxa transcript – p<0.05) in embryos 

exposed to aged PS microparticles if compared with non-aged ones (Figure 3.15 a-c, d, e). No changes in gene 

expression occurred in PA fibers exposures at the same conditions (Figure S3 a-c, Appendix B). 
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Figure 3.15: RT- qPCR results showing the mRNA levels, Forkhead box transcription factor a, foxA and Homeodomain containing transcription factor,  

hox11/13b, with respect to reference gene 18S, in embryos at 24 hpf (gastrula stage) exposed to a) Cd or b) Cu or c) BDE-47 without or in association 

with non-aged or aged PS, with respect to 18S at 24 hpf (gastrula stage). Data are reported as a fold difference in the expression levels of the analyzed 

genes, compared to controls (mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 

(***); one-way ANOVAs with Tukey’s test. 

 

 

The transcript levels of these genes in embryos exposed to mixture of each metal with BDE-47 (Figure 3.16 d-
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Cd/BDE-47 blend compared to untreated exposures. However, when PS microparticles were added into the 

mixture, a change in gene expression profile occurred. Specifically, a significant down-regulation (p<0.001) of 

both genes emerged in presence of non-aged PS microparticles; while, a significant up- and down-regulation 

of foxa (p<0.01) and hox11.13b (p<0.001) genes, respectively, occurred when aged PS microparticles were 

added to the mixture if compared to exposure without PS (Figure 3.16 d). Nonetheless, in embryos exposed 

to Cd/BDE-47 mixture in presence of aged PA fibers an over-expression of both genes was found (Figure S3 c, 

Appendix B). 

Finally, the mRNA levels detected in embryos co-exposed to Cu and BDE-47 (Figure 3.16 e) showed a 

transcriptional profile similar to single Cu treatment, given the significant down-regulation for both genes 

(p<0.001) observed. Although the addition of non-aged PS microparticles did not significantly change gene 

expression profile in the mixture (Figure 3.15 b), a significant up-regulation of foxa and hox11.13b mRNA levels 

(p<0.001) was detected in the exposure mixture with aged PS microparticles compared to exposure without 

PS at the same conditions (Figure 3.16 e).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: RT- qPCR results showing the mRNA levels, Forkhead box transcription factor a, foxa and Homeodomain containing transcription factor,  

hox11/13b, with respect to reference gene 18S, in embryos at 24 hpf (gastrula stage) exposed to the mixture of each metals d) Cd or e) Cu with BDE-

47 without or in association with non-aged or aged PS. Data are reported as a fold difference in the expression levels of the analyzed genes, compared 

to controls (mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way 

ANOVAs with Tukey’s test. 
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3.5 Discussion 

The results of this study provide evidence that the effect-based molecular approach provide estimate of 

bioavailable fractions of compounds associated with non-aged and artificially aged MPs. Changes in gene 

expression observed after individual chemical treatments in presence of MPs revealed that aging process can 

influence acute effects of cadmium, copper and BDE-47 on P. lividus embryos. Herein, for the first time, BDE-

47 effects on early life stages of P. lividus were analyzed by following the expression of genes involved in 

several physiological processes as well as changes in bioavailability of this organic pollutant when non-aged or 

aged MPs were added into the solutions. Despite the fact that MPs can sorb environmental pollutants with 

different molecular structures and hydrophilicity/hydrophobicity properties, changes in the interactions 

between sorbent and sorbate occurred after aging process and led to establishment of molecular mechanisms 

perturbing the canonical developmental program as well oxidative status.  

 

 

3.5.1 Characterization of the aged MPs and sorption behavior of contaminants 

The SEM images showed a reduction of size with loss of sphericity and some sign of deformation on the surface 

of aged PS particles in comparison to non-aged microparticles. Although the first visual effects of polymer 

degradation are changes in color and crazing of the surface (Gewert et al., 2015), it has been observed that 

the changes on the surface topography, such as the presence of cracks and fissures, are to attribute to 

associated biota (Reisser, J. et al., 2014; Kowalczyk, A. et al., 2016). Naturally weathered samples have 

generally smoother surfaces without any significant cracks or holes despite the fact that they exposed to 

physical/mechanical treatment (i.e. waves, temperature and UV irradiation) (Syranidou E. et al., 2017). As 

indicated by Meides et al., 2021, in weathering simulation, cracks become visible on the PS particle surfaces 

for solar exposure simulation >800 h, a time more long in comparison to that used in this study (~504 h). Thus, 

the smooth surfaces without significant clearly visible cracks lines or holes observed on aged PS microparticles, 

represents a first degradation stage associated with an exposure period between 0 and 500 h, and 

characterized by a photooxidation in a near-surface layer and a decrease of molecular weight induced by 

irradiation. Actually, obtaining a suitable contrast level in SEM micrographs of these samples has been quite 

challenging, probably due to their small sizes (1 –  1.49) and to the presence of salts in the solution of PS 

microparticles that created a background signal. A wide decrease in molar mass for both PS microparticles and 

PA fibers was observed upon photodegradation as emerged by SEC and viscosimetric analyses. Size exclusion 

chromatography allows separating macromolecules by their hydrodynamic volume, and represents a 

fundamental technique for soluble polymer characterization that surprisingly have not be used commonly for 

the characterization of MMs of microplastics. A decrease by 43.2 % in number-average molecular weight (Mn) 

for PS microparticles exposed to 21 days of light irradiation was in fact detected, as well as for PA fibers (by 
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36%). Also the weight-average molecular weight (Mw) followed the same trend. Since the molar masses of a 

polymer are proportional to the number of monomers units forming the polymer chain, a decrease in the 

molar masses is inevitably related to a decrease of the chain length (Yousif and Haddad, 2013; Ter Halle et al., 

2017). In addition, the polydispersity index (PDI, Mw/Mn) of the weathered microparticles exhibited almost 

constant values after aging process suggesting the occurrence of a no-selective bond scission along the 

macromolecular chain. Interestingly, when Cu was present in the solution with PS, both alone and in mixture 

with BDE-47, a higher decrease of molar mass (almost 50%) have been observed for photo-exposed PS in 

comparison to non-aged microparticles. This result could be probably related to catalytic mechanisms 

influencing photo degradation processes occurring MPs that consequently could altered the stability of 

polymer. The length of the polymer backbone as well as its morphology have important consequences on 

microplastic behavior in the marine environment. In fact, when a microplastics breaks down into smaller 

microscopic fragments, these fragments are likely to possess properties that may differ from their parental 

fragments, since upon aging, the smaller fragments are more oxidized and have a lower molar mass. This 

certainly affects the mode of interaction of these microparticles with organisms and should be considered in 

exposure studies as well as in the bioavailability of chemicals.  

The appearance of new peaks in MALDI spectra, observed in photo-exposed PA fibers but not in virgin samples, 

highlighted a probably occurrence of a degradative process. When radiation was absorbed by polymer, a 

photo-oxidation process occurs and free radicals generate due to breaking of C−H bonds inside the chains of 

the polymers (White and Turnbull, 1994; Wypych, 2003). However, although in aged PA fibers four new peaks, 

attributable to new structures with amide or carboxylic group in their functional groups appeared, for PS 

microparticles no change in their functional groups emerged after photo-exposure. The observation of new 

functional groups as carboxyl, aldeidic, amidic and hydroxyl groups demonstrated that MPs aging was a result 

of oxidation. Weathering process modified the polarity of PA fibers as well as their sorption features due to a 

shift from hydrophobic to even more hydrophilic character of the system, although PA due its hydrophilic 

groups such as amides is itself a more hydrophilic polymer compared to PS where no hydrophilic functional 

group is present. 

The effects of aging on sorption process of contaminants on microplastics evaluated by ICP-MS and GC-MS, 

were dependent on the type of contaminant and, in a lesser way, on the type of polymer tested. As revealed 

from data obtained by ICP-MS analysis (Figure 3.10 and 3.11), Cu content in the solutions containing virgin PS 

microparticles, as well as PA fibers, drastically decreased, if compared to negative control (without any 

contaminant and microplastics). Our outcome confirmed that particle size was an important factor 

determining the adsorption of metals onto MPs. As shown in figure 2.10 and 2.11, the Cu adsorption capacity 

for the two virgin microplastic materials is PS > PA owing to greater surface area of smaller microplastic particle 

size as suggested by Wang et al., 2019. Thus, the increase in metal adsorption by virgin polymers is reasonable 
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due to electrostatic interactions, van der Waals forces, and π–π interactions (Fu et al., 2020; Lin et al., 2021; 

Torres et al., 2021). PS-MPs have a negative charge on their surface (Lin et al., 2021)., thus the electrostatic 

attraction between these negatively charged MPs and positively charged metal ions promotes the adsorption 

behavior; however, they have different adsorption capacities for different metal ions also ascribed to their 

specific physical and chemical properties (Li et al., 2019). Although from the other experimental results, it can 

be seen that the adsorption of heavy metals by PS increases with increasing aging degree (Guo et al., 2018), 

in this study contrasting results were obtained in relation to aging effect of both microplastic types. 

Specifically, higher Cu concentration in the solutions was measured. The decreased Cu adsorption on aged 

microplastics can be attributed to abiotic factors such as salinity and aged surface features that may decrease 

the adsorption capacity of microplastics for heavy metals. As emerged from other studies, the weathering did 

not always improve the adsorption process and in some cases, changes in the surface of microplastic polymers 

may reduce the rate of the adsorption process (Huang et al., 2021) as well as the electrostatic interactions 

between metals and microplastics. However, it should be noted that, since generally the degree of desorption 

depends on the interaction forces between the adsorbent and the adsorbate (Wang et al., 2019), it is 

reasonable to suppose that the high desorption rate observed for Cu in both tested polymers can be is due to 

a variation in the binding forces between metals and MPs. In particular, weaker binding interactions provided 

by physical adsorption can dominate on chemical sorption process. As consequence, become plausible to 

consider that for both aged plastic polymers the break of the chain length observed as reduction of molecular 

weight, may contribute to a release of metals in solutions as result of a weak physical interactions dominating 

the adsorption mechanism. Concerning Cd sorption, ICP-MS analysis did not highlighted any decrease in 

concentration for both polymer types tested or differences between non-aged/aged conditions. Although 

some studies provided evidences that MPs can accumulate Cd thus posing risks to the organisms exposed to 

them (Zhang et al., 2020; Lu et al., 2018), it should be noted that in these studies the adsorption capacity of 

MPs for Cd are related to freshwater conditions. However, the adsorption rate may vary depending adsorption 

conditions as well as environmental conditions (Wang et al., 2019); herein, the adsorption characteristics of 

metal by MPs were investigated using artificial seawater as medium for batch experiments and the salinity of 

the surrounding aquatic medium can alter the adsorption behaviors of pollutants onto plastics. In particular, 

increased salinity levels generally lead to lower sorption capacities of for heavy metals as for example Cd, Co 

and Ni on PE (Holmes et al., 2014). As emerged in this study, results for Cd adsorption are consistent with this 

effect of salinity, since no significant difference was observed in Cd concentration in the solutions containing 

virgin PS microparticles and PA fibers. Thus, it is reasonable to suppose that in presence of NaCl, the competing 

effect of the background electrolyte ions causes the competition between Na and Cd for the adsorption sites. 

In addition, co-presence of Cl- and Cd forming several complexes including CdCl+ or CdCl-3, as well as enhanced 

aggregation of MPs as result of an higher ionic strength, could lead to a further Cd adsorption onto MPs 
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decrease (Wang et al., 2019; Hall et al., 1995). On the other hand, the higher sorption of BDE-47 onto PS and 

PA was not influenced by salinity, as showed by previous studies according to which organics with hydrogen 

bonds in molecules are not sensitive to the concentration of NaCl (Bakir et al., 2014; Zhang et al., 2018). This 

observation suggests that the sorption process may not be mediated by ion-exchange sorption but rather by 

intramolecular hydrogen bonds. Wu et al., 2020 suggested that the aged PS have a low sorption capacity for 

BDE-47, if compared with virgin PS, and that environmental aging processes and photooxidation can lead to 

the formation of polar functional groups, thereby decreasing the sorption of hydrophobic organic pollutants. 

Conversely to what reported in Wu et al., 2020, in the present study the sorption of BDE-47 on both PS 

microparticles and PA fibers was not affected by aging, as the BDE levels found were below the detection limit. 

Our results appeared in line with MALDI spectra from which no appearance of oxygen-containing functional 

groups have been detected. Indeed, the lack of polar functional groups in addition to the reduction in molar 

mass emerged by SEM analysis, may be led to the higher sorption capacity showed by BDE-47 onto polymers 

tested. Since smaller microscopic fragments generated after photo-exposure have a total surface greater than 

the larger parental particles, smaller particles present a greater potential for interactions with organic 

contaminant. In addition, also salinity may have a key role in reducing the appearance of oxygen-containing 

functional groups as well as influencing the sorption of hydrophobic organic pollutants (Wu et al., 2020). 

Combined exposure to Cu and BDE-47 caused significantly higher release of Cu in solution containing photo-

exposed PS microparticles if compared to the treatment with single Cu-aged PS. This may be due to the 

reduction in molar mass observed for PS microparticles after aging that has led to a release of metal in 

solution. In addition, the presence of an organic chemical such as BDE-47, by competing with Cu ions for the 

adsorbing sites, contributed to reduce the availability of surface sorption sites for Cu. However, the presence 

of BDE-47 in the mixture with aged PA fibers did not influence Cu release if compared to single Cu-aged PA, 

probably due to different hydrophobicity of PA than PS and for which no real competition between two 

contaminants took place. Therefore, the effects of aging on sorption process of contaminants on MPs were 

dependent on the type of contaminant and, in a lesser way, on the type of polymer. MPs tested have different 

adsorption capacities for different metal ions. Both non-aged MPs can sorb Cu metal ions, although PS 

microparticles largely; while no association with Cd have been detected. The aging treatment changed the 

MPs surface to varying degree. A 21-days photooxidation led to a high decrease of molecular weight for both 

polymers, PS microparticles and PA fibers; however, while aged PA fibers have the appearance of oxygen-

containing functional groups on the surface, aged PS microparticles did not show this behavior. The decrease 

of sorption capacity observed for Cu mostly likely could be related to reduction of molecular weight after UV 

exposure that lead to the promotion of weak physical interactions that prevail the adsorption mechanism. 

Aging treatment may not change the low adsorption capacity detected for Cd since salinity may play a pivotal 

role on the interactions between Cd and both polymers. Photo-exposure not changed the high sorption of 
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BDE-47 on either PS microparticles or PA fibers; in this case, the absence of polar functional groups maintained 

the hydrophobicity of polymer whilst the reduction in molar mass, generating smaller particles with a higher 

total surface area, enhanced the interactions between sorbate and sorbent and consequently BDE-47 

sorption. Finally, after aging, a competition mechanism may also affect the sorption of Cu on PS microparticles 

but not PA fibers, in the combined exposure with BDE-47.  

 

3.5.2 Pathway-focused gene expression profiling in response to co-contaminants and MPs treatments 

Experiments focused towards determining the effects on development of P. lividus embryos which came in 

contact with small PS microparticles (1-1.49 μm) or large PA fibers (>500 μm) after fertilization did not show 

strong developmental defects. Although this result is according with some studies using similar MPs 

concentration (Thomas et al., 2020; Trifuoggi et al., 2019)  other studies have noted a significant increase in 

developmental deformities and anomalies at MPs concentrations lower than that used in this study 

(Messinetti et al., 2018) especially for sea urchins belonging to different species. Thus, a different interspecies 

sensitivity to microplastics as well as a different life stage sensitivity may lead to different responses that in 

turn could have different impacts at the community level (Thomas et al., 2020). Based on the morphological 

observations, exposure to both microplastics reduced embryo aberrant phenotypes. As consequence, the RT-

qPCR results related to embryos exposed to PS/PA microplastics and contaminants were not expected to be 

affected. Nevertheless, it was important to profile the gene expression pattern of key factors involving in stress 

response regulation as well as in molecular mechanisms orchestrating the regulatory network of embryo 

development. The analysis of mRNA levels of target genes allows the detection of early warning signs of 

possible damage, since changes at the molecular level occur prior to manifestations at higher levels of 

biological organization (Teles et al., 2016). In fact, the gene expression is an indication that the organisms 

responds to a stress, which may not be visible at a phenotypic level, because the expression is part of the 

adjustment mechanism of the organism. However, long term exposure means that the organism is using more 

energy to keep functioning while responding to the stress, which may result in effects at later stagesThe 

presence of MPs can affect the availability of contaminants for embryos and consequently, influence their 

toxic effects. Thus, in this study acute effects at transcriptional level of sea urchin embryos exposed to 

different treatments groups (in aging or non-aging conditions) were investigated. 

The heat shock protein (hsps) plays a protective role as chaperones in protein folding in order to prevent their 

aggregation also in response to different stress, including metals (Roccheri et al., 2004; Gupta et al., 2010). 

The protective function of hsp70 and hsp60 against oxidative stress associated to metal exposure (Liu et al., 

2014; Nicosia et al., 2014, 2015; Guo et al., 2018) as well as induced by micro- and nanoplastics is well 

documented (Varò et al., 2019; Imhof et al., 2017; Pinsino et al., 2017; Brandts et al., 2018). In the present 

study, the increase in hsp70 and hsp60 levels in embryos treated with individual cadmium or copper solutions 
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without MPs, appeared according with previous studies reporting the increase in HSPs levels in larvae or 

tissues of P. lividus after metal exposure (Morroni et al., 2019; Migliaccio et al., 2015; Di Natale et al., 2019). 

However, in this study, PS microparticles exposure did not lead to an upregulation of heat shock proteins as 

shown in other findings on a range of organisms exposed to functionalized MPs (Varò et al., 2019; Brandts et 

al., 2018). Rather, the gene expression profile of both hsp70 and hsp60 appeared indiscriminately 

downregulated both in aged or non-aged PS microparticles individual exposure, except for a slightly but 

significant transcriptional upregulation of hsp70 in exposures with aged MPs. Although upregulation of HSPs 

expression can be considered as a rule in organisms exposed to pollutants, their downregulation following 

exposure has also been reported (Gupta et al., 2010; Gomes et al., 2013; Izagirre et al. 2014). At least two no-

excluding effects may have contribute to transcription level reduction of stress response genes after PS 

exposure. First, the downregulation of this gene transcript does not necessarily reflect low hsp protein level, 

since high levels of hsp70 have shown to lead to inactivation of its own transcription factor, through a negative 

feedback mechanism (Pinsino et al., 2017). Second, the surface of MPs used in this study did not have specific 

surface modifications such as carboxylated groups (-COOH) or unsaturated amine (NH2) for which have been 

shown to induce a cellular response against oxidative stress (Della Torre et al., 2014). Moreover, it should be 

noted that virgin microplastics are generally supposed to be free from any additives and/or residual 

monomers. Some studies revealed a certain toxicity likely associated either by the migration of toxic residual 

or unreacted quantities of styrene/ ethylene monomers (used in production process) from the virgin PS 

microspheres (Martin-Gòmez et al., 2017). Aging process may facilitate or enhance the leaching of secondary 

chemicals (Bejgarn et al., 2015). Thus, in this study, an influence of aging process on changes in expression 

profile detected after exposure to aged PA/PS could be hypothesized. The reduction in molecular weight 

observed after PS/PA photoexposure may led to a probably leaching process of secondary toxic products that 

in turn may have induced hsp70-mediated response observed. However, it is reasonable to suppose that such 

induction was polymer type-dependent, since no induction of stress genes after exposure to aged PA fibers 

emerged. Therefore these results confirm that surface chemistry of MPs strongly influence the toxic potential 

of them and their interactions. Given the capacity for leached compounds to cause toxicity at several levels 

even to very low concentrations (Rochman et al., 2014), it is crucial that chemical profiling of microplastics 

used in toxicity testing becomes more commonplace (Cole et al., 2019). Finally, although the evaluation of 

MPs ingestion was beyond the scope of this study, it is not possible to exclude the occurrence of an ingestion 

process, since the size of the microparticles selected for this study was sufficiently small to be ingested and 

uptake by sea urchins. As showed by Della Torre et al. 2014, MPs could adhere to the external surface of 

blastulae, be internalized during invagination of primary mesenchyme cells and then, be accumulated in the 

digestive tract during the gastrulation stage. 
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The reduction of transcriptional levels of HSPs detected in embryos co-exposed to non-aged PS and Cu may 

indicate an increase in Cu sorption capacity and consequently a lesser bioavailability of copper for embryos, if 

compared to control without PS microparticles. However, aging process influenced sorption capacity of Cu by 

MPs and then its bioavailability. The increase of hsp70 transcript level observed in embryos exposed to aged 

PS/Cu combination permit to suppose a decrease in sorption capacity of Cu by MPs. As consequence, the 

higher release of Cu in solution may lead to a higher bioavailability of it for embryos. On the other hand, aging 

process did not appear to affect Cd bioavailability, since no changes in gene expression were observed after 

PS/PA non-aged and aged treatments. Thus, changes in gene expression observed would seem to correlate 

with data obtained from chemical analysis and may represents a very sensitive tool for a cellular damage 

analysis in response to MPs exposure. This interpretation of results is also supported by general decrease in 

stress response genes detected in embryos exposed to combined treatment with non-aged PS/BDE-47. On 

basis of these considerations, it would have expected a decrease of transcript levels in aged PS microparticles 

exposure, for which no decrease in sorption of BDE-47 by GC-MS analysis was emerged. This result herein 

obtained could be explained by unknown toxic chemicals probably leached from MPs after UV exposure. Thus, 

appear reasonable to suppose that the induction of genes involved in stress response observed in embryos 

co-exposed to aged PS/BDE-47 is resulting from a cumulative or synergetic effects by inert particle and various 

leaching chemicals. In addition, since the molecules of PBDE are aromatic conjugate structure, they have the 

property of absorbing UV spectrum energy. Therefore, the molecules could eliminate bromine atom and 

degradate (Liu et al., 2019; Zhao et al., 2015). Consequently, albeit BDE-47 bioavailability was low (< 1.5 μg L-

1 indicated as instrument detection limit for GC-MS), an additive effect of degradation BDE-47 by-products 

UV-induced cannot be excluded. Effectively, embryos exposed to BDE-47 without MPs in the aging conditions 

showed a more significant induction of genes belonging to the different pathways investigated (i.e. hsp70, 

p<0.001) than to same exposure in non-aging conditions (i.e. hsp70, p<0.01). On the other hand, the opposite 

expression profile observed after exposure to non-aged PA fibers with BDE may be attributed to higher 

hydrophilicity of polymer than PS. In fact, more hydrophilic MPs, such as polyamide, seem to have lower 

sorption affinity for non-polar organic compounds (Hüffer & Hofmann, 2016). Thus, a lower sorption of BDE-

47 by PA in comparison to PS could be hypothesized. As consequence, even at very low concentration, the 

bioavailable fraction of BDE-47 could be responsible of the cellular response against oxidative stress observed. 

Metallothioneins (MTs) is an ubiquitous system composed either constitutive that inducible proteins which is 

known to counteract the metal-induced cytotoxicity in different systems (Amiard et al., 2006; Arini et al., 2015; 

Chaâbene et al., 2018), including the sea urchin embryo exposed to metals (Ragusa et al., 2013, 2017a; 

Migliaccio et al., 2015). It has been reported that during sea urchin development, embryos express MT7 and 

MT8 transcripts at high levels. Conversely, mt4, MT5 and MT6 are expressed at low levels and were found 

induced by metal exposures (Ragusa et al., 2013, 2017a). Thus, the effects of single or combined metal or MPs 
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exposures were herein analyzed on the expression of sea urchin inducible metallothionein 4 (mt4). 

Surprisingly, metal exposures (both Cd and Cu treatments) did not activate the expression of the inducible 

metallothionein, indeed the mt4 mRNA expression level was negatively affected, while his level appeared 

increased after BDE-47 exposure. The lack of mt4 upregulation has been also described elsewhere. The results 

of this study appeared in fact consistent with other studies where model organisms exposed to moderate 

anthropogenic activity and metal contaminations, did not show a marked increase of MT protein amount 

(Strogyloudi et al., 2014). Moreover, it is known that metals induce MTs expression in a concentration 

dependent manner; for example, Ragusa et al., 2013, 2017a reported for cadmium exposure a concentration 

threshold for the PlMT4 activation equal to 1–10 μM, a much higher concentration range than that used in 

this study (5 μg L-1). Therefore, it is reasonable to suppose that sea urchin exposures at non-lethal conditions 

may result in tolerance to metal toxicity, although for organic chemicals that tolerance di not subsist. Further 

researches are required to evaluate the MTs mRNA expression levels (including constitutive MTs) at much 

higher metal concentrations as well as over other development stages and exposure times after BDE-47 

treatment. 

The RT-qPCR analysis revealed that mixture exposures differently affected mt4 and HSPs transcriptional 

expression compared to control groups. It has been shown that several pollutants, usually present at the same 

time in the aquatic environment, may produce either neutralizing, additive or synergistic effects, thus resulting 

in variable degrees of toxicity (Di Natale et al., 2019; Ragusa et al., 2017b). According to this, albeit mt4 mRNA 

was downregulated in individual exposure to Cd, in embryos exposed to Cd/BDE-47 mixture its transcript was 

found increased. In addition, hsps genes shown a more marked upregulation if compared to control treatment 

with each individual contaminant. Therefore, it is reasonable to suppose that neutralizing or synergistic 

mechanisms have herein acted to upregulate mRNA expression of mt4 and HSPs, respectively. Similarly, the 

HSPs and mt4 upregulation observed in individual contaminant exposures were abrogated when Cu/BDE-47 

mixture was tested. Thus, the decrease in the mRNA levels of stress and metal scavenging genes may likely be 

associated to neutralizing activity exerted by Cu/BDE-47 blend. The addition of both non-aged/aged PS 

microparticles into the Cd/BDE-47 mixture seem to reduce the induction of genes involved in stress response 

respect to control groups. Given higher Cd bioavailability emerged from chemical analysis, it would have 

expected an expression profile similar to that obtained after combined treatment with non-aged PS and Cd. 

Therefore, it could be hypothesized that the presence of BDE-47, although present in solution at very low 

concentration, may abrogate the actions of specific members of the pathways that have acted to 

downregulate mt4 or to upregulated hsp60 mRNA in non-aged PS/Cd co-exposure. Curiously, in presence of 

aged PS microparticles, the transcriptional upregulation of mt4 was abrogated; this result could be support 

the hypothesis that a possible leaching process occurred after polymer aging, influencing the transcriptional 

upregulation of mt4. According to the low bioavailable fraction of Cu and BDE-47 detected by chemical 
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analyses, embryos exposed to Cu/BDE-47 mixture showed a general downregulation pattern in presence of 

non-aged PS microparticles. However, the expression profile emerged from embryos co-exposed to Cu/BDE-

47 with aged PS microparticles lead to suppose a probably influence of aging process on stress response 

regulatory mechanisms. The significant upregulation of mt4 and hsp70 transcript levels may be associated to 

the increase in Cu bioavailability. This, in addition to chemical products leached out from aged microparticles 

may have acted in a neutralize, synergistic or additive manner to determine the induction of the cellular 

response against oxidative stress observed. 

Generally, for a normal development, an accurate control of gene expression is required. For example, in the 

gene regulatory network related to skeletogenic differentiation of P. lividus, the maternal factor Ets1 activates 

the expression of several genes that in turn, cooperating, lead to activate the expression of terminal 

differentiation genes such as spicule matric gene sm50, msp130 and p16 (Ben-Tabou and Davidson, 2007; 

Gildor et al., 2015). As reported by different investigations, environmental stressors including metals (Masullo 

et al., 2019; Morroni et al., 2019), X-rays (Matranga et al., 2010), bioactive substances (Varrella et al 2016) and 

UVB (Bonaventura et al., 2005) affect the expression of the skeletogenic genes. Therefore, changes in the 

expression of these genes may be due to the need to carry on the development under stressful conditions. 

The expression level of skeletogenesis genes investigated appears in line with previous data showing an 

upregulation of sm50 after Cu treatment and a general downregulation of sm50 and p16 genes as well an 

upregulation of msp130 transcript after Cd treatment, at stage development considered (Migliaccio et al., 

2015; Masullo et al., 2021; Morroni et al., 2019). Similarly to expression profiles showed by stress response 

genes, no evident changes in expression of members of skeletogenic differentiation emerged after exposure 

to PS microparticles (both non-aged and aged), except for the sm50 upregulation observed in the solution 

containing aged PS microparticles. That induction may be associated to degradation process took place after 

UV exposure which likely led to release of unknown toxic chemicals by MPs. However, as already showed for 

stress response pattern, the induction appeared polymer-dependent, since no induction after exposure to 

aged PA fibers emerged. 

Although no particular changes in gene expression were found in embryos co-exposed to Cd with aged and 

aged PS microparticles, co-exposure to aged PA fibers and Cd led to a different gene expression profile respect 

to unaged fibers. The different data herein obtained could be explained by the appearance new functional 

groups detected in PA photo-exposed which are able to make interaction with cadmium, reducing its 

bioavailability. The addition of PS microparticles in the combinatorial treatment with Cu reduced the induction 

of genes involved in skeletogenic differentiation respect to control groups. However, the upregulation of 

msp130 transcript found in embryos after exposure to aged PS and Cu appeared to match with the greater 

release of Cu in solution detected by chemical analyses. Moreover, a synergistic mechanism associated to 
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secondary chemicals derived from polymer aging process may explain the faintly change in gene expression 

observed for p16 mRNA after exposure to aged PS microparticles. 

The expression profile associated to exposure of embryos at BDE-47 highlighted a significant upregulation of 

all genes involved in skeletogenesis process. The addition of non-aged PS microparticles reduced the induction 

of sm50, p16 and msp130 mRNAs, according to a lesser bioavailability of BDE-47 detected by chemical 

analyses. However, once again, aging process negatively affected gene expression leading to significant 

upregulation of all three genes at levels comparable to untreated controls. Although no change in BDE-47 

sorption capacity emerged, cumulative effect attributable to leached chemicals from photoexposed PS 

microparticles could be hypothesized. In addition, low concentration of BDE-47 (below the detection limit) as 

well as BDE-47 by-products UV-generated may have contribute to aberrant expression of genes involved in 

skeletogenesis process. 

In the mixture of BDE-47 with Cd or Cu, gene expression profile appeared faintly related to that activated by 

single contaminant. In particular, since in the mixture with cadmium and PS microparticles (both non-aged 

and aged) Cd availability appeared no changed, a dose-dependent process may be hypothesized in relation to 

BDE-47. Indeed, the decreased expression of skeletogenesis genes, permit to suppose that co-occurrence of 

Cd and BDE-47 in absence of MPs may synergize the actions of specific members that have acted to upregulate 

sm50 and p16 mRNA expression. As consequence, when non-aged PS microparticles were added to the blend, 

the lesser BDE-47 bioavailability detected in comparison to control treatments may be responsible for the loss 

of synergistic effect hypothesized. On the other hand, the general downregulation found in embryos exposed 

to Cd/BDE-47 mixture in association with aged PS microparticles highlighted the influence of aging process on 

gene expression. A probably leaching process of chemicals from aged PS may have contribute to generate 

expression profiles poorly related to those detected by non-aged PS. Conversely, the higher hydrophilicity of 

PA respect to PS, in addition to the reduction in molecular weight detected after photo-exposure, may lead to 

a higher bioavailability of BDE-47 and consequently to determine induction of all 3 genes observed in Cd/BDE-

47 mixture in association with aged PA.  

Finally, in the mixture of BDE-47 with copper the lesser BDE-47 bioavailability detected in presence of either 

non-aged that aged PS microparticles, is also coupled to a change in Cu bioavailability. The co-presence of Cu 

and BDE-47 may abrogate the actions of specific members able to determine the upregulation of 

skeletogenesis genes observed in individual treatments. Albeit the addition of non-aged PS to the Cu/BDE-47 

blend did not change the expression profile of skeletogenesis genes (probably due to comparable 

bioavailability of both chemicals tested) a significant change emerged in presence of aged PS microparticles. 

The lesser BDE-47 bioavailability, in addition to the greater Cu availability detected after PS photoexposure, 

may be responsible for the loss of neutralizing effect supposed. Moreover, the leaching process of chemicals 
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from aged PS may have contribute to generate expression profiles poorly related to those detected by non-

aged PS. 

Among the genes involved in endodermal differentiation process (foxa and hox11.13b), all were found 

affected by cadmium, copper and BDE-47 individual treatment. The data herein obtained appeared in line with 

previous studies on the expression pattern of these specific genes observed in embryos exposed to metals 

(Masullo et al., 2021; Morroni et al., 2019). However, there are no previous data about the expression of these 

genes in response to BDE-47 or in response to the combination of each selected chemical with microplastics. 

As expected, the gene expression profile emerged from embryos co-exposed to Cd and non-aged PS 

microparticles (or PA fibers), provided evidence that MPs, albeit faintly, perturb the normal pattern of 

endodermal specification. However, aging process have led to a change in gene expression pattern either in 

PS microparticles individual treatment that in the combinatorial exposure with Cd. Despite no significant 

change in Cd bioavailability occurred after photoexposure, these findings confirm once again the leaching 

process hypothesis that may lead to synergistic mechanisms able to provide gene expression profiles not 

overlapping to those occurring in response to virgin/non-aged MPs. On the other hand, the different structure 

of the polyamide in addition to its different ability to make interactions after photo-exposure could explain 

the general downregulation found after exposure to aged PA fibers and Cd.  

No copper related-differences were measured in foxa and hox11.13b transcript levels, which resulted in an 

overall downregulation. These finding appears in agreement with Morroni et al 2019, where at gastrula stage 

genes belonging to development/differentiation started to react to copper decreasing their expression levels 

(Morroni et al., 2019). Given the lower Cu bioavailability measured in the aqueous phase containing non-aged 

PS microparticles, no change in gene expression were found, except for the greater downregulation of 

hox11.13b mRNA observed in aged PS/Cu co-exposure. Therefore, it could be hypothesized that in sea urchin 

embryos, co-presence of copper and photodegraded products PS-derived, may synergize the downregulation 

mechanisms acting on regulators of endodermal specification.  

Similarly to what occurred with other stress response and skeletogenesis pathways, differences in gene 

expression were once again occurred after co-exposure to BDE-47 and MPs.  

Considering that no changes in BDE-47 bioavailability have been detected among treatments carried out, the 

upregulation of foxa and hox11.13b mRNAs found in BDE-47/aged PS exposure may be explained by changes 

in interactions polymer aging-induced. 

Moreover, different effects after co-exposure of each metal with BDE-47 have been generated. Interestingly, 

both positive and negative fold changes in mRNA levels observed in response to single contaminant appeared 

mitigate. In particular, co-exposure to Cu and BDE-47 blend neutralized the transcriptional induction of foxa 

and hox11.13b mRNA highlighted in individual exposure to BDE-47. On the other hand, a synergistic effect 

leading to a higher induction of both genes could be hypothesized in Cd and BDE-47 co-exposure. 



 

 121 

Since combinatorial exposure may result in unpredictable toxicity effects (Wah Chu and Chow, 2002), these 

findings confirm once again that the co-occurrence of different stressors, triggering multiple pathways, may 

provide gene expression profiles that are not overlapping to those occurring in response to a single 

contaminant.  

Curiously, addition of MPs to the mixtures led to a change of transcriptional effects occurred in untreated 

control groups. Given the lower BDE-47 bioavailability and the unchanged bioavailable fraction of Cd 

measured in the solutions containing both non-aged and aged MPs, an induction of both genes would been 

expected. Thus, the dual downregulation found after co-exposure to Cd/BDE-47/non-aged PS microparticles 

could be explained by the occurrence of regulatory mechanisms acting in BDE-47 dose-dependent manner. 

Indeed, although at low concentration, BDE-47 may cooperate with Cd into generation of a new gene 

expression profile faintly related to that deriving from individual contaminant exposure. On the other hand, 

in Cu/BDE-47 mixture, the presence of non-aged PS microparticles that lead to a lesser BDE-47 and Cu 

bioavailability, did not affect negative fold changes in foxa and hox11.13b mRNA levels. 

Curiously, addition of aged MPs to Cd/BDE-47 mixture led to further new transcriptional profile that appeared 

different for PS and PA. In particular, expression pattern related to PS appeared similar to that of Cd/PS 

individual treatment; on the contrary, gene expression profile for PA was found similar to that of BDE-47/PA 

individual treatment. Thus, it is likely to suppose the occurrence of aging processes differentially acting in PS 

and PA as well as in the mixture of each metal with BDE-47. Given the lesser and greater BDE-47 and Cu 

bioavailability, respectively emerged in embryos co-exposed to Cu/BDE-47 and aged PS microparticles, an 

overall downregulation was expected. Therefore, the different data herein obtained could be explained by the 

co-presence of copper and photodegraded products. These, in association with low BDE-47 levels (below 

instrument detection limit) may have led to abrogate the actions of members of the pathways that have acted 

to downregulate Fox A and hox11.13b mRNA expression in untreated control groups as well as in exposure 

with aged PS and Cu. 

Overall, this study provided suitable tool for assessing the microplastic effects upon early life stages of marine 

organisms evaluating the release of hazardous compounds from pristine and aged polymers. Although the 

effect-based molecular approaches provide estimates of bioavailable fractions of the compounds, the 

interactions between compounds may hinder by the specificity of the selected biological response. As 

emerged from different exposures herein carried out, co-occurrence of different stressors may interact with 

different receptors able to trigger response via the same pathways. Consequently, gene expression profiles 

quite different from those provided in response to a single contaminant may be generate. Thus, molecular 

approach represents a valuable tool to determine bioavailability of chemicals sorbed or desorbed by MPs on 

gene expression level, but places limits when mixture of pollutants are considered. Since chemical 

sorption/desorption and following uptake in organisms depend on physicochemical properties of sorbate and 
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sorbent, a multidisciplinary approach based on evaluation of these variables should be considered in vector 

studies with vivo models.  

 

 

3.6 Conclusions 

This study offers a first molecular insight into how presence of non-aged or aged MPs modifies the effects of 

cadmium, copper and BDE-47 or mixture of them, on P. lividus embryos. The knowledge of toxic effects caused 

by the exposure to microplastics and the comprehension of factors influencing their vector role in sea urchin, 

permit to highlight potential ecological impacts associated to increased levels of microplastics observed in 

Mediterranean Sea as well as co-contaminants adsorbed on them. 

Despite no specific morphological effects after MPs and contaminants combinatorial exposure emerged, the 

profiling of transcriptional response of embryos frequently showed significant changes in gene expression. 

This lead to consider that changes in transcriptional expression levels are more sensitive than the observation 

of morphological effects confirming that molecular evidences may be used as early indicators of stress 

conditions or pre-pathological developmental alterations also after combinatorial MPs/contaminants 

exposures (Ruocco et al., 2017; Aardema and MacGregor, 2002). The most studies focused on real toxic 

assessment MPs-associated generally lack evidences at molecular level from through which a more detailed 

insight of the risks arising from MPs as well as contaminants associated with them risks can be provided. 

The results herein presented essentially attempt to improve understanding of the sorption of different type 

of chemicals by microplastics and to clarify the importance of MP-mediated contaminant transfer exposing 

organisms to significant ecotoxicological risk. Molecular endpoints revealed that aging process can influence 

acute effects of cadmium, copper and BDE-47 on P. lividus embryos. The presence of suspended MPs can 

reduce the total fraction available and their toxicity but in contaminant-dependent manner. Despite the higher 

sorption capacity observed for Cu onto pristine/non-aged MPs, aging process and low molecular weight 

fragments generated influenced the interaction with it. However, although Cu bioavailable fraction was lesser 

than untreated control group, a perturbation in the canonical developmental program as well the oxidative 

status occurred. 

To the best of my knowledge, this work to date represents the first study exposing P. lividus embryos to 

hydrophobic organic pollutant BDE-47 alone or in combination with MPs. Data from BDE-47/MPs exposures 

showed changes in gene expression profile also at very low concentrations if compared to control, 

emphasizing the relevance of studying effects of these emerging contaminants at low concentrations. 

However, additional research on BDE-47 sorption capacity by MPs for example at increasing doses of it, as 

well over other embryo sea urchin development stages are required. Although the effect-based molecular 

approaches provide estimations of bioavailable fractions of the compounds, co-presence of different 
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pollutants may pose limitations to the specificity of the biological response investigated. In addition, 

considering generation of photodegradation products (i.e., chemical additives, polymer fragments, chemical 

by-products), the use of model/pristine MPs in ecotoxicological investigations may led to an underestimation 

of the ecological risk of MPs in marine environment. Thus, in order to determine an ecological impact of MPs 

under environmentally relevant exposure conditions, an evaluation of secondary chemicals leached from 

pristine MPs should be considered before toxicity testing. Overall, these data support the utility of molecular 

tools to analyze the effect of microplastics associated with contaminants, maintaining the general concern 

about their ability to pose a potential ecological risk for this model organism. Given that interactions between 

different contaminants and plastic polymers provide an important insight into the development of a risk 

assessment framework for MPs, this study provides insights to shed light on mechanisms and the potential 

hazards of MPs in marine environments after photodegradation. 
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Chapter 4: Conclusions 

The environmental concern about microplastics is growing due to their potential of adsorbing chemical 

pollutants, thus providing an unknown source of exposure for aquatic organisms. The identification of 

mechanisms influencing the interactions between MPs and co-contaminants is essential to assess the MPs 

toxicity once entered in the aquatic environment. The evidences suggest that the weathering factors such as 

UV-mediated aging and MPs-associated biofilm, changing MPs physico-chemistry properties, influence 

chemicals sorption ability and their bioavailability. A big challenge in the assessment of MPs potential impact 

on toxicological level concerns the sorption behavior and multiple interactions involving two or more 

contaminants simultaneously. In realist aquatic scenarios MPs are seldom associated to a single chemical, 

rather, a complex mixture of pollutants usually is present on them. Chapter 2 and 3 of the present thesis 

explored sorption capacities of different MPs with representative groups of environmental contaminants such 

as PAHs, PBDEs and metal ions, considering the adsorption phenomena of both the single contaminant and 

the mixture of different contaminants. The sorption processes were evaluated using sorbed contaminants 

bioavailability measurements in ELS of model invertebrate and vertebrate organisms. 

Chapter2 described the sorption of Benzo[a]pyrene and Cadmium on HDPE-MPs-associated biofilm. Biofilm 

presence on MPs differentially influenced co-contaminants bioavailability to ELS zebrafish. Biomarker gene 

expression data (cyp1a and mt2) showed that the single short-time exposures lead to a greater reduction in 

organic compound bioavailability than inorganic counterpart in zebrafish larvae. Co-presence of both 

contaminants identified patterns of bioavailability slightly relating to those shown for each single contaminant. 

The presence of biofilm can create additional active sites promoting B[a]P sorption and consequently, higher 

Cd bioavailability to zebrafish larvae. This result contrasts the idea that biofilm sorptive properties increasing 

hydrophilicity of the plastic surface, enhances the accumulation of metals at the expense of organic molecules 

(i.e. B[a]P). Metabolic predictions inferred by shotgun metagenomic analysis would seem to support pattern 

of B[a]P bioavailability observed. The main metabolic modules complete above 50% included different 

biosynthesis pathways as well as aromatic degradation pathway. This lead to hypothesize that the microbial 

(Archaea, Bacteria, and Fungi) diversity of biofilm could use organic compounds as alternative carbon and 

energy sources to support the different biosynthesis pathways. Therefore, biofilm microbial composition on 

HDPE-MPs on one side can provide additional sorptive phase for hydrophobic molecules and influencing their 

bioavailability to zebrafish larvae on the other. 

Additional research on colonization processes is needed to fully understand the basic processes that are 

involved in the formation of a biofilm, with a particular focus on biofilm−MP interactions. It should be 

evaluated the key factors that influence the physicochemical behavior of MP (e.g., particle properties and 
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surface characteristics and/or absorbing molecules) and how these factors act on different MP materials, on 

different pollutants and on different mixture of them. 

Chapter 3 identified sorption of 2,2’,4,4’-tetrabromodiphenyl ether , Cadmium and Copper by artificially aged 

MPs (PS and PA 6,6). Aging process led to high decrease of molecular weight of both polymers and generation 

of new oxygen-containing functional groups only for PA. The effects of aging on sorption process by MPs were 

found to depend by contaminant type and, in a lesser way, by polymer type. Among metal ions tested, sorption 

of copper was strongly affected by MPs photo-exposure, whilst no change in the association with Cd fand BDE-

47 for both polymers have been detected. However, in the blend Cu/BDE-47, a hypothesis of a competition 

mechanism affecting the sorption of Cu by PS microparticles but not PA fibers was postulated. This work is the 

first to comprehensively investigate the sorption of BDE-47 on two different polymer types under aging 

conditions using bioavailability of sorbed chemicals (alone and in mixture) to evaluate sorption processes at 

the organism level and acute effects associated with them. Albeit from a morphological perspective, MPs 

presence tend to reduce morphological alterations on P. lividus embryos compared to their absence in 

medium, significant changes at transcriptional level emerged. 

Based on variations in gene expression of members belonging to stress response pathway and skeletogenic 

and endodermal Gene Regulatory Networks (GRNs), changes in the interactions between sorbent and sorbate 

occurring after photo-exposure, led to establishment of molecular mechanisms perturbing the canonical 

developmental program as well the oxidative status. Therefore, molecular endpoints revealed that aging 

process can influence acute effects of cadmium, copper and BDE-47 on P. lividus embryos. 

The effect-based molecular approaches provide estimations of bioavailable fractions of the compounds. 

However, co-presence of different pollutants may pose limitations to the specificity of the biological response 

investigated since co-occurrence of different stressors may provide gene expression profiles quite different 

from those provided in response to a single contaminant. Further specific evaluations on BDE-47 sorption 

capacity by MPs would be need to fully evaluate the effects of these emerging contaminants also at very low 

concentrations, as emerged from this study. Moreover, additional investigations on other embryo sea urchin 

development stages would be interesting.  

Overall, the results of the present thesis maintain the general concern about the ability of MPs to pose a 

potential ecological risk for aquatic organisms. Additionally, gene expression analysis is confirmed a relevant 

environmental tool as well as an early warning indicator to analyze bioavailability of chemicals MPs-associated 

and to evaluate MPs toxicity in the aqueous phase.  

The challenge for MPs research is to account for the interactions between diverse plastic materials undergoing 

weathering and to characterize colonization by microorganisms in various environmental settings. The 

conduction of integrative approaches can provide insights on sorption capacities of certain contaminants, on 
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their toxicity and bioavailability, as well as to determine a proper risk assessment associated to MPs and to 

the response of biological systems to MPs pollution. 
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Appendix A 
 
Species abundance data and phylogenetic relationships  
(Genome sample 1) 
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(Genome sample 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S1: Sankey visualization of the relative abundance species from two samples of biofilm lining the HDPE-MPs (U1, U2). D, Domain; P, Phylum; F, family; G, genus; D, domain. 
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Figure S2: Barplots of module with completeness above 80% grouped by the category (pathway). The different colors of 
the modules indicate which pathway they belong to (right box). 
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Completeness of metabolic pathways 

 

 

 

 
 
Figure S3: Module completeness heatmap for examined genomes. Categories that were not found in both examined 
genomes have been removed. The different colors of the modules indicate which pathway they belong to (upper right 
box). 
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Appendix B 

Table S1: Polyamide 6,6 structures and corresponding masses  

Symbols Original structures MNa+ MK+ MH+ 

 

 

927.99 943.97 1132.22 

 Photo-oxidized structures    

Isobaric 

species 

 

928.08 944.06  

 

944.06 
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1142.32   
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Table S2: Polystyrene structures and corresponding masses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbols Structures MNa+ MK+ MH+ 

 

 

1825 1841 1802 

 

 

1809 1825 1786 
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Expression profiles of mt4, hsp60 and hsp70 in embryos exposed to PA fibers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S1: RT- qPCR results showing the mRNA levels of metallothionein 4, Mt4, and heat shock proteins, hsp60 and hsp70, with respect to reference 

gene 18S, in embryos at 24 hpf (gastrula stage) exposed to a) Cd or b) BDE-47 or c) mixture of them, without or in association  non-aged or aged PA, 

with respect to 18S at 24 hpf (gastrula stage). Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls 

(mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way ANOVAs with 

Tukey’s test. 
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Expression profiles of sm50, p16 and msp130 in embryos exposed to PA fibers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure S2: RT- qPCR results showing the mRNA levels of spicule matrix protein 50, sm50, biomineralization protein, p16, and mesenchyme-specific cell 

surface glycoprotein, msp130, in embryos exposed to a) Cd or b) BDE-47 or c) mixture of them, without or in association non-aged or aged PA, with 

respect to 18S at 24 hpf (gastrula stage). Data are reported as a fold difference in the expression levels of the analyzed genes, compared to controls 

(mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 (**); p < 0.001 (***); one-way ANOVAs with 

Tukey’s test. 
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Expression profiles of foxa and hox11.13b in embryos exposed to PA fibers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S3: RT- qPCR results showing the mRNA levels, Forkhead box transcription factor a, foxa and Homeodomain containing transcription factor,  

hox11/13b, with respect to reference gene 18S, in embryos at 24 hpf (gastrula stage) exposed to a) Cd or b) BDE-47 or c) mixture of them, without or 

in association with non-aged or aged PA, with respect to 18S at 24 hpf (gastrula stage). Data are reported as a fold difference in the expression levels 

of the analyzed genes, compared to controls (mean ± SD), in a logarithmic scale. Values were considered statistically significant at p <0.05 (*); p < 0.01 

(**); p < 0.001 (***); one-way ANOVAs with Tukey’s test. 
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